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V IB R A T IO N A L  SPECTROSCOPY AT H IG H  PRESSURES 

A L A N  D A V ID  W ILL IA M S

ABSTRACT

A review  of high pressure work is presented w ith  over 100 references 

spanning the period from O ctober 1976 to M arch 1979. A  fu ll discussion is given  

of the history of Diamond A n v il C ell (D A C ) design.

Two new designs o f D A C  are tested, as are two d ifferent types of 

diamond a n v il .  Pressures in excess of 0 .2 5  Megabars have been generated, and a 

study of benzene has been undertaken to test one of the new cells.

M id  and far infrared spectra of ferrocene were recorded and compared 

w ith  existing data on the solid state properties of this m ateria l.

Raman and far infrared spectra of K2 PtCI^ and KgReCI^ at various 

temperatures and pressures have been obtained, and w ith  thermal expansion and 

com pressibility d a ta , an attem pt to re late  the frequency shifts to enharmonic 

parameters has been performed. This study was extended to cover the pressure 

dependence of a further ten compounds of the form A 2 M X ^ .

The phase behaviour of co lc ite  (C aC O ^) has been examined using mid 

and far infrared spectroscopy to 40 kbar, and the data analysed in conjunction w ith  

the results of Fong and N ic o l .

The e ffec t of pressure and hence spin state on the far infrared spectra 

of some complexes of the form Fe phen2 X 2  been studied.
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CHAPTER 1

A  REVIEW O F V IB R A T IO N A L  SPECTROSCOPY OF SO LIDS A T H IG H  PRESSURE

1.1 Introduction

The fie ld  of research into the effects of high pressures on solids is 

now w e ll established. W ith  respect to vibrational spectroscopy, b e tte r, more 

stable cells and improvements in optical coupling to spectrometers has led to 

great interest in this type of w ork . This chapter is intended as an introduction  

to the work performed in this fie ld  from O ctober 1976 to M arch 1979, both on 

equipment and spectroscopic d a ta . The references given have been compiled by 

fo llow ing  Chem ical Abstracts for that period. Reviews of the trends in high 

pressure research have been performed by Payne (1) and A p p leb y  (2 ) .  These 

cover the lite ra tu re  to ca . August 1976.

In a very deta iled  review  on the applications of Fourier transform 

interferom etry to infrared studies a t high pressures, Lauer (3 ) , considered the 

instrumentation involved in containing samples under high pressure. The 

advantages of interferometers over dispersive instruments, and applications of 

the studies to gases, liquids and solids together w ith  reaction studies a t high 

pressures were also rev iew ed .

The problems of accu ra te ly  measuring the pressure to which a sample 

is subjected is c le a rly  of paramount im portance. A review  by A kim oto  (4) of 

very high pressure c a lib ra tio n , and high pressure/temperature X  ray studies has 

recently  been published.
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There have been two exce llen t reviews of high pressure -  high 

temperature phases of the elements. Young (5) has compiled phase diagrams for 

a ll the reported solid-solid and so lid -liq u id  phase boundaries, w hilst Cannon (6) 

published a sim ilar report which is restricted to those materials for w hich the 

crystal structures of the high pressure phases have been iden tified  e ither by X  ray 

or neutron d iffraction  techniques. This la tte r report, which contains some sixty  

phase diagrams is a c ritica l evaluation of the phase boundaries, and contains 

tables o f the crystal log raphic data from the ind ividual phases.

M e r ill  (7 ) has presented a survey of polymorphic phase diagrams as 

functions o f pressure and temperature for the elements and simple inorganic compounds, 

and contains tables of crystollographic data for various high pressure and high 

temperature phases of the elements, together w ith c a . 220 simple AB type compounds.

A review  of the effects of high hydrostatic pressures on the mechanical 

properties of solids has also been published recently  (8 ) .

This review  of the literature  is m ainly concerned w ith  high pressure 

vibrational spectroscopy, but several references to X  ray work ore g iven , since 

when attem pting to interpret the vib rational spectra of solids, it is genera lly  

desirable to obtain as much inform ation about the structure o f the m aterial as 

possible. Hence crystallography and v ibrational spectroscopy are complementary 

when studying high pressure responses of m aterials.
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1 .2  Cells  and an c illa ry  equipment

The advances in pressure ce ll design over the last few years have been 

rap id , ach ieving  higher pressures and larger, more contro llab le temperature ranges.

H o lzapfe l (9) has reported a device using tungsten carbide or boron 

carbide anv ils , capable of atta in ing  pressures of ca . 140 kbar and cooled by 

liquid helium . This then con operate on an X  ray diffractom eter in Debye Scherrer 

geom etry. A high pressure study of polycrystalline bismuth to 2K has been performed 

in a variab le  temperature ce ll by Spain (1 0 ) , w ho, in another a r t ic le , gives some 

simple improvements which can be made to a DAC (Diamond A n v il C e ll)  to make 

it  more suitable for X  ray d iffraction  studies (11 ); a sim ilar report by Schiferl (12) 

gives details of improved beryllium  supports upon which the diamond anvils  are  

seated.

The lowest temperature reported in a DAC is that of W ebb (13) in which  

a cryostat, capable of 100 kbar, and 0 .0 3 K  was used to study the transition temperature 

in alum inium . The cooling is provided by a ^He -  ^He d ilu tion  re frigerator, and 

changes in the magnetic moment of the sample are detected using a super conducting 

quantum interference d ev ice .

H o lzapfe l (14) has used a DAC for single crystal studies up to 100 kbar.

A sim ilar DAC was used by Schiferl (15) to study antim ony to 26 kbar. This he later  

extended (16) to a device capable o f 90 kbar to be used on an autom atic four c irc le  

diffractom eter. A n  adaption of a DAC has been devised by Bassett (17) to investigate
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the strain ellipsoids and hence the strength of materials under pressure up to 

300 kbar. A technique has been evolved by Schulz (18) for measuring high 

pressure data co llected  on a four c irc le  X  ray d iffractom eter.

Considerable equipment and expertise has been developed in order to 

couple high pressure cells to spectroscopic or crystal log raphic apparatus. Adams 

and Sharma (19 ) have undertaken a precise analysis of the optics of a D A C , and 

subsequently designed a simple refracting beam condenser to be used in coupling  

the DAC to an infrared spectrometer. The problems associated w ith  high pressure 

Raman spectroscopy has been investigated by Schoen, Schnur and Sheridan (2) 

and techniques for observing weak signals in the DAC discussed. These Involve  

arranging for the laser to enter the DAC w ith 15° off-norm a I incidence. W ebber

(21) has described and used an optical system for both U V /v is ib le  and infrared  

transmittance in which spectra have been obtained up to 200 kbar. The same 

system can be used to make reflectance measurements at pressures around 70 kbar

(22).

Bassett (23) has developed an apparatus in which high temperatures are  

generated w ith  the use of a N d /Y A G  laser, focussed upon the sample contained  

w ith in  the D A C , thus greatly  sim plifying the heating of a sample under pressure.

C a lib ra tio n  of the pressure w ith in  the ce ll is of obvious im portance, 

and considerable work has been performed to this end. A cell using sapphire 

windows (24) has been used down to temperature of 4 .2 K  for Raman spectroscopy, 

the pressure on the sample determined by the shift of the R] and R2  lines of the 

windows.
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The most common method of pressure determ ination in DAC's is 

to include a small chip of ruby w ith the sample, and monitor the behaviour of 

the R | , R2  lines. Research by Shchanov (25) has covered the shift of the R] band 

up to 550 kbar; M ao and Bell have measured the position o f the R| fluorescence 

line against X  ray specific volume measurements on C u , M o , Pd and A g , and 

obtained a relation which extends the usefulness of ruby to i Mega bar and beyond 

(2 6 ).

DAC use has not been confined to solid state research. A novel series 

of experiments were performed by Piermarini (27) to estimate the viscosity o f a 4:1 

mixture of methanolrethanol (the most common hydrostatic medium used in high 

pressure research); these consisted of observation of a n ickel a llo y  sphere fa llin g  

under g ravity  through the medium, and led the authors to conclude that methanol: 

ethanol remains liquid to 70 kbar, although a t this pressure the viscosity o f the 

flu id  is very high. A p p lica tio n  of high pressures to gases (28 ) has resulted in the 

observation of high pressure phases of C O 2  and n -D 2 -

C urren tly  the highest static pressure generated in a DAC is that a tta ined  

by M ao and Bell (2 9 ), who generated 1 .7 2  Mega bar between a pair of bevelled  

diamond an v ils , and observed macroscopic plastic deformation of one of the diamond 

pressure faces.
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1 .3  Diamond A nvils

The reaction of the diamond anvils to high app lied  pressures, and 

selection of suitable diamonds for spectroscopic applications have been considered 

in two papers by Adams (3 0 , 3 1 ). The first of these considers choice of m aterial 

for diamond an v ils , gives infrared and Raman spectra of several stones, and outlines 

crite ria  for selection of suitable anv il m ateria l. The second contains results of 

extensive computer aided design work on diamond anvils under a w ide va rie ty  of 

loading conditions and constraints.

The Raman spectrum of diamond under e levated pressures has been 

studied, and comparison of spectroscopic mode Gruneisens w ith  thermodynamic 

data suggests that nearest neighbour interactions dominate the harmonic and 

anharmonic behaviour of diamond (3 2 ).

To observe the mode of deformation of diamond anvils when subjected to 

high pressures Ruoff (31) forced sm all, spherically polished diamond indentors into 

f la t  polished diamond, and reports the effects. M ao and Bell (34) have studied the 

pressure distribution about the face of the diamond anvils w ith  a varie ty  of gaskets 

a t varying pressures, and concluded that to generate the highest pressures it was 

preferable to bevel the faces of the diamond a n v ils , and a tta ined  1 .5  M ega bar 

w ith  a pair of anvils which had a 2 ° bevel ground onto the diamond faces. Dunn 

(35) has investigated the y ie ld  stress of opposed an v ils , as has M oo (36) who presents 

a more general analysis of the whole of the diamond anv il c e ll .
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1 .4  Studies in V ibrational Spectroscopy and X  ray D iffrac tion  a t

high pressures

The reasons for interest in high pressure vibrational spectroscopy, and 

X  ray d iffraction  are many fo ld . The first and foremost is to study phases of systems 

not stable a t ambient conditions. A second reason is that knowledge of the behaviour 

of various vibrational frequencies can a id  in understanding the am bient spectrum. A  

further reason is that research of this kind can help to answer the fundamental question, 

why does a particu lar m aterial adopt some particu lar structure a t am bient conditions, 

whereas a sim ilar substance may adopt some d iffe ren t form?

Reports of work appearing in the lite ra tu re  of interest in this area are  

summarised below , d ivided into two sections, organic and inorganic systems.

1 .4 .1  O rganic  Systems

R ela tive ly  few reports of v ibrational or crystollog raphic work on organic 

compounds hove been noted during the period covered by this rev iew . H ow ever, 

considerable interest has developed in high pressure studies of the fluorescence and 

v is ib le /U V  properties of organic m ateria ls, but these are s trictly  outside the scope 

of this w ork.

Adams and A p p leb y  (37) demonstrated the versatility  of the diamond 

anvil ce ll in a study of the high pressure phases of benzene in the mid in frared , far 

infrared and Raman; Benzene I and II were characterised and the existence of 

benzene III was postulated. Benzene was also studies by M edina (38) in B rillou in  

zone scattering experiments up to 3 .3  kbar. p -D ich lorobenzene polymorphism has 

also been investigated by Raman spectroscopy (3 9 ).
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The e ffect of pressure on the infrared spectra of a lk a li and a lk a lin e  

earth formates was the subject of work by Mammon (4 0 ), who discovered two new 

phases of H C 0 2 N a  a t e levated pressures, and one for each of the potassium, 

rubidium and caesium salts; high pressure forms of the calc ium , barium and 

anhydrous lith ium  salts are proposed, though not observed in the range 0 - 4 2  kbar.

A  further study of phase transitions of the formates of the rare earths by high 

pressure infrared was performed (4 1 ), as was work on 12 compounds w ith  the general 

formula X Y 2 Z O ^  (4 2 ). The influence of pressure on the rates of deuteration of 

formate and aceta te  ions in liquid D 2 O  has been investigated to 8 kbar (4 3 ). 

Ammonium formate has been studied, together w ith  several deuterated forms (44) 

by infrared spectroscopy, and spectral changes occurring during a phase transition 

a t 12 kbar suggest that the interm olecular N H  . . .  .O  hydrogen bonding weakens, 

and more in tim ate packing occurs. Hydrogen bonding in compounds w ith  strong 

X — H . . . .  Y  (45) and X — H , . .  . X  (46) has been investigated w ith  the observation 

of Ferm i resonance "windows" forming upon compression for two of the substances 

under consideration.

The phase diagram of polythene has been under investigation for some 

time (see for example 4 7 , 4 8 , 4 9 ) . A recent paper (50) studies the growth o f an 

extended chain crystal of polythene under high pressure, and determines the 

temperature dependence of it s la ttice  parameters.

Studies of single crystals are becoming more common, and a single crystal 

and powder study of d ianthracene, the photodimer of anthracene formed in the solid 

state, have been performed to 32 kbar, and in a temperature range of 77 to 41 OK (51)
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A bove pressures of 10 kbar, a fluorescence background appears in the Raman spectrum, 

which is attributed  to d irect exc ita tion  of close coupled sandwich like  dimer defects 

created and trapped in the crystal under pressure.

The e ffect of pressure on m olecular conformations has been investigated  

by W h a lley  (52) w ith a study of the internal rotation angle  in tr ith ia n e , which tests 

a suggestion by Hamman et a l,  (53) that the m olecule goes into a f la t  conformation  

from the puckered a t a few tens of kilobars, and this, to a large extent is borne out 

by the Raman work of W h a lle y .

Fast scan (Curler transform interferom etry has been used to study far 

infrared spectra a t high pressures, sp ec ifica lly  to investigate the e ffec t o f pressure 

on various 1 ,4 ,  d i ha I ocy c I ohexa nes (5 4 ).

In a series of papers Newm an et a l (5 5 , 56 , 5 7 , 58) reported the e ffec t of 

pressure and temperature on polymers by X  ray d iffraction  techniques utilis ing h exa -  

m ethylenetriam ine in a DAC in the range 0 - 1 5  kbar.

1 .4 .2  Inorganic Systems

A n  appreciable amount o f work has been performed investigating the 

response of elem ental solids to high pressures. As previously re la ted , measurements 

of the specific volume of four metals have been performed to extend the ruby 

p ressure gauge (2 6 ). o c  Selenium and octellurium , which both have trigonal 

structures a t am bient pressure, w ith  in fin ite  helices p ara lle l to the c axis have 

been studied up to 86 and 40 kbar respectively by single crystal X  ray d iffrac tio n  (5 9 ), 

and deviations from structural homology are observed os the high pressure phase
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transitions are approached. Polymorphism in gallium  a t high pressure has been 

observed (60) by X  ray methods, and G a J X n o te d , being body centred cu b ic , 

and G a H T , which is related to a body centred tetragonal system. The only  

report of high pressure vibrational studies on solid state elements is that of 

Asaumi and Minomura (61) in which the first order Ramon spectrum of G e  is 

studied, and the existence of G e  HI was confirm ed, formed by in it ia l compression 

of G e  to 100 kbar, which transforms to m eta llic  G e H /  a p Sn-type structure, and 

subsequent pressure release, the G e  being retained as metastable G e  H I .

The phase diagrams of both sodium and potassium cyanides have been

subjects of considerable interest. D u ltz  (62) proposes phase diagrams for N a C N

and KCNS in the range 110 -  300K , and 7 - 5 5  kbar, obtained by a study of the

Roman spectra of the various phases involved . The two orthorhombic low temperature

phases have been observed a t pressures up to 6 kbar (63) w ith  a doubling o f the unit

25ce ll in going from the disordered phase to the ordered low temperature phase,

41
Adams and Sharma (64) have also investigated the Raman spectra of 

N a C N  and K C N  to 37 and 55 kbar respective ly. Results for N a C N  confirm those 

of D u ltz  et a l ,  up to 6 kbar. A lso noted is a change in grad ien t, dw for the C N
W

band above 21 kbar, coupled w ith  a sim ilar change in gradient for two of the low  

frequency bands, but no structural significance is assigned to these changes. The 

appearance of a broad doublet in the la ttice  mode spectrum is assigned to K C N  (IV ), 

both K C N  ( I)  and K C N  ( I I I )  having no distinct la ttice  mode spectra.
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W ang (65) has, by Raman spectroscopy, studies the pressure induced 

phase transition between K C N (l)  and K C N ( II) ,  which is reversible , and takes 

place over a range of 3 kbar. K C N (H ) is m etastable, the orientation of the 

C N  ion being disordered, os in K C N (1 ), and a discussion of the mechanism 

giving rise to strong scatter near the exciting  line is g iven . Hochheimer (66) 

has performed high pressure Brillouin scattering studies of the order-disorder 

transition in K C N  in the range 0 - 7  kbar.

The pressure dependence of K N O g  has been investigated by Raman 

spectroscopy (67) (together w ith high pressure m odifications of ice), Iqbal (68) 

suggests that a lowering of structural symmetry is undergone in going from the 

an itfe rro e lec tric  phase (H ) , to K N 0 2 ( IV )  a t ca . 3 kbar.

Adams and Sharma (69) investigated the temperature and pressure 

dependence ( to -^ 1  80°C  and 40 kbar) of the infrared spectrum of silver n itra te , 

and draw comparisons of the spectra of A g N O ^ d l)  and A g N 0 2 (IH ) w ith  those 

of K N 0 2 ( I )  and K N O ^ (IV )  respective ly , and find a metastable phase, A g N O ^ (V )  

obtained by rapid app lication  of pressures of c a . 60 kbar.

H o lzap fe l (70) has performed high pressure low temperature Raman matrix 

isolation studies of n itrite  ions in Kl and A r ,  a t 77K and 5 K , and up to 8 kbar. The 

results are discussed in terms of anharmonic effects . A review of the crystal chemistry 

of un ivalent n itrites , together w ith  a study o f the high pressure phase behaviour of 

silver n itra te , including data for N a N 0 2  and K N O 2  has been presented by C la rk

(71).
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Some research on iron bearing systems has been undertaken. Bassett 

(7 2 , 73) has performed bulk modulus calculations for haem atite (# < F e 2 0 2 ) and 

magnetite (Fe^O ^) using X  ray d iffraction  techniques up to 100 and 70 kbar 

respectively. O liv in e  was the subject of work by Moo and Bell (7 4 ), in which  

above lOO kbar, disproportionation eq u ilib ria  were studied and geochem ical 

applications discussed. Ferraro (75) has investigated the mechanism and nature 

of h igh -low  spin transitions by variab le  pressure and temperature X  ray and 

magnetic moment measurements on Fe(H ) and Fe(TTT) systems, and gives evidence  

for the existence of interm ediate spin states. A review of the high pressure 

chemistry and physics of iron bearing systems has been given by A k im o to , M atsui 

and Syano (7 6 ).

The chlorides and bromides of mercury I  and H  have been studied. 

W h a lle y  (7 7 )  who reports on the Roman spectra of H g C l2  and HgBr2 / found bands 

occurring which are forbidden by the crystollog raphic symmetry 14/mm, and 

attribu ted  these to disorder w ith in  the crystal; this disorder appears to increase as 

pressure increases. Adams and A pp leby  (7 8 , 7 9 , 80) undertook extensive spectral 

investigation of H g C l2  and HgBr2 , by both Raman and far infrared methods; Phases 

T , IE  and I V  are characterised for the ch lo ride , and 1 , H ,  H I  and I V  for the brom ide, 

and a discussion of the structures of the high pressure phases is given on the basis of 

the spectral evidence.

Hochheimer (81) has studied the low temperature pressure dependence of 

the TO  phonon anomaly in the Raman spectrum of C u (I)C I a t 40K  up to 7 kbar.
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whilst a more general investigation of the structural phases of Cul has been 

performed by Brafman (82) who observed successive transitions z in cb len d e-

2_
rhom bohedraI-tetragonal by Raman spectroscopy. Salts containing the C u C I^  

moiety have been studied by Ferraro (8 3 ), who indicates the importance of a 

distorted structure to enable solid state interconversions to occur under pressure, 

and a further investigation (84) involved a systematic study concerning complexes 

with counterions unable to provide hydrogen bonding to the chlorines of the 

M C l^  e n tity , and those complexes which show a high degree of hydrogen

2_
bonding. Wong (85) has considered a complex in which a tetrahedral Z n C I^  

unit is distorted w ith  pressure, and studied the anharm onicities of the vib rational 

modes of the un it.

Tetrahedral coordination a t high pressures has also been studied by 

Spain (8 6 ), whose results show that a t high pressure, several compounds assume 

the "ion ic" N a C I structure. Phase transformations in te trah era lly  coordinated  

semiconductors has also been investigated (87 ).

Ammonium bromide and io d id e , under e levated  pressure, have been 

studied by Hochheimer (88) using Raman techniques, and have been found to exist 

in three CsCI type phases ( H - ^ lV )  d iffering  in the orientation of the N H ^  tetrahedra.

The spectra of these phases d iffe r  considerably.

The pressure/temperature phase diagrams of normal and deuterated triammonium  

hydrogen (deuterium ) phosphate up to 9 kbar and between 190 and 300K have been 

compiled by G esi et ol (8 9 , 9 0 ).
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S rC l2  has been prepared in an orthorhomic space group by using 

high pressure to convert it from it s less dense established cubic space group (9 1 ). 

High pressures have also been employed to generate new phases of S ÎO 2  and 

G e 0 2  (9 2 ), by compression of glass samples to 250 kbar in a DAC then heating  

w ith  a N d /Y A G  laser. N ew  modifications have been indexed as being hexagonal.

Formation and subsequent quenching of high pressure phases have been 

successfully performed on CsBF^and CsC LO ^ (9 3 ). Crystal log raphic data suggest 

that these phases, CsBF^ ( IV )  and CsCLO ^ ( IV ) ,  contain the large cations in 

eightfo ld  coordination and the smaller anions in tetrahedral coordination. N ic o l 

(94) has performed Ramon spectroscopic studies of the high pressure phases of 

N a C L O g  between 0 and 40  kbar. Successful formation and quenching of new  

phases have also been observed in the KlnS2  and RbInS2  (H ) .  The stable high 

pressure m odification KlnS2 (H I) has the c < F e 0 2  structure, w h ile  pressure treatment 

of Rbln$ 2  yields on uncharacterised phase w ith a diffuse X  ray pattern .

Studies of phase transitions under pressure have also been performed for 

the fo llow ing; N iF 2  (9 6 ), s ilve fox ide  (to  39 kbar) (9 7 ), lead ( I I )  iodide (98) 

thallium  az id e  (9 9 ), para te llu rite  (lOO) and a series of ABC I g crystals where

B = M (IT )  (1 0 1 ).

High pressure v ibrational studies of some octahedral complexes of 

several hexaf |po rometa I late compounds have been performed by Breitinger (1 0 2 ),  

and the far infrared spectra of some hexommine complexes of N i(H .) and C o (H I)  

under high pressures have been studied by Adams and Payne (1 0 3 ). The e ffec t of 

pressure on the phase transition temperature of cobalt hexafloorosilicate hexa hydra te .
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and cobalt hexafiuoroziconate hexahydrate has been investigated (1 0 2 ). A rndt 

(105) has, by using high pressures, synthesised and transformed a lk a li oxofl«uoro- 

metaMates of the types Cs2  N a M O ^ F (^  _ ^) and Rb2 Li M O ^F (^  _ ^ ) .  The e ffec t 

of hydrostatic pressures of up to 5 kbar on successive phase transitions in 

K 2 P b(N 0 2 )^ results in lowering of the transition temperatures for the X -^XT and 

IL ~ *  HE transitions (1 0 6 ).

The pressure dependence of the Raman a c tiv e  v ibrational modes in lead  

uranium zirconium  oxide (Pb Ti ( 1 -  x) Zr^^O^) has been studied to 70 kbar (107 ). 

Spain (108) has investigated the pressure induced structural phase transition in the 

galliu m /in d iu rr/o n tim o n y  a llo y  system, and polymorphism and crystal structures of 

three high pressure phases of indium ontim onide. In Sb (11) being body centred  

tetragonal, and In Sb ( I I I )  orthorhombic, as is In Sb ( IV )  (1 0 9 ).

N ic o l ( l lO )  has employed mid infrared and visib le absorption spectroscopy 

to monitor pressure induced m eta l-lig an d  electroric transfer of some Pt ( I I )  glyoxim es, 

and notes a decrease in the C ^  N  frequency w ith  pressure, ind icating enhancement 

of the d r r ♦ 7 T  * electron transfer a t high pressure.

Soft modes, and their response to app lied  pressure have been studied in 

two papers, one by Samara (1 1 1 ), the other by H o lza p fe l, who Investigated the 

pressure dependence of the im purity soft modes in Li and N a  doped K TaO ^ to 60  

kbar (1 1 2 ).
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1 .5  Summary

G row ing interest in a ll aspects of high pressure research has required 

that diverse techniques and equipment be developed. The diamond anv il ce ll has 

proved to be the most powerful compact method of generating high pressures, and 

coupled to infra red/Raman and X  ray equipment has proven the most comprehensive 

source of information on many aspects of solid state research.
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CHAPTER 2

THE O PER A TIO N  OF THE D IA M O N D  A N V IL  CELL, A N D  A N C IL L A R Y  E Q U IP M E N T

2 .1  Introduction

This chapter is intended as an introduction to the techniques of preparing  

and loading a diamond anv il c e l l ,  and coupling it to the spectrophotometers 

a v a ila b le .

The use of diamond an v il cells to obtain high pressure v ibrational spectra 

of solids a t h ighly elevated  pressures has now become a standard technique, and 

has been the subject of several reviews (1 ,  2 , 3 ) . W orking w ith  sample volumes 

of less than 20 nanolitres, and a cell w ith  transmission as low as 1% (4 ), the 

success of the system is p rin c ip a lly  determ ined by its correct m anipulation, and 

proper coupling to the relevant spectrometer.

2 .2  DAC O peration

Having manufactured the D A C , selection of suitable diamond anvils  

poses the first problem. This is discussed fu lly  by Adams and Payne (5 ) ,  and 

Adams and Sharma (6 ). Essentially the crite ria  are that the an v il should be 

m echanically sound, and should be of type IIA or I IB. The la tte r type is the 

most suitable for Raman spectroscopy due to its very low fluorescence characteristics, 

However it absorbs a l it t le  more strongly in the mid infrared than type IIA  stones.
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Figure 2 .1

( i)  Assembled M k lla  c e l l . Plan view

( i i )  Assembled M k lla  c e l l . Side view

( i i i )  Exploded view  of M k lla  cell

(a) hydraulic ram

(b) piston plate

(c) backing screw

(d) lever arm

(e) presser p late

(f) ce ll body

(g) central insert
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Having selected two suitable anvils these must be mounted in the 

D A C . A ll anvils are mounted onto an o p tica lly  f la t anvil support, genera lly  

fashioned from E N 58 stainless steel. U tilis ing  a binocular microscope, first the 

anvil support is inspected to ensure the absence of identations or scratches which  

would c learly  cause the support to fo il in its function of g iving even support to the 

a n v il.  I f  these are observed, the mount is removed and repolished. In the earlie r  

cells (M k  I and M k 11) a locating ring was mounted onto the support, and the 

diamond centred w ith in  this ring. This idea was abandoned in later designs, the 

diamond being located in a groove running d iam etrica lly  across the support, as can 

be seen in Figures 2 .2 a  to32d. The anvil is cemented in p lace w ith  A ra ld ite  (slow 

setting) in it ia lly  w ith  2 strands, running to the edges of the grooves. W hen the 

A ra ld ite  has become viscous (but not r ig id ), fina l alignm ent is accomplished using 

a monocular microscope w ith 100 X  m agnification .

The pair of diamonds are mounted in this fashion, ensuring that the 

centres of the ir faces are coincident. Newtons fringes should now be seen between  

the two faces. Adjustment of the cell is carried out until these fringes can be made 

to move around the circumference of the diamond faces w ith  equal intensity by 

applying hand pressure on the moving anvil holder. This is token as a first approxi

mation to parallelism  between the faces.

The assembled ce ll is now tested under pressure. The most suitable method 

of this is by the visual observation of low pressure phase transitions. Since the 

pressure distribution across a pair of ungasketed high pressure faces is approxim ately  

parab o lic , w ith  the maximum pressure experienced at the centre , fa llin g  to ambient
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Figure 2 .2

(0

( i i )

( i i i )

( iv )

(v )

Comparison of the moving an v il of a M ark II 

( le ft)  and M ark  lia  moving an v il support.

Diamond mounted on a M kl la moving anv il support. 

N o te  ba ll and cup arrangement to a llow  adjustment 

of the a n v i l .

Exploded M k lla  c e ll insert showing;

(a

(b

(c

(d

(e

moving an v il mounted on support 'b a ll' 

moving an v il mounted on support 'cup' 

central insert

stationary an v il mounted on support 

gasket

M k lla  c e ll insert assembled

M k lla  ce ll insert in ce ll body
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a t  the edges, i . e . max

Ambient

This is the case when the two diamond faces are perfectly  a lig n ed .

In this ideal s ituation , therefore, we would expect to observe a phase transition  

to in it ia te  a t the centre of the diamond faces then , as the applied  pressure is 

increased, should propogote across the faces, w ith  the successive phase 

boundaries concentric . If  this is observed, then we assume that the diamonds 

remain p ara lle l up to this pressure. If  the transition does not occur a t the centre  

of the faces then the ce ll is disassembled, and the diamonds realigned. These 

tests were in it ia lly  carried out using H g l2 / which has a red to yellow  phase 

transition a t ca . 13 kbar, and also showed sign ificant darkening a t ca . 25 kbar. 

This was not thought to be due to a further phase, but to an optical phenomenon. 

A lignm ent of the anvils was checked a fte r each high pressure experim ent.

The ce ll can no/*/ be used in a mode described as 'ungasketed*. This 

means that the m aterial under observation is placed on the diamond face and the 

ce ll assembled. C le a r ly , as described ab o ve , this w ill  lead to a pressure gradient 

across the sample (7 ) .  In v ibrational spectroscopy this can lead to peaks in the 

spectrum due to the sample a t am bient pressure through to the maximum experienced. 

This can cause immense problems of in terp re ta tion . This pressure distribution can be 

removed by placing the sample in a hydrostatic environm ent. This can be achieved
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by containing the sample in a gasket. These are fabricated from sheets of inconel 

(a F e /C r /N i  heat resisting a llo y , from 0 .0 2 5  to 0.2m m  th ic k ). A hole is d rilled  

in this m a teria l, ty p ic a lly  0.5m m  d iam eter. This cy lin d er, 0.5m m  face b y , say 

0.05m m  deep can be considered as the sample compartment.

These gaskets are manufactured by first d rillin g  holes for the pins to 

locate the gasket. A  gasket is shown in Figure 2 . 2 ü î .  The ce ll is assembled, 

and a pressure of 100 psi is ap p lied . This causes the diamonds to indent the gasket. 

The gasket is now removed, the indentation centre punched, observing it w ith  a 

magnifying eye p iece . F in a lly  the required diam eter hole is d rilled  using a hand 

d r i l l ,  jig  and a ll burrs removed. In practice several dozen gaskets were prepared 

at a tim e.

This sample compartment is now loaded using a binocular microscope, 

firstly  locating the gasket over the diamond fa c e , then a drop of liquid (ty p ic a lly  

N u jo l,  or 4:1 m ethanol/ethanol) placed in the ho le . This flu id  acts as a hydrostatic 

medium until it freezes. Then using a fin e  need le , some fin e ly  ground sample under 

investigation was inserted, and f in a lly  a chip of ruby (see below) was loaded. The 

sample compartment is now sealed by the fixed  a n v i l . This is shown d iagram m atica lly  

b elow . Approxim ately 60 psi is applied to keep the cell sealed.

It is important to note that the D A C  is now e ffe c tiv e ly  a sealed system, 

and can be moved from one spectrometer to another w ith  no change in pressure.

This is particu la rly  re levan t, as the D A C  can always be placed into the Ramon 

Spectrom eter, and the pressure determined accurate ly  from the shifts in the ruby
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R lines

Ruby
Chip

D iamond 
Anvils ^

Gasket

Sample immersed in 
hydrostatic medium

The cell is now ready for use. Having described the assembly and 

loading of the D A C , an outline of the methods used to obtain mid infrared, far 

infrared and Raman spectra, together w ith X ray d iffraction photographs is given  

below . First, however, it w ill be useful to give some details of the use of ruby 

R lines to measure the pressure to which the sample is subjected.

2 .3  Use of Ruby R lines as pressure sensors

Determination of the pressure experienced by a sample by load /area  

calculations were at best approximate in ungasketed samples, as these ignored 

fric tion  w ïhin the system, e tc . However, with the advent of gasketed work these 

calculations became even more inaccurate, as a considerable portion of the load 

to which the sample would have original ly been subjected is now absorbed by the 

gasket. Hence the need for an internal calibrant came into existence, which in 

princip le at least, is subjected to the same pressure as the sample. Thus, the calibrant 

having a known response to pressure, the pressure in the sample can be measured 

a c c u ra te ly .
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It  was recognised that R-j and R2  fluorescence lines of ruby are  

pressure dependent and to a good approxim ation have a linear response, the 

gradient of which has been the subject of considerable work (8 ,  9 , 10, 11) ,  and 

is taken as being - 0 .7 6  cm  ̂ kbar ^ . Under hydrostatic conditions the spacing 

between R] and R2  remains constant a t constant tem perature, a t 2 9 .7  +  0 .2cm  ^ . 

Thus if  the separation changes between the tw o , this can be taken as a good 

ind ication  of lack of hydrostaticity in the sample.

It  was these factors which influenced us, and the m ajority of high 

pressure researchers to choose ruby as a good high pressure c a lib ran t. It  should 

be noted that as the R̂  and R2  lines are excep tio n a lly  intense due to the highly  

allo w ed  nature of the transitions invo lved , . a very small p iece of ruby is 

required. In fact fin e ly  powdered ruby is used, and a suitably small p iece chosen 

using a microscope.

W e w ill now consider the techniques in which a DAC can be used.

2 .4  The M id  Infrared Region

R ecently , a simple refracting beam condenser for mid infrared  

spectroscopy has been reported (1 2 ). In th is , the optics of the DAC are discussed 

in terms of numerical aperture , and a beam condenser using KBr or KRS-5 lenses 

described. Using a beam condenser of this typ e , mid infrared spectra of ungasketed 

samples in a DAC have been obtained in a Perkin-Elm er 225 spectrophotometer, 

and reasonable q u a lity  spectra using gasketed samples have been recorded w ith  a 

Perkin-E lm er 580 . Gasketed spectra proved d iff ic u lt to obtain on machines other
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than the Perkin-Elm er 580 , the reason being that the Perkin-E lm er 580 is a ratio  

recording spectrophotometer, and thus has a 'liv e  ze ro '.

In a conventional optical null system, an optical wedge is moved in 

and out of the reference beam in order to balance the light passing onto the 

detector. The ratio  recording instrument performs this e le c tro n ic a lly , and hence 

a t low light levels gives a more accurate d iffé re n te . In a ll work perform ed, slow 

scan speeds and w ide slit programs (in  order to improve the signal/noise ratio ) 

were em ployed.

It  must be noted that using a DAC and KBr beam condenser, the spectral 

range is lim ited to below ca . i900cm  (due to the rising background caused by 

two phonon absorption of diamond) and c a . 450cm ^, due to the KBr cut o ff a t 

low frequencies. This low frequency region can be extended to ca . 300cm  ̂ by 

using KRS-5 lenses.

2 .5  Raman Spectroscopy

The first laser Raman spectra of samples contained w ith in  a DAC were 

reported by Brasch et a I (13) and Postumus (14) using 0 °  scattering geometry in 

which the laser was f ire d  straight through the cell towards the entrance s lit of the 

spectrometer. M itra  (15) was of the opinion that this lim ita tion  made the diamond 

an v il ce ll of l i t t le  value in Raman spectroscopy. H ow ever, several workers have 

shown that 180° scattering geometry is feasible (1 0 , 16 ). A report by this group (17) 

gives an improved method of coupling the DAC o p tic a lly  to a Coderg T800. 

E ffic iency  in this respect is necessary m ainly because of the very small sample
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areas invo lved , and the small solid angle of Raman radiation which can be 

inspected. To this end, a Brookdeal O rte c  5C1 photon counter and RCA 

C 31034 -0 2  photom ultip lier have been installed to supplement the existing  

DC detection and EM I 9558A photom ultip lier.

2 .6  O ptics of the DAC

If  Figure 2 .3  is considered, we have a laser beam focussed such that 

the focus is a t the sample contained w ith in  the gasket of the D A C . Since the 

sample is small it  is treated as a point source.

The Raman scatter, from a sample in a 4:1 m ethanol/ethanol m ixture, 

in a cone o f apex semi angle of 2 5 °  w ill  be co llected  and transmitted by the 

diamond angle (Adams, A p p leb y  and Sharma, 17). It is c lear that the most 

c ritic a l lim ita tion  is set by the geometry of the anv il support m ateria l. O bviously  

some compromise must be arranged between the need for mechanical strength of 

this an v il support and the desirable large h a lf angle of the cone.

In Figure 2. 3 ,0  is the h a lf angle of the emergent beam, 9 is the angle  

of a ray to the normal in diam ond. W e find that for r = 0 .45m m , h = 2mm only  

rays 0 ^ 5 . 8 °  wi l l  pass d irec tly  out of the ce ll (eg . rayo4 ) ,  but others w ith  

5 .8 °< C  0 ^  1 2 .7 °  w ill  be co llec ted  a fte r re flection  from the walls o f the an v il 

support (eg . rays p , ^  ) .
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Figure 2 .3

Ray paths through a DAC used in Raman Spectroscopy,
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2 .7  Col lection of Radiation

In order to co llec t the scattered radiation from the D A C , a P erk in - 

Elmer 9 0 °  off axis ellipsoid w ith a numerical aperture of 0 .7  (Figure 2 .4 )  is 

used. This mirror was o rig in a lly  designed as poart of a 6 ;1  beam condenser 

commonly used for infrared spectroscopy w ith  D A C 's . A 4mm hole has been 

d rilled  In this m irror, its axis para lle l to the major axis o f the ellipsoid to a llo w  

the laser beam to pass through it in e ither 0 °  or 180° scattering. Since the laser 

does not therefore pass into the monochromator, re la tiv e ly  high powers may be 

used w ithout lowering the performance a t low Raman shifts. This mirror turns the 

scattered light through 9 0 ° in both 0 °  and 180° scatter, matching many standard 

spectrometers.

2 .8  Far Infrared Spectroscopy

Use of ungasketed DAC's w ith  interferometers has been reported ( 18,  19). 

To the authors know ledge, no reports using gasketed DAC hove been found outside 

Using a Beckman RliC F S -720 , Payne (20) obtained exce llen t results 

on ungasketed samples. A ppleby (21) gives a description of the m odifications to a 

Beckman RIIC  FS 620 which allows far infrared spectra to be obtained using gasketed

samples. This instrument proved most useful in the region 40  -  400cm , although

the performance below 100cm  ̂ using a 25 beam splitter was somewhat lack in g , 

and could be improved by the use o f a 50 ^  beam sp litter.

Recent modifications include addition  of a m ultip le scan u n it, a llow ing  

advantage of the /T T  signal/noise improvement by performing N  scans, and a 

overriding control box for the instrument. This control proved useful as, a fte r
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Figure 2 .4

C o llec tin g  optics used to couple a DAG to a Coderg 

T800 spectrometer.

I . Pre sample focussing lens

2 . G asket

3 . Diamond A nvils

4 . O f f  axis ellipsoidal mirror

5 . C o llec tin g  lens
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applying pressure to a system, a time lapse of c o . 6 hours was allow ed prior to 

performing for infrared measurements. The control a llow ed autom atic ac tiva tio n  

of the instrument a fte r a preset time d e la y , together w ith  system shutdown a fte r  

performing N  scons. Routine overnight running was then possible.

In the far in frared , choice of pressure transmitting flu id  is c r it ic a l,  as 

the standard 4;1 M e O H /E tO H  mixture is opaque in this region. The fo llow ing  

liquids were found to be useful:-

Liquid Region of Transparency

-1
N u jo l 0 -  4000cm

-1
O cten e  0 -  400cm

S illco n eD il 0 -  200cm

These a ll freeze orJform glasses a t pressures above 15 kbar but the 

R lines of ruby indicate that the sample is still under hydrostatic pressure to a 

good approxim ation to pressures of ca . 40  kbar.

The output from the interferometers is in d ig ita l form on paper tape. 

This inform ation, of course, must undergo fourier analysis before an absorption 

spectrum con be constructed. This was achieved by using a program w ritten  by 

D r. D . W .  W addington , which performs the inverse Fourier transform of the 

in terferogram , and implemented on a Cyber 73 (Leicester University central 

com puter).
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2 .9  X ray

Reports o f the use of DAC 's in X ray d i f f ra c t io n  methods have now 

become f a i r ly  common (eg. 22, 23, 24). O ne o f  our D AC 's  was converted for 

use on an X  ray d if f rac tom e te r  w i th  a b e ry l l iu m  disc ob ta ined  from W .A  . Bassett 

(U n iv e rs i ty  o f  Rochester, N  . Y .  ). This was i 2 . 7mm d iam ete r by 3 . 2mm th ic k ,  w i th  

a small concen tr ic  hole . 33mm and . 76mm deep recessed in i t  to a id  the pos it ion ing  

o f  the d iam ond, and a 1 .0mm hole d r i l le d  through the cen tre .  This m ateria l is 

transparent to X rays and therefore by s im ply  inco rpo ra t ing  one o f  these plates in to  

the moving a n v i l  ho lde r ,  a ce l l  was constructed transparent to X rays up to 2 0 < Z ® c

The ce l l  was mounted onto a standard Philips camera b racke t using a 

mount designed and manufactured a t  the C hem istry  Department a t  Le icester. A

0 .5m m  c o l l im a to r  and f la t  p la te  f i lm  cassette from a Phil ips Laue camera PW 1030 

were used. A Philips PW 1009 genera to r run a t  48 KV  and 16 irA w ith  a z ircon ium  

f i l t e r  and a f ine  focus molybdenum tube were used. Small co l l im a to rs  (. 1, .2  or 

.5mm) were mounted on the DAC to ensure that the X ray beam passed through the 

sample w ith o u t  being d i f f ra c te d  by the gasket h o le .

The set up is shown b e lo w , w i th  the beam passing through the z ircon ium

f i l t e r ,  a standard three pin hole 0.5mm c o l l im a to r  (1 ) ,  then through the small

c o l l im a to r  (2 ) ,  the f irs t  diamond (3 ),  the gasket ho le (4 ) ,  then the back diamond (5),

the d i f f ra c te d  rad ia t ion  detected by the f i lm ,  the u nd if f rac ted  beam absorbed by a

lead back stop (6 ).

6

tX

‘ f i lm Beryl 1 ium 
Disc
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The system could be used in low2Q (2O3^<30^) or if  the sample 

diffracted  X  rays strongly, high20 ( 2 0 ^ < l5 0 ^ ) .

The DAC was loaded as described, then the co llim ator support attached  

to the nose piece of the D A C . The ce ll was then held over a table lamp, and the 

support adjusted so that the light could be seen through the small co llim ator w ith  a 

microscope, ensuring that the X ray beam would not strike the edge of the gasket. 

The ce ll was fin a lly  a ligned on the camera bracket by removing the lead backstop 

and placing a geiger counter behind the h o le , and adjusting the ce ll for maximum 

count ra te .

T y p ic a lly , exposures of ca . 24 hours were found necessary using Kodirex  

X ray film . A fte r  an exposure a t e levated  pressure had been taken , an am bient 

pressure exposure was recorded on the same film  for calibration  purposes. A sample 

to film  distance of 60mm was ty p ic a l.

2 . 1 0  Summary

This chapter gives an outline of the operation of the D A C , including  

assembly, loading and coupling to various spectrometers.
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CHAPTER 3

THE D IA M O N D  A N V IL  CELL : H ISTORY A N D  TEST OF T W O  NEW  CELLS A N D

A N V IL  D ES IG N S

3.1 History

The use of a diamond anvil ce ll was first reported in the literatu re  about 

twenty years ago (1 ) . A n  outline of the c e ll ,  and section o f the central portion are  

given in Figure 3.1. in essence, the central portion consisted of two opposed anvils; 

one attached to a stationary support (R), and the other to a movable holder (S ). 

Pressure was generated by turning screw (T ), which compressed a 'ca lib ra ted  spring' 

(U ), and which was transmitted via a pair of level arms (W ) and presser p la te  (X );  

the sample was then compressed between the two opposed diamond an v ils .

This in itia l design proved so successful that the m ajority of DACs (Diamond  

A n v il C ells ) being used in current research still conform to it; that is they m aintain  

the idea of using a cell body, lever arms and a presser p late  as a means of applying  

pressure to a central high pressure region.

A n  exception to this is a ce ll used by H o iz a p fe l. A  cross section of 

H o izap fe l's  ce ll is shown in F igure3 .2 . Here the pressure is generated on the central 

portion by a compact system of levers.
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Figure 3.1

The W ie r  C e l!

Parts labelled  a re :-

R Stationary diamond holder

S M ovab le  diamond holder

T Pressure generating screw

U Spring

W  Lever arm

X  Presser p late
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Figure 3 .2

The H o izapfe l c e ll;  a unique approach to 

DAC engineering.
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Developm ent of the centrai portion has taken p lace along several d iffe ren t, 

but essentially sim ilar, lines; some of which are covered below .

The W ie r  ce ll was redesigned by Piermarini et a l (2) in the U SA , who 

developed the 'W aspaloy' c e ll ,  (see Figure 3 .3)W aspaloy being an a llo y  manufactured  

for the Wasp h e lico p ter, and used in the construction of this c e ll .  This ce ll broke the 

barriers of high pressure w ork , and was taken to pressures of the order of 600 kbar.

The main differences from the W ie r  ce ll w e re :-

( i )  It  was larger, and made of stronger m ate ria l, and thus more 

robust.

( Î Î )  The moving an v il was mounted on a hemisphere which  

fa c ilita te d  more accurate  alignm ent of the diamonds.

The anvil holder was also lengthened.

( | i i )  The stationary anvil holder was provided w ith  translation  

adjustment.

(iv ) The spring was replaced by B e lv ille  spring washers.

A lso  in A m e ric a , Bassett Invented a very compact diamond an v il device  

(Figure 3 .4 a )  (3) capable of reaching ca 25 kbar. He also designed a DAC w ith  

two h a lf cylinders, or rockers, supporting the diamond anvils  (Figure 3 .4 b ) (4 ) .

These provide in it ia l alignm ent of the diamonds, and also a llo w  some translational 

freedom.
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Figure 3 .3

The W aspaloy C e ll
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Figure 3 .4

The Bassett C e ll

(a ) a simple diamond anvil d ev ice .

(b) a more conventional c e ll ,  showing the first 

use of ha lf cylinders as anvil supports.

Parts Labelled (a)

(1) Stainless Steel Platens

(2 ) Beryllium  Discs

(3) Inconel Gasket

(4) Diamond A nvils

Parts Labelled (b)

(A ) Diamond A nvils

(B) Stationary Piston

(C ) S liding Piston

(D ) D river Screw
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In this group, the first DAC used was a version o f the W ie r  cell from 

O p tic a l Instruments In c . ,  U .S .A .  From this our M ark  I ce ll was developed in 

collaboration w ith  Beckman R IIC . Ltd. (5 ) shown in Figure 3 .5 .

The body o f the ce ll was made from alum inium  a llo y , and the rest of the 

ports from KE 896 steel. It  differs from W iers ' c e ll in the fo llow ing  ways;

(!) The pressure was applied  by a hydrau lic  ram. This means that the

applied  pressure can be more closely monitored than i f  iF were app lied  

by turning a screw. This is a d istinct advantage, especia lly  when the 

ce ll is being utilised by inexperienced users.

A  further advantage of this m odification is that pressure can be app lied  

w h ile  the ce ll Is in an evacuated system (eg . a far infrared spectrometer),

( i i )  The pressure was transmitted from the presser p late (F) to the moving anvil 

(G )  by means o f a bearing (E). The idea behind the inclusion o f (E) was 

that by making the actual point of contact between (G )  and the moving 

an v il holder 'self le v e llin g ', it would not contribute to any misalignment 

of the c e ll .  It  is now known that this type of bearing can be in e ffec tive  

under load , and can act in the same manner as a solid presser p la te .

The M ark I ce ll was successful, but it was fe lt  that it could be m odified  

to g ive a ce ll which could combine high pressure performance w ith  a variab le  

temperature c a p a b ility . The M ark II ce ll was thus designed (6) and is shown in 

Figure3 .6 . The essential differences between this and the M ark  I ce ll were the 

abandonment of the bearing in the presser p la te , and m odification of the central
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Figure 3 .5

The Leicester M ark 1 ce ll o u tlin e , and section of the 

central portion.

Parts labe lled  are-.-

A .  Fixed A  nvil

B. M a in  Body of C e ll

C .  Adjusting Screw

D . Radiol Locking Pin

E . PTFE Lined Hemispherical Bearing

F . Presser Plate

G .  M oving A n v il

K . End of Lever Arm
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Figure 3 .6

The M ark II ce ll o u tlin e , and section of central portion 

Ports labelled  a re :-

1. C e ll body

lb . C entral insert

2 . Copper anmulus

3 . Fixed an v il holder

4 . M oving a n v il holder

5 . Presser p la te

5a . Paxolin washer

5b. Presser p la te  pivot

6 . Lever arms

7 . Piston p la te

8 . H ydrau lic  piston

9 . Knurled backing screw

10. C entra l pivot
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insert, part lb .  This central insert was insulated by paxolin pieces ( la  and 5 a ).

These were to lower the thermal load on any temperature controlling d e v ic e , by 

removing any m etal-m etal contact between the heated /coo led  insert and the 

remainder of the system. The "nose " of the insert was extended, onto which a

heating or cooling coil (part 2) could be p laced .

The radiation ports in the anvil supports were also a lte re d , and polished to

provide e ffec tive  light pipes in an effort to improve the far infrared performance of

the c e ll .

This M ark II ce ll was later m odified by increasing the barrel length in the 

'piston and cylinder' arrangement of the central insert. This led to increased mechanica 

s ta b ility , and helped to keep the generated pressure normal to the diamond faces, and 

thus decrease misalignment and ultim ate fa ilu re  o f the a n v il .  A second locating pin 

was added such that a gasket w ith two locating holes d rilled  in it could be precisely  

positioned over the diamonds.

A  'W aspaloy' type insert was then designed, utilis ing the ball and cup 

system as an a id  to diamond alignm ent. This was the M ark  I la c e ll ,  and is shown 

in Figure 3 7 .

Several features of the M ark  II and M ark lia  cells cou ld , w ith  hindsight, 

be c ritic ised . The pressure c a p ab ility  of these cells is severely lim ited , to considerably 

less than 100 kbar, as the design m aterial of the central insert (stainless steel) was 

less than id e a l. This is due to two features of stainless steel; firs t, its re la tive
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Figure 3 .7

M ark  lia  DAC -  section through central insert.

The cell body remains the same as that for the M ark II cell

Parts labelled a re :-

1 . C e ll body

la .  Paxolin insulation

lb .  Central insert

3 . Fixed a n v il holder

4 . Moving an v il holder

5 . Presser p late
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weakness compared to other steels, and second, its low thermal conductiv ity , 

which lim its temperature variation experiments.

The second weakness in the design o f the ce ll is that the central insert was 

com pletely supported by paxolin , chosen for its thermal insulation, but c lea rly  not 

suitable to be subjected to very high pressures .

A p a rt from these factors, the M ark II cells performed w e ll ,  were used 

routinely  to 50 kbar, were easily loaded and were very versatile in as much as they  

could be used in mid and far in frared, U V , and Raman spectrometers; w ith  some 

m odification high pressure X  ray experiments could also be performed.

It  was then decided to perform a fu ll structural analysis o f the M ark lia  D A C , 

and from this analysis, to design a ce ll capable of achieving a static pressure of 1 M b a r, 

retain ing the a b ility  to a llo w  spectroscopic investigation of its contents. This analysis 

was carried out by R .A pp leby (7 ) ,  and consequently a new c e ll ,  the M ark II I  ce ll 

em erged, designed to satisfy the fo llow ing conditions;

( i )  High Pressure S tab ility

( i i )  V ariab le  Temperature c a p a b ility ,

( i i i )  O v e ra ll com patib ility  w ith  existing equipm ent.

The overriding lim ita tion  on the performance of a ce ll designed to observe 

high pressure v ibrational spectra is the diam ond, both in terms of size and shape.

The major criterion  the anv il must satisfy is that it must obey the "p rinc ip le  

of massive support". Figure 3.8a and b shows diamonds which do not obey this p rin c ip le .
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Figure 3 .8

A varie ty  of Diamond A n v ils .

(a ) ,  (b) Diamonds not obeying the princip le  of 

massive support.

(c) Diamond used by author.

(d) Diamond used by Piermarini (1973 ).

(e) Diamond used by H olzapfe l (1976 ).

(f)  Diamond used by Mao and Bel I (1975 ).
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Figure 3 .8 c  shows the standard an v il design used by the au thor, supplied by 

L .M .  Van Moppes L td ., Basingstoke; 8d is used by P ierm arin i, 8e by H o lza p fe l, 

and 8 f by M ao and B e ll.

The analysis o f the ce ll showed that to generate a pressure o f 1 M bar

(or lO" Pa) in a M ark lia  type c e l l ,  over an area of lO " m , an o il pressure of 

7 94 x 1 0  N m ” (5730 psi) would be required , and the subsequent design geared to 

take high o il pressures.

The M ark III ce ll became known, a ffe c tio n a te ly  or otherw ise, as the 

'D y n o c e ll* , firs tly  for the obvious pun on fo rce , and secondly that the ce ll proved 

so large and unwieldy that it was thought that it  would be the last of its k ind.

The M ark  II I  c e l l ,  described in more d e ta il be low , was adapted to g ive a 

further increase in mechanical s tab ility  by lengthening the piston and cy linder.

3 .2  Constructional features of the Dynocell

The dynocell was made by A .S .  S c ie n tific  products L td .,  and was machined 

throughout in McCreadys N S O H  Steel (Carbon 1% , Chrome 1% , Manganese 1% ).

This m aterial was not o il hardened, as hardening should only be performed when the 

substance is subjected to compression, whereas a ll  parts of the ce ll (w ith the exception  

o f the diamond an v il supports and the moving piston) are in tension. The diamond 

a n v il supports were formed from E N  24 ( l i %  N i -C r -M o  steel) hardened to 95 tons/sq in

The use of N S O H  has a minor drawback as the surface easily becomes 

corroded, a lb e it a shallow corrosion. Thus the ce ll was continually  coated w ith  a 

film  of o i l ,  and occasional polishing w ith  "tu lip "  paper was required.
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A n  assembly drawing of the dynocell is given in Figure 3 .9 .

The hydraulics of the system were essentially the same as the ea rlie r design, 

but w ith  a ll dimensions increased. Special O  rings, tested to 2000 psi were used in 

its construction, and the hydraulic tubing and tap which connected to cell to the oil 

pump (Tangyi hand pump -  Tangyi L td .,  Birmingham) could withstand pressures in 

excess of 4000 psi. ( It  should be noted th a t, whereas it has previously been stated

that o il pressures of ca.5700 psi are required to generate 1 M bar over an area of

/ 2 2 
10 m , normal anvil areas were of the order of 0 .4  x 10 m . )

Shell Tel lus 27 oil was used to pressurise the system.

O ne of the major weaknesses of previous ce ll designs were the central 

pivots, about which the lever arms hinged. In the dynocell the bolts which formed 

these were replaced by press f it  studs (Unbrako L td .,  C oventry) onto which the lever 

arms were m erely slotted. The overall f i t  o f the presser p late  was su ffic ien tly  good 

to hold the lever arms in place w ith no appreciable lateral movement.

The knurled backing screw which secures the stationary part of the piston 

was supported on a V  block assembly (see Figure 3 .1 0 ) .  This was to remove any  

possibility of the ce ll body or rig twisting and forcing the presser p la te  to make 

im perfect contact w ith  the moving a n v il ,  and thus causing the anvils to m isalign.

This tw isting was occasionally observed on the M ark I la ce ll and could have been 

contributory to the indentation and u ltim ate fa ilu re  of some diamonds. The V  block  

appeared to perform satisfactorily , although a fte r several excursions to pressures in
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Figure 3 .9

Assembly drawing of M ark  111 DAC (The 'D ynoce ll*), 

Parts labelled  a re :-

1. C e ll body

16. C entra l insert

3 . Fixed a n v il holder

4 . M oving an v il holder

5 . Presser p la te

6 . Lever arms

7 . Presser p late

8 . H ydrau lic  piston

9 . Knurled backing screw

10. C entra l pivot

11. Insulator

12. V  block assembly
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excess of 100 kbar, the V  appeared to have compressed somewhat, and the 

clearance between the block and the ce ll body is less than that o rig in a lly  

designed.

In its assembled form , the dynocell proved d iff ic u lt  to hand le , due to its 

considerable w e ig h t, and the lack of f le x ib il ity  of the rubber/steel hydraulic tubing 

when compared to the nylon tubing used in the hydraulics of its more pressure lim ited  

counterparts. (The nylon tubing was lim ited  to o il pressures of ca .450 psi, and thus 

was c lea rly  not suited to very high pressure experim ents.) Indeed, the assembly o f 

the ce ll itse lf was by no means triv ia l as the very fine  tolerances required caused 

each portion to be a very close f i t  to its neighbour.

3 ,3  Use o f the D ynocell

to
The dynocell fo llow ed the W aspaloy ce ll w ith regord^anvil supports; that 

is , the fixed  an v il was placed on a f la t  cy lin d rica l support. A degree of la tera l 

freedom to fa c ilita te  accurate vertica l a lignm ent o f the anvils was a llo w e d , the 

position of the support being controlled by means o f four grub screws, placed a t  

9 0 °  to the next round the cy lin d er, which pushed the support into the required  

position. The moving anv il was attached to a hemispherical support, and provided  

the horizontal a lignm ent (paralle lism ) of the an v ils . A lignm ent was carried out as 

described in C hapter 2 , and checked w ith  H g l2 , K C l, and also A g i ,  which transforms 

from the stable am bient pressure phase A g i (TT), w ith  the w urtz ite  structure, to A g i (TTTl 

a t ca .4  kbar, then to A g i (V ) a t pressures around 90 kbar, which may be tetragonal (8 ).
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Figure 3.1Q

Two solutions to the problem of twisting of the ce ll body.

(a) Hemispherical bearing

(b) V  block assembly
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A matched pair of 0.75m m  type II B diamond anvils were mounted in 

the c e ll ,  using procedures described elsewhere

Far Infrared

The bulk of the fittings associated w ith  attaching the hydraulics to the 

ram on the dynocell posed serious problems when it  was attem pted to use the dynocell 

in the Beckman RIIC FS620 interferom eter, and m odification of the sample housing 

would have been necessary to accommodate the c e ll .  This was given consideration 

but abandoned for the fo llow ing reasons:-

To obtain far infrared spectra through a D A C , the maximum possible

-3
aperture was required. This necessitated gasket holes of c a .0 .6  x 10 m. It  has been

the authors experience th a t, in gen era l, gasket holes open during high pressure

experiments, and a ratio  of ca 2 : 3 for gasket hole diamond face diam eter has been

taken as a general 'safety l im it ' . This requires diamonds w ith  face areas of ca .

—6 2
1 X lO  m . The large volume of diamond involved in such an anvil is very

—6 2
expensive and a t risk a t very high pressures. The large surface area of a 10 m 

diamond requires a large applied oil pressure. Thus a situation w here, to generate 

high pressures in the far in frared , higher o il pressures would be required, and larger, 

more expensive diamonds would be a t risk.

Coupled w ith  this is the fac t th a t, to d a te , N-uiol appears to be the best 

hydrostatic medium for work in the fa r in frared . N u jo l freezes a t around 15 kbar, so 

pressures g reatly  in excess of this depart increasingly from hydrostatic conditions, so 

the advantages over using non gasketed samples would therefore be dim inished.
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Hydrostatic high pressure far infrared spectra were not therefore 

obtained from the d ynoce ll, and it  was fe lt  that a practical lim it of ca . 50 kbar 

exists a t present in the far infrared region.

M id  Infrared Region

It  was found that w ith  0.75m m  diamond faces of the diamonds in use,

—3 —3
gasket holes of the order of 0 .3  x lO m diam eter (for a 0 .1 5  x 10 m thick gasket)

were necessary to enable pressures in excess of 50 kbar to be generated. To test the

c e ll ,  a study of benzene was undertaken, details  of which ore given la ter in this

chapter. The dynocell was used in conjunction w ith  a M ark  I beam condenser, on

a PE580 ratio  recording infrared spectrometer. As pressure on the sample was

increased, so the transmission through the ce ll increased, this being due to the

increase in diam eter of the gasket ho le .

Raman Spectroscopy

Use of this ce ll w ith  Raman equipment proved routine, the process for 

mounting being identical to that for any other DAC used by the group. The only  

drawback was again  the rig id ity  o f the connections to the pump.

3 .4  The "Super D ynocell"

This ce ll was an extension of the d yn o ce ll, the basic d ifference being  

the length o f the central insert, the 'super dynocell' having a much longer central 

insert (see Figure 3 ,1 1 ) than the d yn o ce ll. The materials used in the fabrication  of 

this insert were the same as those used in the dynocell; i . e .  McCreadys N S O H  steel 

for the piston and cy linder. The anv il supports were made from E N 2 4  hardened to
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_2
c a . lo o  tons in , w ith  cobalt cemented tungsten carbide inserts upon which the 

anvils were selected.

This ce ll was used to test two new designs of diamond a n v il ,  supplied by

D.Drucl<er(Am sterdam ), (see Figure 3 .1 3 )  and departed from the normal anvils  used 

in this research in being gem cu t, w ith  eight facets.

The d ifference between the two new an v il designs was th a t, w hilst the 

first was a single stone, the second was a "composite a n v il" ; that is each an v il was 

comp sed o f two stones, the upper a truncated octahedral pyram id, the lower an 

octahedral cuboid, the two stones being located and cemented before the anvil 

'bssembly" was mounted. The reason for the selection of a two stage an v il was purely  

econom ic. It was envisaged th a t, when fa ilu re  of the an v il occurred, the top section 

alone  would be broken, the lower (and larger) portion staying undamaged, and 

capable of matching w ith  further halves. As the cost of anvils is determined largely  

by the ir w eight this proved sound economic sense.

I f  the radiation port behind the moving anv il was a llow ed  to retain  the 

52%  cone angle as in previous designs, the length of the piston would be c learly  

restricted . It was thus necessary to reduce the port to a simple hole d rilled  through 

the piston in order to a llo w  the extreme length of the piston to be ach ieved , A  

consequence of this was that the ce ll was then restricted in its spectroscopic a b ilitie s  

to Raman spectroscopy, e ither in 0 °  geom etry, where the laser beam could be passed 

through the hole in the piston, or 180° scatter, where the radiation enters and exits 

the same port.
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Figure 3.11

The "Super Dynocell" central insert.

Dotted line indicates length of original dynocell insert,
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Figure 3 .1 2

(I)  Photographs of the assembled dynocell

( i i )  The super dyn o ce ll, dynocell and M k lla  inserts

respectively.
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The diam eter of the radiation port in the tungsten carbide supports was 

decreased in order to minimise the unsupported area of diamond. This aperture ,

1mm in previous designs was a lte red  to 0.75m m  d iam eter.

A somewhat m odified technique for mounting the diamonds had to be 

adopted for this c e ll .  The stationary an v il could be mounted as befo re , centering  

the diamond face over the radiation port by use of a monocular microscope. The 

moving a n v il ,  w h ich , in other ce lls , would then be matched to the now fixed  

stationary a n v il, was located independently over the centre of its rad iation  port, 

then the stationary an v il was ad justed, by means of the four grub screws around the 

central insert, to match the face of the moving a n v il .  This change in procedure 

was necessitated by the length o f the insert, which exceeded the working distance 

of av a ila b le  monocular microscopes.

V e rtic a l alignm ent too proved d if f ic u lt ,  as the diam eter o f the radiation  

port was approxim ately the same as that of the pressure faces, whereas in the past the 

port has been considerably larger than the diamond fa c e . Thus the edges of the diamond 

were not c learly  visib le through the support, and consequently "c ircu la r alignm ent"  

was d iffic u lt to observe.

This was a id ed , how ever, as was horizontal alignm ent by the provision of 

two observation ports in the central insert, which a llow ed a visual check to the 

approximate parallelism  of the faces, before the more accurate process of observing 

the fringes formed between the faces, e tc .
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Fîgure 3 .1 3

Two experim ental designs of diamond an v il supplied by 

D , Drucker (Amsterdam).

(a) plan of 'solid ' anv il

(b) e levation  of 'solid ' an v il

(c) e levation  of composite anvil
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3 .5  Diamond Failure

3 .5 a  The Dynocell

During the testing o f the dyn o ce ll, an  an v il fa ile d  a t c a . 110 kbar. 

The appearance of the anv il suggested a mode of fa ilu re  not previously  

observed by the author (Figures 3 .1 4 ,  3 .1 5 ) .  The upper face of stone 

was com pletely powdered. However the remainder of the stone was 

observed to have developed cleavages running ra d ic a lly  from the applied  

pressure axis . The lower face was noted to have e jected  a block of fin e ly

divided diamond. The overall symmetry of the fa ilu re  suggests that loss

of the plug (this unsupported area is subjected to large tensile stresses 

when the anvil is subjected to pressure) may have preceded the fa ilu re  

of the top of the a n v il .

3 .5 b  The Super Dynocell

D etails  of the anvils used are as fo llow s. (See Figure 3 .1 3 ) .

(A ll dimensions in m m .)

A II stones type 1.

Single Stone A n vils

height 2 .2  +  O.Ol 

bpse 3 . 3 + 0 . 0 1

upper face 0 . 6 + 0 . 0 1
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Figure 3 .1 4

Upper face  of conventional anvil having fa ile d  in the 

dynocell a t c a . 110 kbar.



f - ^ s - X

&



-  92 -

Figure 3 .1 5

Lower face of conventional a n v il having fa iled  in the dynocell 

a t ca . 110 kbar.

NB: Dark area in the centre of the stone is where the 'b lock ' 

of diamond was e je c te d . Remainder of stone showed cleavage , 

but remained in tac t.
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Split A  nvils

These were supplied as two matched pairs o f an v il "halves".

height A | 0 .9 4  0 .7 3

^2  0 .9 8  B2  0 .7 3

width of a ll stones 2 .4  +  0 .01  

upper face 0 .6 3  +  0 .01

A l l  anvils were supplied w ith the cu let cut p ara lle l to the 100

crystal log raphic p lane.

Single Stone A n v ils

The above stones were tested to destruction. The first tests were performed 

on the single stones. These were mounted on the super dynocell os described above.

In it ia l alignm ent of the anvils by observation of Newtons Fringes between  

the stones proved d iffic u lt as the pistory/cylinder system was of a su ffic ien tly  good f it  

to make tilt in g  o f the faces (by pressing a lte rn a te ly  on oppressing points o f the cylinder) 

almost impossible.

A lignm ent checks thus consisted of observation o f the phase transitions of 

various solids a t known pressures. M ateria ls  used in these tests were H g l2  ( ^  13 kbar), 

KCI (=^  20 kb ar). A g i ( ^  98 kbar). The ce ll was loaded, pressurised, the behaviour of 

the phase transition observed, the ce ll depressurised, ad justed, unloaded, loaded w ith  a 

new sample, and the cycle repeated.

Having aligned the cell a 0.2m m  thick piece of inconel was placed between  

the an v ils , and indented by application  of 100 psi. Chips o f ruby were then placed in 

this indentation and the ce ll reassembled.
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It  was decided to use gaskets w ithout holes in these experiments for two 

reasons. Firstly this would in theory remove the possibility of the gasket hole 

spreading, and a llow ing  the anvils to come into contact; and secondly, 180° 

scatter would be employed to monitor the pressure w ith in  the c e ll ,  and hence no 

gasket hole was necessary.

The ce ll was then placed in the T800 Raman spectrometer and pressurised. 

Results are shown on Table 3 .1 .

The position of the ruby chips were c r it ic a l.  The first set of readings 

were observed to require large o il pressures to generate moderate changes in the 

pressure on the sample. It  was noted that the ruby was in fact near the edge of the 

inden tation . As can be seen the second set of measurements showed a marked increase 

in pressure sensitiv ity . The laser was focussed a t various positions across the sample 

a re a , until the ruby R  ̂ band occurred a t the highest Raman sh ift, this being an  

ind ication  that the beam was striking the centre of the sample. The two ruby lines 

were not resolved however. This was assumed to be due to lack of accuracy in 

focussing the laser, an d /o r inclusion o f a large ruby chip a t the centre of the gasket. 

R e-em itted  radiation from this would probably ret bs resolved as the chip would experience  

non hydrostatic pressure.

The app lication  of pressure up to the maximum observed (266 kbar) took 

place over 3 days in order to a llo w  stresses generated during pressure increase to 

m inim ise. As the applied pressure reached 800 psi, the pressure was noted to drop. 

W hen the ce ll was examined the moving an v il was found to have reduced to a powder.
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Figure 3 .1 6

Fluorescence profile  of the solid type I diamond through which 

Ruby fluorescence spectra in Figure 3 .1 5  were obtained. 

Spectral slit w idth 5cm  ̂ 400mw 5745& a t sample. Band at 

1331cm  ̂ is the symmetrical stretch (v ] )  o f diamond.
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TABLE 3 .1  Pressures a tta ined  in the 'Super D ynoce ll' using type I

single stone a n v ils , together w ith  app lied  o il pressures.

Pressure between an v ils /k b a r O il  pressure/psi

24 1st load 150

43 1st load 300

78 1st load 400

126 2nd load 300

229 2nd load 600

266 2nd load 750

A n v il fa ilu re  occurred 800
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Figure 3 .1 7

Raman spectra of the ruby R| and R2  bands a t various 

pressures.

These spectra were obtained using one composite and one 

solid anvil in the super dyn o ce ll. Failure of the upper 

h a lf of the composite an v il occurred a t ca . 155 kbar.

Spectra were recorded using lOOmw of 5 l 4 ^  radiation at 

the sample, w ith  a spectral slit w idth of 0 .6cm  ^.
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Exam ination of the gasket revealed large fractures in the m etal, 

especia lly  around the edge of the indentation , ind icative  of gasket fa ilu re  under 

pressure.

The stationary anvil suffered some dam age, and lost several facets. 

This indicated misalignment of the anvils a t some stage. This damage d e fin ite ly  

occurred during the experim ent, and not in the preceding alignm ent tests.

A  plausible scheme for the fa ilu re  of the anvil is as follows;

(1 ) A flaw  in the an v il m aterial may have caused fracture of

the anvil and deformation of the anvils may have taken p lace . 

Deformation o f diamond anvils has been observed. Bassett (lO ) 

obtained Laue photographs of the deformation of diamond when a 

p e lle t of N a C I (o f lesser diam eter than the anvil face) was placed  

in a DAC and subjected to a pressure of ca . 100 kbcrr. Subsequent 

calculations showed the anvil face to have a radius of 

of 12mm. M ao  and Bell (11) have observed plastic deformation of 

bevelled diamond faces a t 1 .7  M bar.

If  this deformation of the anvils  occurred, it  would have 

resulted in partia l misalignment of the stones, and may have resulted 

in the loss of the portion o f the stationary anvil described above.

The new edge of the stationary anvil would now act as an 

indentor upon the a lready deformed opposing a n v il ,  and cause large
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pressure gradients to form around the area of contact which could u ltim ate ly  cause 

the fa ilu re  of the a n v il.

It is realised that this postulate could be incorrect, and fa ilu re  could 

have been caused by a flaw  in the moving an v il opening under pressure, or by 

movement of the tungsten carbide insert, or the hemisphere , but the complete 

destruction of the diamond observed is unusual.

S p lit A  nvils

These an v ils , i f  adopted, would be restricted to lower working pressures. 

This would be necessary since increasing the number of surfaces to be 'mated' in 

the system would c lea rly  increase the possibility of misalignment; this misalignment 

would become more important a t higher pressures, hence the decision to restrict the 

pressure range of these an v ils .

The an v il remaining from the previous experiment was used in opposition 

to each of the compound an v ils . W hils t the use of this meant that the system 

contained unmatched pairs of stones, it was fe lt  that the single stone would prove 

stronger than the split an v il for the reasons outlined above, and hence constituted 

a va lid  test of the strength of the split anvils .

Having joined the two halves o f the split a n v il ,  it was mounted and 

a ligned  as re la ted .

The scattered light was co llec ted  a t 180^ to the incident rad ia tio n , this 

being through the stationary anvils so the same diamond fluorescence profile  was 

observed as in Figure 3 .1 6 .
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A 0.2m m  th ick piece of inconel was used in these experiments.

The assembly was placed in the T800 and pressure ap p lied . As can be 

seen, the observed pressure increased fa ir ly  smoothly w ith  applied  pressure.

Two points of note a re :-

( i )  The shape of the ruby bands were ind icative  of a more

hydrostatic environment than was observed in the previous 

experim ent.

( i i )  The rote of increase o f pressure in the c e ll ,  w ith  increase

in o il pressure is less than in the previous experim ent. This 

is a surprising result since in the first experim ent a pair of 

stones were used, whereas in this experiment the split an v il 

was considerably smaller than the solid stone. Thus it 

would be expected that the pressure would increase, more 

rap id ly in this case. The reason for this discrepancy was 

not understood.

W hils t the spectrum of the ruby a t ca . 155 kbar was being measured, a 

distinct c lic k  was heard, and the intensity of scatter dropped to zero .

The split anv il was observed to have cracked, w ith  cleavages running 

ra d ia lly  from the centre of the stone. (Figure 3.18).It was noted that the broken 

surface o f the anvil formed a smooth ho llow , and the shape of the undamaged 

gasket fitted  this depression.
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Figure 3 .1 8

Upper face of the composite anvil having fa iled  at 

ca . 155 kbar. N o te  that although extensive damage has 

occurred the shape of the anvil face has been retained.
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Upon removal of the upper h a lf of the a n v il ,  the lower part could be 

seen to be com pletely undamaged. A p p aren tly  the energy stored in the system 

was dissipated in the fracture of the upper portion of the a n v il. The W C  support 

suffered no damage, neither did the stationary a n v il.

The second split anvil (A 2  +  B2 ) was assembled and mounted in a sim ilar 

manner to the first. H ow ever, during the alignm ent process the upper h a lf of the 

an v il powdered a t some pressure below 100 kbar. This was surprising as alignm ent 

checks w ith  H gl2 and KCI indicated that the alignm ent o f the anvils was good.

O n e possibility for the cause o f the fa ilu re  of the anvil is that the 

in terface between the two halves of the an v il was not perfect (although this was 

checked w ith  x40 m agnification prior to assembly), and y ie ld  o f this under pressure 

gave rise to misalignment and subsequent fa ilu re  of the a n v il.

The lower portion of the composite an v il was again undamaged during 

the fa ilu re  of the upper h a lf.

The orig inal dynocell was in it ia lly  used to investigate the solid phases 

of benzene. Conclusions on the above sections w ill be given a fte r the benzene work,
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TABLE 3 .2  Pressures a tta in ed  in the "Super D ynocell"  using one

Type 1 single stone a n v il ,  and one split anv il (parts 

A ] and B |) .

Pressure between a n v ils /k b a r O il  pressure/psi

2 0 .4  60

5 4 .0  200

7 6 .0  240

9 8 .5  300

1 3 4 .5  350

155 410
(Diamond fa ilu re )
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Use of the Dynocell

Adams and A pp leby (12) have performed a study of the solid phase of 

benzene, and gave evidence for the possible existence of a third solid phase, 

benzene 111, formed above 34 kbar. It was decided to extend the measurements 

to lo o  kbar to attem pt to firm ly  establish the existence, or otherw ise, of benzene III

Experim ental

A no lor benzene was loaded into the D ynocell for both sets o f experiments. 

Due to machine fa ilu re , the Raman and mid infrared spectra could not be obtained  

concurrently. N o  far infrared spectra were obtained as transmission was too low .

The sample was contained in a 0.2m m  inconel gasket, w ith  a 0.3m m  

gasket h o le .

The ce ll was subjected to a pressure of 2 8 .0  kbar, and heated overnight 

a t 8 0 °C . It was then a llow ed to cool and the spectrum shown in Figure 3 .2 /  

obta ined . Thus ( I I )  had c learly  been obtained. The ce ll was then subjected

to further pressure of 4 5 .3  kbar and again le ft overnight a t 8 0 °C , a llow ed  to cool 

and mid infrared spectrum recorded.

The some procedure was fo llow ed w ith  each application  o f pressure; this 

was repeated w ith  the Raman experiments.
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Resuits and Discussions

Ramon spectra of benzene a t various pressures are shown on Figure 3 .1 9 .  

Comparison of these spectra w ith  those obtained by Adams and A pp leby (12) show 

that the two higher frequency la ttice  modes are unresolved in the present work; 

the reason for this is not c le a r , but it was noted that considerable fluorescence of 

the sample was observed, presumably due to some trace im purity.

A plot of these frequencies versus pressure is given on Figure 3 .2 0 ,  

together w ith  those obtained by Adams and A pp leby (12) and EHenson and N ic o l (1 3 ).

As can be seen, the new points lie  on a straight lin e , the gradient of which has been 

token to ind icate the pressure dependence of la ttic e  modes in benzene 11. N o  

pressure dependence of the type observed by Adams and A pp leby  attributed  to 

C d H 6 ( 1 1 1 ) was noted.

M id  infrared spectra are given on Figure 3 .2 1 . Tables of mode frequency  

versus pressure ore given on Table 3 .6 .

Assignment of the internal mode ir spectra

In both phase (1) and (I I), D^^ molecules of benzene ore on C i sites: hence 

a ll  u modes are ir ac tive  and have the same symmetry A u . In C ^H ^ (1) correlation  

coupling leads to an ir a c tiv e  trip le t (B |^ ,, B^u, from each site group mode, but 

in C ^H ^lO there is only a doublet (Au +  Bu) because the ce ll is halved w ith  respect to 

that of phase I (see Table 3 .51 . For phase (l) a I most a ll of the symmetry a llow ed  splittings 

have been observed from the fundamentals, and accounted for by calculations based 

upon semi em pirical atom -atom  potential functions (1 4 ). W e are not aware of any new
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Figure 3 .1 9

Raman spectra of benzene a t various pressures.

Spectral slit w idth 3cm . 250mw 5143^ radiation a t sample
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Figure 3 .2 0

Plot of frequency shift (cm ) versus pressure (kbar) for 

the benzene fundamentals

0  = Ellenson and N ic o l (13) 

X  = Adams and A pp leby (12) 

D  = Present work
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Figure 3 ,21

M id  infrared spectra of benzene a t various pressures, recorded 

- 1
a t  3 .7  cm resolution.
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TABLE 3 .3 W avenumbers/cm  ̂ for benzene fundamentals

2 A^g  

A 29 

2B 29  

4 229 

E i9  

A 2y 

2 Bj u

2  B2 U 

2 E2 U

3 E ] u

Frequency

3060 , 990  

1340  

995 , 703

3040 , 1596, 1174, 606 

859 

687

3069 , 1010 

1312, 1147 

980 , 410  

3069 , 1478, 1036

Label

^2/ ^ 1 '

^3

^5' ^4

V9, V8/ vy,  v 6

^ 1 0

v i l

V 1 3 , v |2

V15' ^14  

V]7' ^ 1 6  

V2O' ^ 19/ v i s

TABLE 3 .4 Raman a c tiv e  la ttic e  modes for benzene wavenumbers/cm  

a t various pressures and am bient temperature

- 1

P /kbar

4 8 .6 127 242

6 8 . 0 132 252

9 6 .3 175 320
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TABLE 3 .5 C orrelation scheme for the infrared a c tiv e  modes of solid

benzene.

Phase

C rystal Site

x4 C i

M o lecu le

D 6 h

Phase II

S ite  C rystal

C i x2 C
2 h

(A u)9- +  BI u +  A u

B2 U +  B3 U

B]u
J 
j

j E ,u

E2 <j

A u A u + Bu

— inactive
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TABLE 3 .6 l . r .  wavenumbers/cm for the solid benzene a t various 

pressures and amesent tem perature.

Assignment a P /kbar 2 8 .0

V4 + v ^ 7 , V] + v n

' ' 6  +  ^ 1 2  

v jo  + V 1 ) 

v i9

V 5 + V J 6

v ] 4

v lO  + v l 6

''18

v l2

''1 7

V , ,  + V 2  

' ' 1 1

1480

1430

1325

1260

1175

1050

1015

994
988
978
970

d
726

690

4 5 .3

1690

1625

1565

1485

1450

1335

1270

1182

1062
1045

1020

1000
995
980
970

865
735

695

7 6 .9

1488

e

1345

1295

1195

1135

1072
1050

1021

1015
1005
c

“ 972

869

700^

110.0

1632

1495

1358

1318 b

1195

1138

1085
1050

1025

1020

974

870

705

Main & Hornig (1 6 ). 

becomes very broad a t 7 6 .9

loses in tensity , v is ib le as a should on 972 band a t 7 6 .9

very broad

lost under V ]ç .

splits into 2  components.
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assignments of the infrared ac tiv e  combinations subsequent to the work of M ain  

and Hornig (1 5 ). The vibrational representation of benzene w ith  point group 

can be shown to be

= ^  + A  2 g + 2 B 2 g +  4E 2 ^ + ^ 1^ +  A 2 u +  +  2B2y +  2E2^ +

(3 N  -  6  = 30)

A l l  the fundamentals have been assigned, and are listed in tab le  3 . C le a rly  in

only ungerade, or u modes are infrared a c tiv e , hence any combinations which  

appear in the infrared spectrum must be a product of u x g = u, or g x u = u, and 

not g x g = g o r u x u  = g . Hence first overtones are forbidden in the infrared  

spectrum.

Due to the very low light levels present, spectra were run w ith a spectral 

slit w idth of 3 .7cm   ̂ . Hence most of the Davydov splittings predicted on symmetry 

arguments for benzene(ll)w ere not resolved.

The very low signal/noise ratio in the region of v 1 1 , A (co . 680cm )

njoke it  impossible to draw useful conclusions about the splitting of this band, but it 

can be seen to be split a t pressures above 76 kbar. This may merely be ind ica tive  of 

a d ifference in pressure sensitivity of the Davydov components, which would manifest 

itse lf more c lea rly  a t high pressures.

Both the E ]^  fundamentals v | g and V |^  show pronounced broadening in 

phase I I ,  i . e .  a t pressures shown on the fig u re . This could , as could the split in V | |
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be due to the development of shear stress in the sample, but two pieces of evidence  

point against this. Firstly the ruby R lines of the ca lib ran t show no significant 

deviation of the kind a ttribu tab le  to shea-'stress; indeed, the R lines ind icate  that 

the ruby chip was under approxim ate hydrostatic conditions until very high pressures. 

The second indication of the absence of appreciab le  shearstresses are the observation 

of sharp bands, eg . the band a t ca . 970 , right up to 1 1 0 .0  kbar. Thus it can 

reasonably be assumed that the broadening of v | g and v |ç  can be attribu ted  to site 

group splittings, and in fac t a t pressures above 4 5 .3  kbar, v^g can be c lea rly  seen 

to consist of a t least two components, the asymmetry of the higher of these components 

suggesting perhaps further splittings, unresolved a t these light levels.

The u species inactive  in but a llo w ed  by the virtue of the site f ie ld  in 

the solid state are now considered. For benzene I these are;

V 1 7 , E2 j  975 m - s  6 2  ̂ 1144 m - s

981 sh 1146 m - s

v ^ 2  1 0 1 1  m 13 1 0 w -  m

In phase II v j 7  splits into the two doublets predicted by theory (2Au + 2 B u ).

As pressure is increased, it becomes c lear that the higher frequency pair of the two

doublets has a much higher pressure sensitiv ity , the more energetic of this pair

shifting 26cm  ̂ as the pressure is increased from 2 8 .0  to llO .O  kbar. A nother

feature of note is that there is a fa ir ly  major intensity change w ith in  these Davydov

split doublets. The outer peaks of the group grow in in tensity , until a t 7 6 .9  kbar,

- 1
the lower frequency doublet is reduced to a band and shoulder a t 972cm . The
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other three bands should each y ie ld  doublets in phase I I ,  but none were resolved.

D istinct broadening of and v occurs above 75 kbar (whilst other bands remain

fa ir ly  sharp). A feature of note is the drastically  reduced pressure sensitivity of v ^ 2

above 4 5 .3  kbar. Below this pressure, ^  for v | 2  corresponds w e ll w ith  that found
dp

by Adams and A p p le b y , but above 4 5 .3  kbar ^  is roughly ha lved , the frequency

- 1
increasing by only 5cm in 5 4 .7  kbar, of 9cm“  ̂ in 4 5 .3  kbar for the low pressure 

slope.

A l l  other bands in phase II (and probably in phase I I I )  are due to g -  u 

combinations (since first overtones are c learly  forbidden in a centro symmetric group): 

The assignment of these bands by M ain  and Hornig is used in the discussion.

The two phonon diamond cut off makes the signal/noise ratio  above  

1600cm  ̂ very low , and lit t le  information can be obtained for this region. The 

most dram atic pressure dependence of a combination is that of ^ which occurs

__ j
a t 1402cm a t 1 . 6  kbar (Adams and A p p le b y ), and by 7 6 .9  kbar is hidden by 

a t 1488cm ^ .

A weak unassigned band a t 1135cm is observed above 76 kbar, and an 

absorption centred around 865cm  ̂ can be seen a t 4 5 .3  kbar. The broad, asymmetric 

shape of this band suggests that it has several unresolved components, possibly the 

result of the site group splitting of the absorption.
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Summary and Conclusions

Two new designs of diamond anvil ce ll have been tested, as have two 

new types of diamond a n v il.

The extension of the piston and cylinder afforded greater mechanical 

s ta b ility , and this should be borne in mind when design of future DAC is contem plated. 

H ow ever, the material from which the central insert was fabricated proved far from 

id e a l, since it was found to corrode very easily . This corrosion appeared a surface 

phenomenon and could be removed by polishing but the action  of polishing loosened 

the piston in the cylinder and lost much of the advantage gained. A m aterial w ith  

the compressive strength of tool steel but a greater corrosion resistance should be 

utilised .

Use of tungsten carbide anv il supports was successful. N o rm ally  even when 

an in tact diamond was removed the anv il support was found to have been indented , 

but the tungsten carbide showed no indentations even though a pressure of 266 kbar 

was a tta in e d . (Damage did occur around the radiation port, but this was due to 

fa ilu re  of the diamond not to the in tact diamond 'sinking' into the surface.)

The ce ll body, presser p late and lever arms of the dynocell were a ll  

considerably more substantial than in ea rlie r designs. This was c lea rly  advantageous, 

as even a t pressures in excess of 2 0 0  kbar, no deformation of any of these was 

observed. Twisting of the ce ll body subsequent misalignment o f the presser p la te  

has been observed in older cells a t much lower pressures (ca . 50 kbar ) .
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In genera l, damage to diamonds could be attribu ted  to e ither in it ia l 

misalignment of the diamond faces or movement of one or other anvil under 

app lied  pressure and subsequent misalignment. The former even under very low 

pressures (eg. hand pressure) could cause the loss o f facets (or parts of facets) as 

large stress would be generated around the indentor ( i . e .  the misaligned diamond).

The la tter was believed to be the most common cause for the destruction of anv ils , 

notable exceptions to this being the first diamond to fa il in the dynoc(j(see section 

3 .5 a ) ,  and a diamond in on early  ce ll which was seen to split v e rtic a lly  into two 

halves. This was presumably due to some extensive fau lt in the stone.

O f  the new types of stone tested, the solid an v ils , being more ak in  to gem 

cut diamonds than previous designs atta ined  a higher pressure than had been previously 

achieved w ith in  the group. W hether this is due to the an v il design or the improved 

ce ll design is uncertain .

The first split anv il gave reasonable results, ach ieved  a pressure of ca.

1 50 kbar before y ie ld in g . The fac t that only h a lf the stone was made useless was 

c le a rly  an econom ically a ttrac tive  po int. The fa ilu re  of the second was believed  to 

be due to misalignment between the two halves of the composite a n v il .  If  these 

composite anvils were to be considered for general use, a more reproducible method 

of mounting the parts would c learly  be necessary.

M ore stringent alignm ent checks would be b e n e fic ia l, i f  time consuming. 

The method of M ao and Bell (1 2 ), in which the pressure contours across the face of 

a stone is moppedtuoukk W  opproprjocte
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Raman and mid infrared spectra of benzene have been recorded to 

loo  kbar. The existence of benzene (lli)was not indicated by Raman spectroscopy. 

However the internal mode spectra show several new features.
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CHAPTER 4

A N  INFRARED STUDY O F FERROCENE AT H IG H  PRESSURES A N D  LOW  

TEMPERATURE

4 .1  Introduction

Since its discovery in l9 5 l  ( 1 ,2 ) ,  ferrocene (bis cyclopentodienyl 

iron II) has been a compound of considerable interest to both chemists and 

physicists.

A t ambient conditions the crystal structure of ferrocene (I) is 

P 2 | /a  = ^ 2 h ' z = 2 (3 ). The heat capacity  shows a double lambda

transition w ith  maxima at 1 6 3 .9  and 169K (4 ). Neutron d iffraction  measurements 

at ambient temperature have indicated a high degree of disorder, for which two 

possible interpretations have been advanced (5 ). However two recent investigations 

of ferrocene 1 by X  ray ( 6 ) and neutron d iffraction  (7) have shown d e fin ite ly  that 

"the disorder of the cyclopentodienyl rings results from the presence of molecules 

In d ifferen t orientations distributed randomly throughout the crysta l". Further, 

there is no longer reason to be lieve  that a major fraction of molecules in crystalline  

room temperature ferrocene have the 'fcentrosymmetric staggered structure". The 

m olecular centre of symmetry implied by the m onoclinic space group is thus only 

statistical in nature.

A t 169K there is an order-disorder phase transition fo llow ed a t 163 .9K  

by a first order structural phase change to ferrocene II which has a tr ic lin ic  cell 

( 8 , 9 ), the structure of which is not yet com pletely determined (6 ) ,  although recent
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low temperature Raman results (10) suggest that z ^  8 .

The e lec trica l conductivity of ferrocene changes w ith pressure, first 

passing through a minimum at ca . 5 kbar, then increasing at pressures above this.

It was concluded, nevertheless, that no phase change occured below 20 kbar (11 ). 

However Duecker and Llppincott (1 2 ), using an ungasketed diamond anv il ce ll 

(D AC) reported visual and infrared spectroscopic observations which they interpreted  

in terms of a transition to a new high pressure phase, which they labelled  ferrocene

111. They estimated the transformation pressure to be 1 1 .5  +  0 .5  kbar.

Ferrocene crystals, in the absence of on applied pressure disintegrate  

explosively near 11 OK, this phenomenon being apparently unrelated to the lambda 

point changes (1 3 ).

It can be seen that the solid state information in the literature  which  

pertains to ferrocene is somewhat confused. It was decided therefore to examine 

its response to pressure using infrared spectroscopy. Apart from Duecker and Lippincott's  

b rie f comment, there is only one other report of the infrared spectrum of ferrocene  

under pressure (14) in which an ungasketed DAC was used to study the v (M -r in g )  

and ring t i l t  skeletal modes. There was however no discussion of phase behaviour.

4 .2  Experimental

Recrystallised commercial ferrocene was used.

Infrared spectra in the 400 -  1800cm  ̂ were obtained using a diamond 

anvil ce ll and simple KBr beam condenser (15) in a Perkin-EIm er 580 Infrared
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spectrometer. The sample, immersed in N u jo l was contained w ith in  a 0.5m m  

hole in a 0.05m m  incone! gasket. Thus, an approxim ately hydrostatic pressure 

was exerted on the sample by the N u jo l.  This is in constrast to the severe shear 

stresses which develop when a gasket is not employed (as was the case In the work 

of Duecker and Lippincott (12) ) .  Pressures were measured by the ruby R line method 

(16 , 17). Vibrations above 1 800cm  ̂ could not be observed due to the two phonon 

absorption of diamond. For ferrocene this only results in the loss of information for 

the V (C -H ) modes, and the skeletal bend V2 2 * Far Infrared spectra were obtained  

using an extensively modified Beckman R IIC  FS620 interferom eter.

Low temperature spectra were obtained using a KBr disc. The disc was 

mounted in a Specac variab le  temperature c e ll ,  and spectra were recorded on a 

Perkin-E Imer 580B spectrometer.

4 .3  Results and Discussion

M id  infrared spectra of ferrocene under approxim ately hydrostatic  

pressures are given in Figure 4 .1  .Figure 4 . 2 showsfar infrared spectra at various 

pressures. These results ore summarised on T a b le 4 .1 . Low temperature spectra of 

ferrocene are shown in Figure 4 .3 .

The assignment of W in te r , Curnette and W hitcom b (18) is the foundation  

upon which these discussions are based. They studied oriented crystals of ferrocene  

in polarised radiation and offered a very fu ll assignment.
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Figure 4 .1  l . r .  transmission spectra a t ambient temperature

of ferrocene a t various pressures (kbar). A  single 

- 1 . - 1scon (35 cm min ) was used for each spectrum 

at 3 .7cm  spectral slit w id th . The cut-offs are  

determined by absorption in diamond and KBr 

respective ly .
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Figure 4 .2  Far l . r .  transmission spectra of ferrocene in the

region of ^̂ 22' ^ lu  ambient temperature and 

various pressures.
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Figure 4 .3  l . r .  transmission spectra of ferrocene at

various temperatures at ambient pressure, 

N o te  the e ffect of the phase transitions 

at 169 and 1 6 3 .9  K .
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Table 4 .2 . . - 1l . r .  band positions (cm ) fo r fe rrocene a t various tem peratures.

Ferrocene I Ferrocene 11

""30 22

30

10

31

18

33

19

+  ^11

21

11

300 K 173 K 148 K 123 K 103 K

1413 1414 1414 1415 1415

1360 1362 1363 1364 1365
1353 1351 1350 1350 1350

1270 sh 1261 1261 1261
1260 1260 1256 1256 1256

1193 1195 1196 1196 1196

1109 1109 1109 1109 1109
1100 sh 1 100 1100 1100 1100

1061 sh 1061 1062 1062 1067
1064

1051 1051 1053 1053 1053
1046 1046 1045

1003 .5 1004 1008 1009 1009
1002 1002 1002

903 904 904
883 884 885
873 872 872

8 5 5 .5 860 859 859 859
846 847 855 855 855

849 845 845
825 825

818 819 8 1 9 .5 819 819
806 806

789 79 2 .5 793 794 794

493 499 500 501 502

479 481 482 483 483
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Phase Behaviour

The V (C -H ) modes and the skeletal bend V2 2  occur above 

1500cm \  A ll the other Infrared ac tive  fundamentals of ferrocene  

( 3 A 2 U +  4E |u ) fa ll in the region 400 -  1500cm and were observed 

at high pressure. A ll frequencies showed small increases in frequency  

as the pressure was increased, corresponding to re la tive  shifts 

1 dvi , which trend slowly downward w ith  increase in frequency
d F

(see Figure 4 .5 ) .D ivision of the re la tive  shifts by the isothermal 

com pressibility, X j /  yields values of the Gruneisen constants, X |,  

which relates the fractional increase o f frequency of the i^^ mode to 

the fractional decrease in volum e. Thus;

A  v i = If  i / A V  . and . = 1 / dv; \
v i  ̂ V   ̂ X y v i

N o  value of X  ^ is a v a ila b le  for ferrocene, but organic materials

- 2 - 1
usually have compressibilities close to 1 x 10 kbar . A value of 

_2
X y = 1 . 1 3 x 1 0  kbar was assumed (see below ). On this basis the 

IS I's shown in Table 1 were obtained. They range from 0 .0 8  to

0 . 108 , and are comparable w ith  values reported for internal modes of 

other m olecular crystals such as Sg (19) (20) as reported by Z a lle n ,

and C ]Q p 0  (21) studied by Adams and Shaw.
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Duecker and Lippincott (11) claim ed that v ] q was raised to 

1135cm  ̂ on entering the ir Phase 111 above 1 1 . 5  kbar, provided that 

a single crystal was used. They noted that w ith  polycrystalline m aterial 

the transition was not easily  induced, but w ith  several pressure cycles 

a band was obtained at 1135cm . In the present w ork, in which the

sample experienced more nearly hydrostatic conditions, there is no sign 

of a new band at 1135cm  ̂ and that v^q was shifted to only 1120cm  

by 50 kbar. H ow ever, when a sample was examined in an ungasketed 

D A C  Lippincott's result was reproduced (Figure 4 .4 ) .To further the 

impression of a new phase, becomes very prominent a t 1265cm , and

V 3 0  ( 1 2 0 0 cm ^) is barely de tec tab le .

In addition  to the Infrared ac tive  A 2 0  and E |u  fundamentals

discussed above, the spectra show two combinations (790 and 1350cm )

“ 1which also increase in frequency w ith  increase in pressure. The 790cm  

band has been assigned to the combination of +  v^ ^ . The 1390cm  

band, which has been assigned to v^q (in ac tive ) and V2 2  (E ] u ), shifts +

10cm  ̂ in 1 6 .5  kbar. V2 2 / However, shifts b y+24cm   ̂ in this in te rva l. 

This assignment must therefore be open to question.

The most notable changes w ith  pressure are exhib ited by three 

modes, (A^ u ), V 3 0  and (E^u), which are inactive  under strict 

^ 5 h but which are perm itted in the solid state by the low site

symmetry, (1 255cm ^) shows a small positive shift and steadily

increases in intensity w ith  increase in pressure. This is not unexpected; 

the site fie ld  exerted by neighbouring molecules w ill become stronger as 

the unrhcell size is reduced. The lower component of (at 1048cm )
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Figure 4 . 4  Effect of a shear stress upon the l . r .  spectrum

of ferrocene.
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Figure 4 . 5  The varia tion  w ith  frequency of the re la tive

shifts for the m id - i . r .  bonds of ferrocene.
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-1

behaves s im ilarly . In contrast, its accompanying component (1057cm )

steadily decreases, as does v^Q, which is barely visib le at 2 1 . 7  kbar.

It is the removal of these two bands on raising the pressure that constitutes 

evidence in favour of a high pressure phase transition, although the 

intensity atta ined  by might also be regarded as ind icative  of a change 

of structure. The major changes in v ^ , v ^q and takes place between  

1 0 . 3  and l 6 . 5  kbar are therefore consistent w ith  Duecker and Lippincott's  

cla im  of a phase transition at 1 1 . 5  +  5 kbar although, as noted above, 

the ir observation of the reaction of v ^q to pressure could only be reproduced 

under shear stress.

The spectral changes noted above under both hydrostatic and 

shear stress conditions, support the existence of a phase change. A  

plausible suggestion is that it involves a re -o rien ta tio n  of the molecules 

to accommodate more e ffic ie n t packing.

Phonon Shifts

Shifts of phonon frequencies w ith  temperature may be considered 

as arising from two distinct contributions, related by the equation :-

( ^ )  = ( ^ )  ■ —  ( ^ )
dT p  dT y  X y  dP ^
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The first term on the right hand side of the equation is the 

volume independent self energy shift representing the change in 

enharmonic phonon-phonon interactions w ith  temperature at constant 

volum e. The second term is the thermal strain sh ift, resulting from the 

volume d ila tio n  on raising the tem perature. (This wi l l  be discussed more 

fu lly  in Chapter 5 . )

From the unit ce ll constants of ferrocene at 298 and 173 K (7) 

a value of the average volume thermal expansion c o e f f i c i e n t , , may

- 4 - 1
be deduced; c \ =  2 .2 7  x lO K . N o  value for the isothermal

compressibility X j  has been reported in the lite ra tu re . H ow ever, organic

-2 - 1
materials commonly have X   ̂^  10 kbar . Since ferrocene is largely

organic m ateria l, modified by inclusion of rather more compressible Fe -

ring bonds it is u n like ly  that X .  j  wi l l  be below this value and is possibly

-2 - 1
a l it t le  larger. j  is thus taken as 2 x 1 0  K kbar and used

to compute the values shown in Table 3 for the thermal strain term .

The results show a considerable spread of behaviour, so much so 

that no general conclusions can yet be drawn, although the eventual 

accum ulation of many such data for m olecular crystals may reveal general 

patterns of behaviour.
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_2 -1 -1
Table 4 .3  Anharmonic shift terms for ferrocene (a ll terms 10 cm K ) .

- 1
Total shift— S elf-energy  — Thermal strain —

1409

1350

1255

1189

1106

1057

1048

1000

855

845

817

493

479

- 0 .7 9

0

0

- 1 . 5 8

0

0

0

- 0 .3 9

- 3 .5 4

- 0 .7 9

- 0 .7 9

- 4 .7 3

- 1 . 5 8

- 0 .6 4

1 . 33

0.20

- 0 .4 6

1 . 1 2

1 . 72

0.61

0 .4 2

- 1 . 5 1

- 0 . 2 8

- 0 . 1 5

- 4 . 0 2

- 0 . 8 7

0 . 1 5  

1 . 33  

0.20 

1.12 

1.12 

1.72 

0.61 

0.81  

2 .0 3  

0.51  

0 .6 4  

0 .7 1 -  

0 .7 1 -

k ( ^ ) v
cx dv 

-  (d P  ) T

d Same pressure shift used for both bands as they are not c learly  

resolved in the d . a . c .  spectra.
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4 .4  Conclusions

Far and mid Infrared spectra of ferrocene have been examined up to
y

50 kbar under approxim ately hydrostatic conditions in a gasketed diamond anvil 

ce l l ,  and under shear stress w ithout gaskets. The results provide evidence in 

support of Duecker and Lippincott's claim  of a phase transition at about 1 1 . 5 + . 5  kbar, 

which is sluggish under shear stress.

Am bient pressure low temperature spectra have been obtained to 103K, 

and the temperature induced frequency shifts have been analysed in terms of thermal 

strain and phonon self energy contributions, although no general patterp emerged.

Further systematic study of ferrocene type compounds is desirab le, w ith  

particu lar attention  to the la ttic e  mode region. Infrared data at pressures substantially

to
in excess of 50 kbar are necessary^establish whether stress induced changes are 

associated w ith  those which appear below 50 kbar under hydrostatic conditions, 

although the DA C in which this work was performed were not thought suffic iently  

stable to be taken above 50 kbar.
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CHAPTER 5

A STUDY OF THE INFRARED, R A M A N  A N D  X RAY D IF F R A C T IO N  SPECTRA 

O F KpP tC i^ A N D  K pR eC l^ AT H IG H  PRESSURES A N D  LO W  TEMPERATURES
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CHAPTER 5

A STUDY OF THE INFRARED, R A M A N  A N D  X  RAY D IFFR A C TIO N  SPECTRA OF  

KpPtCl^ A N D  KpReCl^ AT H IG H  PRESSURES A N D  LOW  TEMPERATURES

5.1  Introduction

A major aim of this research was to e luc idate  some of the underlying  

causes of the pressure dependence of vibrational modes of solids. This involves 

a d eta iled  study of various anharmonic parameters which a re , in turn, re la ted  to 

observables. It is necessary to set this theory w ith in  the context of our w hole  

understanding o f theories of the energy, and energy distribution in solids. An  

outline is therefore given of the major features of this aspect of solid state physics.

The total internal energy of a crystal is simply the sum of the individual 

vibrations. The first rea lis tic  attempts to ca lcu la te  the total internal energy U , 

was that o f A  .E inste in , w ho, in a paper en titled  "Planck's Theory of Radiation and 

the Theory of Specific  Heat" took the fo llow ing approach.

Consider a crystal as an assembly of independent oscillators, each  

having the same circu lar frequency Lu ^ . The energy of each oscillator is quantized  

in units o f "h-uu  ̂ . Einstein showed that the average energy, U of the system of 

N  atoms at temperature T was

U = 3N  "h
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where kg is Boltzmanns constant. The specific heat is then given by;

C = dU . . .  2
V —

dT

Einstein's theory does not, however, g ive q u an tita tive ly  correct 

results for any m aterial over a w ide range of tem perature. This is in e v ita b le , since

the model upon which it  is based is much too simple.

The next stage in the refinem ent of this model is to consider the crystal 

to be periodic; that is, to consider the system as a repeating three dimensional 

a rray . In such an array U depends, not on the displacements of the atoms from 

the ir equilibrium  positions but on it's re la tive  displacement to its neighbours. The 

motion of such a system is now most read ily  described in terms of trave llin g  waves, 

propogating through the la ttic e  . Each of these waves, termed la ttic e  vibrations  

by Born, is characterised by a wave vecto r, a frequency and certa in  polarisation  

properties. These waves are the normal modes of the crystal and are quantized as 

for a simple harmonic oscillator of the same frequency.

Instead of one frequency associated w ith  the crystal there is now a range 

of frequencies, which depend in a com plicated way on the interatom ic forces.

Born and Von Karman took this into account in the ir paper "O n  the Theory of Specific  

Heat" published in 1913.  A paper in 1912 by Debye w ith  the same t it le  set out a 

theory, which was less accurate in princip le  than that of Born and von Karman. It 

was, how ever, more successful in practice because of its s im p lic ity .
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In his theory he treated the normal modes of vibration as if  they were

waves in a continuous isotropic medium, instead of a system where the mass is

3
concentrated a t discrete points. Debye's "T law for the specific heat of a solid 

a t low temperatures" can be formulated ( 1 ) .

= J 2  n ' *  N kg  I  ^ . . .  3

5 © D

This greatly  simplifies the frequency d istribution, compared to Born

and von Karman's system, and like  Einstein's theory makes C y the same function of

T for a l l  crystals, where © p  is the Debye characteristic temperature of a crysta l. 

® D

Since the frequency distribution introduced by Debye has some of the 

features of the actual frequency distribution of a crystal, the theory fits adequately  

a ll  but the most accurate measurements of the specific heat of simple crystals. It 

was not until the 1930's that the defic iencies of Debye's theory began to be noticed  

in comparisons of theory and experim ental results.

The sophistication which Debye's theory lacked was provided by Lava l, 

who returned to Born and von Karman's theory. A n  explanation of the system 

proposed by Laval is given below .

I f  the force of an atom is precisely pypportional to its displacement to 

neighbouring atoms, then each normal mode w ill propogate independently, and the 

princip le  o f superposition w ill ap p ly . This system w ill now constitute a harmonic 

crysta l, and so the harmonic approxim ation can be form ally stated; that when an 

atom Is d isplaced, the forces acting on that atom are proportional to the first power
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of displacem ent. Thus, for a crystal w ith one atom per unit ce l l ,  the force on the 

atom in cell 1 , in the ■x. d irec tio n , due to the atom in cell I ' is

= I oq)(rll ... 4/  0 ( f)

\  6:x. I r ^ C c - r L
where 0 ( r )  Is the potential energy of two atoms separated by N ow  displace the 

atom atXt^' by ^ t{j in the y d irectio n . The change in the X  component of the 

resultant force on the atom a t r is

A  = U iJ y  | Y 0 ( r A  • • • 5

\à  à y  ) ! ! “  L “  L
Such a crystal wi l l  have no co effic ien t of expansion. Also its elastic  

properties wi l l  be independent of tem perature, unlike a real crystal in which the 

forces are only approxim ately lin ear.

The harmonic approxim ation can be seen to work best at low temperatures, 

where the displacements of atoms are very small compared to interatom ic distances. 

Hence it serves usually as a first approxim ation w ith non linear (anharmonic) terms 

treated as a perturbation over the whole temperature range. In fact anharmonic  

elastic  constants are not independent of tem perature, and an increase of 1 0 %  or 

more in going from ambient temperature to O /K  is fa ir ly  ty p ic a l.

The anharm onicity involved is a consequence of the contribution of the 

conduction electrons to the specific heat of the solid (unless, of course, the m aterial 

is an insulator). A very general result for the contribution of conduction electrons

is (2);

C e = 2 TT^kg^ n (E)pT . . .  6

3
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Figure 5.1

G raph ica l representation of the various 

characteristic frequencies as proposed by

(a) Einstein In 1907

(b) Nernst and LIndemann In l 9 l l

(c ) Debye In 1912

(d) Born and von Karman In 1931 and 1923

(e ) Plendl (5) In i9 6 0
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where n(E)p is the density of electron states a t the Fermi energy. Since the

3
la ttic e  contribution (see equation 3) varies approxim ately as T , the electron ic  

contribution becomes larger at low temperatures. This inclusion of the thermal 

electron contribution to the specific heat is known as the 'Exact' theory of specific  

heat.

H ow ever, it must be noted that the 'Exact' theory s till involves the 

harmonic approxim ation . The specific heat considered this far has been w ritten  

as that is a t constant volum e. It may equally  be w ritten  as C ^ , because a 

crystal in which the interatom ic forces depend lin early  on re la tive  displacements 

would have no coe ffic ien t of expansion. A derivation  based on standard results of 

thermodynamics leads to (3)

Cp -  Cy = t v p V k . . .  7

where P is the volume co effic ien t of expansion, and K is the com pressibility. The 

d ifference is neg lig ib le  a t low temperatures, but becomes appreciab le  for temperatures 

comparable w i t h  . For example w ith lead a t room temperature C^. = 2 6 .7 5  and 

= 2 5 .2 0  J deg  ̂ mole  ̂ . This is an ind ication  that anharmonic effects cannot 

be neglected in attem pting to predict the specific heat over a w ide temperature range.

M il le r  and Brockhouse (4) have made neutron scattering measurements on 

copper. The dotted line in Figure 5 .2  gives as predicted on the basis of the 

harmonic approxim ation, w h ile  the fu ll line includesa n a llow ance for anharmonic 

in teractions. The experim ental points lie  above the line by an amount which agreef
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Figure 5 .2

Plot of the specific h eat, C ^ , of copper against 

tem perature. The dotted line  indicates as 

predicted by the harmonic approxim ation, the 

fu ll line makes a llow ance for anharmonic 

interactions.
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wel l  w ith  the expected e lectron ic  contribution C g . The processes contributing  

to the specific heat for Cu over a temperature range of SOOKare therefore 

apparently wel l  understood.

It  has been stated that for most materials anharmonic effects are
at a,

re la tiv e ly  sm all, and can be treated^perturbation, becoming more important as 

the temperature increases. The recognition of anharm onicity in its own rig h t, 

how ever, wi l l  a llo w  a more accurate v iew  of crystal dynamics to be gained. 

Anharm onic forces are considered as repulsive forces, whose presence, in addition  

to harmonic a ttrac tive  forces, cause non lin ea rity  in the cohesive forces in a solid.

The first consideration is the now allow ed phenomenon of thermal 

expansion. The change in volume of a crystal which would accompany a change in 

temperature wi l l  a ffec t physical properties of the crysta l, quite apart from any d irect 

effec t of the temperature change.

W hen a crystal expands, its elastic energy increases, but this may be 

compensated for by a decrease in the free energy resulting from a lowering of the 

phonon frequencies. The equilibrium  volume is that which minimises the free energy. 

A t  re la tiv e ly  high temperature the free energy of the la ttice  v ibration (5) is

Flv = kg T Z In/'Rw R , i ) \  . . .  8T Z  l n A w ( q , i ) \

U b T )
where w ( q , j )  is the frequency w of the jth mode, characterised by wave vector q .
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W hen a cubic crystal is expanded from volume V  to V  +  A V ,  the 

Increase in elastic energy is

Uel = {C \v f  . . .  9
2K V

where IC is the com pressibility. The free energy therefore becomes

F,v =  k .  T I  l n ( F ^ w ( q , i ) \  +  ( i \ V ) ^ . . .  10
q , i  I k g T  j  2 KV

by putting = 0  we obtain
dV J

A V  = -1^ kn T I  1 f d  w ( q , i ) \  . . .  11
'Z w (q , i )  \  AV  I

Introducing

Y  (q,i)  = - V  f à w ( q , i ) \  = -  ^  k w  (q,i)  . . .  12
wW,i) \  d V  ) 6 InV

this g ives, for the volume strain

A V  = K k n  T I  y ( q , i )  . . .  13
V  " V -------TJ

Y  (q , )) is ca lled  the mode Gruneisen param eter. W e now considéra general 

expression for Fj^ a t any temperature instead of the high temperature situation  

above. The expression for Fj^ is (6 )

F |\, = kp T Z In [  2 sinh (h w (q ,} )  ) \  . . .  14

q,i \ zkgT I
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one obtains, for the volurrestrain ,at the expense of more algebra

6  V = K Z (n(q,i) + i )  -Rw(q,i) %(q,i) ... 15
q , i

which merely reduces to equation 13 when the mean energy of any mode can be 

replaced by k^T. H ence, the coe ffic ien t of volume expansion is given by

p = K r  c (q,i) » (q , i)  . . .  16
dT I V  y V  q I

where C (q,j) is just the contribution of the mode (q,|) to the specific h ea t. If  

the dependence of frequency on volume can be taken as the same for a ll modes, 

i . e .  ^ ( q , j )  = K,  a constant, equation 1 6  becomes

P = ... 17

where C is the specific heat o f unit volum e. A lth o u g h , as wi l l  be shown, there  

is good reason to be lieve  that )((q,|) wi l l  not be the same for a ll  modes, for many 

materials the c o e ffic ie n t of expansion closely follows the specific h eat.

The second major consideration which follows from the recognition of 

anharm onicity is that interactions between normal modes are perm itted. The nett 

effec t of these interactions is to open up channels for decay of phonon energies.

If  these interactions were absent, then the spectral p ro file  o f the la ttic e  vibrations  

would be a set of undamped, temperature independent resonances. The interactions  

also lead to changes in the phonon energies, together w ith  the development of fin ite  

lifetim es for the vibrations (5 ) ,  (6 ) .
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The temperature and pressure dependencies of each phonon in the 

Brillouin  zone arises therefore in two separate ways. Firstly thermal expansion 

creates a tem perature-dependent shift of each phonon from the harmonic normal 

mode va lu e . Secondly the anharmonic coupling permitted between phonons causes 

a further tem perature-dependent shift of the phonon energies. This second 

contribution can be distinguished from the effects of thermal stra in , because the 

la tte r factor gives rise to temperature dependence of phonon frequencies even when 

the crystal is held under isochoric conditions (that is, is held under a pressure which  

a t some temperature T , returns the crystal volume to that a t absolute zero; this would  

mean that no thermal expansion would have occurred, and the shift evaluated would  

be solely due to anharmonic coupling between phonons).

The theoretical temperature dependence of the optic phonons of a lk a li 

halides (7) and s ilver and thallium  halides (7) have been considered by Lowndes, an  

outline of which is shown below .

The temperature dependence o f each phonon frequency In the Brillou in  

zone stems from anharm onicity in the two ways suggested above. This can be 

formulated as follows; the harmonic frequency vl^(q, j) is shifted by a term due to 

thermal strain in the crystal on raising the temperature from O K  to TK; thus

Wy (q,i) = (q,i) + (q,i) . . .  18

the suffices h and E denoting harm onic, and thermal expansion respective ly.
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This 'qua si harmonic' frequency (q , | )  is that which would result 

if  the only e ffec t of anharm onicity was to a llo w  thermal expansion, i . e .  Wj  ( q , j )  

is dependent on the volume of the crystal on ly . But, as stated previously, anharmonic 

terms also permit coupling of normal modes, which change phonon frequencies and 

give them fin ite  life tim es. A t  a temperature T and frequencyJTLeach of the quasi

harmonic frequencies suffers a frequency dependent shift of

+  i r *  ( S / i / ^  ) . . .  19

(Lowndes ( 6 ) )

The real part of this shift gives a shift in the observable frequency o f the 

mode, and the complex part gives a f in ite  life tim e  to the v ib ra tion . Thus the quasi

normal frequency w j  (q , )) which is the solution f o r g i v e n  by

= Wy (q,|)^ = 2w^ (q, j )  A v ^  (q , i ,  JX) = W j (q , j )^  . .  20

the suffix A  denoting anharmonic coupling o f the modes.

Therefore the quasinormal frequency, being the frequency measured in  

any resonance experim ent can be shown to be
... 21

[ w y  ( q , i )  + 2 w ^ ( q , i )  [ 6 w ' ^ ( q , i , - a )  +  w ^ ( q , j ) ]

This can be rew ritten for the q =  o w avevecto r, i . e .  considering the 

zone centre phonons on ly . A t  an applied  pressure P, which is applied  to reduce 

the volume and shape of the crystal to that a t absolute zero we have

{^Jp  / i ) ]  ^ / i ) ] ^  +  2 w^ (o / i )  Awy  (o , | , f L )  . . .  2 2



-  1 6 6  -

The A W y  (o , j )  term wi l l  be zero if  the volume is that which would occur a t O K ,  

for the reasons explained above.

W e  can also w r ite , a t O K  and no applied  pressure

% o ( o , | )  ^ = w ^ ( o , i )  ^ +  2w^ ( o , j , i T - )  . . .  23

where XL . By substituting for w^(o , |) from 23 into 22 we obtain

2
W j (o /*!/ ^ ) -  (o , i ,  A )  = W jp(o  , i )  ^ -  WgQ( o , i )

2 w \  o, i )

= ' " T p E o ' i ) l ^  -  { w o o ( o / i ^  ^ = f ( T )

2 woo ( o , | )  . . .  24

The above re lation  thus allow s an experim ental determ ination o f the 

change in the anharmonic self energy between temperature T and O K . It  can also

be shown that above the Debye temperature f(T) is linear and therefore be extrapolated

A  A
to O K  to enable the evaluation of w^ (© , | , fL  ) and thence wy ( o / i /  f l ) .

The effects o f anharm onicity a re , however, more far reaching than just

the m odification of energy levels , and three examples of the consequences of

anharm onicity are listed below .

( i)  The harmonic oscilla to r selection rule A w . = +  1 is

relaxed by anharm onicity. This re laxation  allow s observation of 

more than the fundamental frequency w. in certain  cases. Even so.
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it  must be noted that the transitions a llow ed under anharmonic 

dominance must still conform to restrictions imposed by symmetry.

A characteristic feature of the spectrum of an anharmonic m olecule 

is the appearance of overtone transitions A  w* = +  2 , +  3 , e tc . , 

combination transitions, eg . w ith  A w *  = +  1 simultaneously w ith  

^ W j  = +  1 , together w ith  still more com plicated transitions 

involving two or more quantum numbers.

( Î Î )  A feature of gas phase v ibrational spectra, also important

in the solid state is the phenomenon of hot bands. In the simplest 

case of a diatom ic m olecu le , i f  the system were harmonic the 

w = l “̂ 2 , w = 2 ~ ^ 3 ,  e t c . , would be coincident w ith  the w = o -a^ l 

fundam ental. The anharm onicity leads to a series of slightly d ifferen t 

frequencies for the transitions w -^  w +  1 .

( i i i )  A more subtle phenomenon associated w ith anharm onicity

is that of Fermi resonance. If  two modes of sim ilar energy have some 

symmetry component common to both, this can lead to a more in tim ate  

in teraction  than is the general case. This in teraction can be seen as 

e ith er a shift of one or the other, or both components from the ir 

expected va lu e , a n d /o r a marked change in re la tive  intensity of 

the ir absorbtion spectra.
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Various theoretical studies of the temperature and pressure dependence

of phonon frequencies have been made. M aradudin and Fein (5 ) have studied the

effects of anharm onicity on neutron scattering. These results have been further

confirmed by expressions for thermal deformations and frequency shifts in terms of

force constants by M aradudin (9 ) . The results of these studies can be applied  to

infrared and Riman w ork. C ow ley (5 ) ,  (1 0 ), and Ipatova, e ta !  (11) have given

more general treatments. In both M aradudin (5) and C ow ley (6 ) it  was shown that 

A
Wy (see equation 24) is made up of cubic and quartic  terms in anharm onicity , 

where the cubic term is always negative , and the quartic term may be positive or 

n eg a tive . Lowndes ( 8 ) gives a very fu ll account of this, and the use of many-body  

thermodynamic Greens functions as a q uan tita tive  tool for handling anharm onicity . 

The theory he used (presented in equations 18 -  24) gave values which were in 

good agreem ent w ith  experim ental results for ionic crystals. The use of fin ite  

strain parameters (12) has led to more exact theoretical expressions. Loudon (13) 

and M itra  (14 ) have reviewed a number of experim ental studies.

Having proved that the anharmonic selfenergy between T and O K  can 

be determ ined by a study of w (o , j )  w ith  T and P (equation 24) how can these 

variables be re lated?

If

w i = w (o ,j)  = f^ T P )

i . e .  In W| = f^(TP) . . .  25
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then for an in fin ite ly  d iv is ib le  isotropic system

d ( l n w i )  = / è ( * " ' " ' i ) \  j T  + / < J ( l n W j ) \ d P ... 26

A lso  if  In V  = f  (P ,T )  

then

. . . 2 7

d In V  =  / ^ (  In V  )\dT + /  à  ln V \  dP

I   ̂ Vp V I t

if  26 and 27 are both true then we can w rite  In Wj as a function of

. . .  28

In  Wj = f  (T, V ) . . .  29

d( 1 n w .) = /  ^  In Wj \  dT + f  ^ n  Wj \  dV  . . .  30

( 61 / V

so substituting for d In V  from equation 28 into equation 30 w e-o b ta in

d (  In  Wj) = / è l n w | \  dT + / ( J ( l n W | )

\  à l  / v  \  à ( l n V ) T / ï

dP + | 'a ( ln V ) ^  d l

[VSp“ /p ( T T  j p
. . . 3 1

comparing coefficients in 31 and 26

for dT

/ ^ ( l n w j ) \  = p (  In W j ) \  +  / 3 (  l n w j ) \  I n V ) %

\  6  T jp \  è i  )  V  U (  In  V ) ) t  \  61 )
. . .  32



-  170

for dp

è (  I n W;)

§ ~ T “  T

à ln  Wj \  / ^ (  1 n V ) . . . 3 3

\ 6 ( ‘ n V) y J  6  P 1 T

Rearrange 33 and substitute into 32 we obtain

d (  I n w ;) = /  j  ( l n w | ) \  +  / ( ) (  I n \v :) \ M l n V a p

à T
. 34

V a p

(b)

T \  aT /p \à (  I n V)yy

(c)

Thus we can see that the change in mode frequency that occurs w ith  a 

change in tem perature, a t constant pressure P is caused by two components, labelled  

(b) and (c) in equation 34 . (b) is the rate of change of frequency w ith  temperature 

of the system under isochoric conditions, (c) can be understood as the change of 

frequency if  the volume of the crystal a t TK is returned to that a t O K . (Lowndes 

(6) ) .

In macroscopic terms the equation becomes

(a)
A  j  wilp

(b) (c)
A  J W|  I Y  +  A  W|  I J . . .  35

Both 34 and 35 have been derived and reported in the literature ( 6 , 8 , 15 , 16 ).

So we have now divided the frequency shift w ith  temperature into (c ) ,  

a thermal expansion term , which w ill be a measure of A w ^  ( o , j )  (See equation 19) 

and a term a t constant volum e, (b ), which w ill be a measure of ( / }  w^ ( o , | )  -  

A  w^ ( o , | ) ^ s  the quasiharmonic frequency remains constant under constant volume 

(equation 2 1 , 2 2 ) .
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I . e .

A w ^ ( o , i )  = A w ;  IT

A  T ^ i l  V A w ^ ( o , j )  -  A wq ( o , i )  . . .  36

Lowndes (7)

provided that the mode selfenergies are sm all, such that a t O K

w ^ (o ,|)  — 1 . . .  37

w (o , i )

O f  the greatest importance is that a ll  the terms in equation 35 can be 

measured experim enta lly . A.^, Wj| p by d irect spectroscopic observation of 

frequencies a t varying temperatures and constant pressure, and AwJ j ,  which  

is more easily  understood in the form shown in equation 34; this is evaluated by 

measuring the relationship between (i)  the frequency of a mode w ith pressure a t 

constant temperature; ( i i )  the change in volume of the unit ce ll w ith  temperature 

a t constant pressure, and ( i i i )  the varia tion  in volume with pressure a t constant 

tem perature.

Term (c) can also be w ritten  as where cx is the volume thermal

expansion c o e ffic ie n t, and the mode Gruneisen param eter, which are defined as 

follows;

/
o <  = è (  I n V )  \  , Î Î  = I (d{ ln w ; ) _ \  . . .  38

àT /  P X , \  dP I t

K = - / è in  V  ] =  (  I . à V  \
U p I  | v  ap j T

K is the isothermal compressibility of the system.
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So we can see that terms (a) and (c ) can be measured d ire c tly . W e  

can therefore obtain (b ), which is A  w^ (o , j )  -  A  w^ (o , j) and the anharmonic 

self energy ca lcu la ted . To a llo w  evaluation  of the components in term (c) we 

must now consider the experim ental procedure necessary.

The change in mode frequency w ith  pressure a t constant temperature was 

observed w ith  the sample contained in a D A C , and used in conjunction w ith  a ftjman 

or far infrared spectrometer. For varia tion  of frequency w ith  tem perature, a cryostat 

was utilised in conjunction w ith  a far ir orRaman spectrometer.

For volume and temperature varia tion  a t constant pressure a single crystal 

was examined by X  ray d iffrac tio n , but as w ill be re la ted , the data obtained here 

were not considered suffic iently  consistent for use in this analysis. Consequently 

an estimate of the volume thermal expansion coeffic ien t was obtained by utilising  

data obtained by Dimitropoulous (1 7 ). F in a lly  the variation  of volume w ith  pressure 

was studied by loading a DAG w ith the powdered sample, and used on an X ray 

cam era.

The Compounds chosen for this study were K 2 PtCI^ and K2 ReC I^. These 

were selected for two main reasons.

The first is the ir re la tiv e ly  simple spectra having three w e ll defined infrared  

a c tiv e  modes, and in princip le four Raman a c tiv e  modes. In practice the Raman ac tiv e  

la ttic e  mode in K 2 P tC I^  was not observed. However the v ^ t  2 g bending vibration was 

recorded, which was not reported in a previous high pressure study of X 2 PtCI^ (1 8 ).
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The Eg mode of K 2 ^ 6 0 1 ^ was also not observed.

The second reason for this choice is that these two compounds both have

the an tiflvo n te  structure, i . e .  they are cu b ic , crystallising in space group Fm3m ==

O ?  .. The choice of isotropic compounds is s ig n ific a n t / as the developed theory 
h

is s ign ifican tly  effected by anisotropy. Equation (22) can only s tric tly  be true if  

the volume a t O /K  has the same shape as the volume produced by app lica tio n  of 

some pressure P a t temperature T; that is, the volume change must constitute an  

isotropic contraction of the la tt ic e .

A  more general form of the frequency dependence would be obtained if  

instead of using:-

In  w. = f  ^ (V ,T )  (equation 29)

we consider

In  w. = ( a ,b ,c ,T )

where a ,b ,c  are the crystal Iographic axes o f the system.

A non isotropic medium would therefore g rea tly  increase the com plexity  

of the situation , hence the choice of a cubic system.

The thermodynamics of anisotropic solids is considered in (1 9 ) , an  

exam ple of which is Te 0 2  ( 2 0 ) being te tragonal.

The phase transitions of K 2 ReCI^ a t low temperature are ignored for the 

purpose of this analysis.
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5 . 2  Experimental

was obtained from M ay  and Baker, and recrystallised from 

w ater. K2 ReC!^ was obtained from m aterial prepared by S. J . Payne, and re

crystallised from w ater. The high pressure experiments were performed in a M k  11 

D A C , described in Chapter 2 .

Far infrared experiments were performed w ith  the sample contain in a 

0.05m m  th ick inconel gasket, w ith  a gasket hole of 0.5m m  diam eter and N u jo l 

used as a hydrostatic medium for the range 40  -  400cm . To enhance the resolution

of the la ttic e  mode, the experiments were repeated using a sim ilar gasket, but w ith  

silicone o il as a hydrostatic medium, and replacing the 2 5 beam splitter w ith  a 

5 0 /  f ilm , thus converting the range of the FS 620 to 20 -  200cm

Roman experiments were performed w ith  a 0.2m m  th ick gasket, w ith  a 

0.4m m  diam eter hole using 4 : 1 m ethanol/ethanol as the pressure transmitting flu id .

A Coderg T800 spectrophotometer and photon counting were used.

The high pressure X  ray experiments were carried out using the modified  

X ray c e ll ,  w ith  0.25m m  th ick gaskets w ith  0.5m m  diam eter holes, and u tilis ing a 0 .2m m  

collim ator (see C hapter 2  ) and M o /K o < . rad iation .

Low temperature am bient pressure infrared and Raman experiments used 

a closed c ircu it CTI liquid helium  (M odel 21) cryostat which covered a range from 

12 -  300K , contro llab le  to better than 0 .5 K . The cryostat was used in conjunction  

w ith  a Beckman FS720 in terferom eter, and Coderg T800 spectrometer.



Low temperature X  ray measurements were made on a small single 

3crystal (c a . 0.6m m  ) mounted on a Stoe Weissenberg cam era, w ith a Stoe 

liquid nitrogen cryostat, and C u K c <  rad iation . The s tab ility  of the temperature 

control proved very low . A lthough exposures a t several temperatures were made 

on the same film  to avoid shrinkage errors, and high values of 29 (29  ^  130°) 

were measured, the instab ility  of the temperature proved the overriding fac to r.

This caused the values of the la ttic e  parameters to have such scatter that any  

curve fittin g  performed resulted in fits of neg lig ib le  sign ificance.

It would have been preferable to have used a powder sample w ith  the 

C T I, this having much better temperature contro l, and a much w ider range (the 

lowest temperature a tta in ab le  on the Stoe crystal proved to be ca . 130K , c f. 12K 

for the C T I. )  However a powder sample fa ile d  to g ive any lines at high values of 29.

The error in the values of la ttic e  parameters obtained by the high 

pressure experiments were considered to be +  .2A  . The magnitude of this error 

was due to the fact that no high 29 scatter could be observed through the D A C .

The value obtained for the compressibility of K 2 PlC I^  was however ha lf that 

calcu lated  in Chapter 6 . As the compressibility of K 2 ReCI^ is known (2 1 ), and 

accords fa ir ly  w e ll w ith  the ca lcu lated  va lu e , an independent anharm onicity  

calcu la tion  was performed using the value of compressibility obtained by the 

methods used in Chapter 6 ,

The frequency versus pressure and temperature data were fitted  to 

straight lines by a N A G  linear regression routine.
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A computer programme was constructed to perform the analysis of 

pressure and temperature dependence of the v ibrational modes by R .A p p leb y .

5 .3  Results and Discussions

The fa r infrared and Raman spectra at various temperatures and 

pressures are given in Figures 5 .3 ,  5 .4 ,  5 .6 ,  5 .7 .  Wavenumbers versus 

temperature and pressure are given on Tables 1 and 2 , and plots of wavenumber 

versus temperature and pressure are given on Figure 5 .5  and 5 .8 .  The X  ray 

data are given on Figure 5 .1 0  and Table 3 . The figure from which the thermal 

expansion data were obtained is given as Figure 5 .1 1 ,  and an explanation of the 

procedure fo llow ed is given below . Plots of volume versus temperature and 

pressure, and the compressibility  ̂ g iven on Figure 5 .1 2 .  Plots of 

A jW .J V , and A  w j.^  are given in Figures 5.14, 5 .15 5 .13 fo r  

( X e x p e rim e n ta l) K 2 Pt'CI^ ( X  ca lcu lated ) and K 2 ReCI^ ( X  ca lc u la te d ).

The far infrared spectra of K2 R eC l^ ae  given in Chapter 6 . Raman 

work was performed by R .W . Berg, as were the infrared and Raman thermal data 

for K2 R eC I^ .

Values of compressibility were obtained v ia  the method of M vto .

as described in Chapter 6 .and are given on Table 5 .7 .  The marked d ifference in

the values of compressibility of K 2 PtC I^ obtained by experim ent and theory are noted,

but not understood at present. H ow ever, the calcu lated  value of %  for K2 ReCI^

-3  -1
corresponds fa ir ly  w e ll w ith  that determined by Dimitropoulos (21) of 7 .2  x 10 kbar
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Figure 5 .3

Raman spectra of various pressures.

O bta ined  w ith  a spectral slit w idth of 2 .0cm  

w ith  1 0 0  mw of 6328^ radiation at the sample.
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Figure 5 .4

Far infrared spectra of various pressures
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Figure 5 .5

Plot of the fundamentals for K2 PtC I^ against pressure,
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Figure 5 .6

Raman spectra of K 2 PtC I^ a t various temperatures. 

Spectra were obtained w ith  a spectral slit w idth of 

1 . 8 cm w ith  50 mw of 6328Â radiation at the sample 

(The reason for the split of ^ 2  a t low temperatures is 

not understood.)
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Figure 5 .7

Far infrared spectra of '^°*'*'ous temperatures,
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Figure 5 .8

Plot of the fundamentals for temperature.



K,PtCl,



TABLE 5.1

Far Infrared
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- 1
The wavenumbers/cm of various temperatures

and ambient pressure.

T (K )

300

260

1 8 0

1 2 0

60

20

T]u(v|_)

88

88

88

88

87

87

T ] u(v^) 

187

187

188 

1 8 8  

189 

189

T i u (v 3)

345

346

348

349

350  

350

Raman

T(K)

300

260

1 8 0

1 2 0

60

20

T29(v^)

175

174

174

174

173

173

Eg(v2 )

322

322

323

324

325  

325

A  ] g(v ] )

351

352

354

355

356

357
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TABLE 5 .2 The wavenumbers (cm of various pressures

(kb ar).

Far infrared

Raman

P(kbar) T^u(v l ) T ] u(v^) T]«j(v 3 )

3 .5 94 186 345

8 .3 96 1 8 8 348

1 0 .9 99 189 351

1 3 .9 lo i 191 3 5 3 .5

1 6 .5 1 0 2 192 355

1 7 .5 103 194 358

2 1 . 2 108 196 362

2 4 .3 109 199 365

3 0 .4 1 1 0 .5 2 0 1 366

P(kbar) T29(v 5) Eg(v3>) A 1 g(v 1 )

2 .4 1 7 5 .8 323 3 5 3 .5

5 .4 1 7 7 .5 3 2 4 .5 3 5 4 .5

1 8 .7 1 8 6 .5 329 3 6 3 .5

2 0 .4 1 8 7 .5 332 3 6 6 .5

23 .1 189 3 3 2 .5 3 6 8 .5

2 6 .9 1 9 1 .5 334 3 7 1 .0

2 8 .9 193 3 3 5 .5 3 7 4 .5

3 1 .5 1 9 4 .5 336 3 7 5 .5

33 .1 196 337 376

3 7 .7 199 3 4 0 .5 3 7 9 .5

4 0 .4 2 0 0 .5 341 . 3 8 2 .0
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Figure 5 .9

X  ray diffrai ction photograph of K2 PtC I^ a t ambient 

(fu ll circles) and 41 . 8  (arcsat higher 20 values) kbar, 

Intense spots arc due to d iffraction  from the diamond.
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Figure 5 . 1 0  Plot of (Â ) v pressure (kbar)

10

o
A

9

TABLE 5 .3

10 30 
Pkbar

50

Values of '’ jg o  la ttice  constant of K2 PtCI^ at

300K against pressure. as measured in high pressure

X ray experiment.

P (kbar) a (%)

0 . 0 0 1 9.751

1 8 . 8 9 .5 8

2 7 .9 9 .5 0

4 2 .8 9 .2 8

G rad ien t = 1.11 x 10 ^ /k b a r

Compressibility at ambient pressure = 9 .7 5 1 ^  -  (9 .751 -  0 . 0 1 1 1 ) ^ 

9 .7 5 1 3

= 3 . 3 8 x 1 0  kbar
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The anharm onîcity analyses were performed using both calcu lated  

and measured values of compressibility for K 2 PtCI^ and the measured compress

ib ility  of K 2 R eC I^ . Since the calcu lated  and measured values for K2 P^CI^ d iffer  

almost by a factor of tw o, the results obtained by using the ca lcu lated  value for 

compared w ith  those for K2 P eC I^ .

Thermal Expansion

As described, attempts to obtain vo lu m e /tempe rature data by X  ray 

methods were unsuccessful. There a re , to our know ledge, no thermal expansion 

data in the literature  for K 2 P tC I^ . H ow ever, Armstrong (17) has studied the 

linear thermal expansion of K 2 PeC!^ and K2 0 sCI^. Values of cx<obtained from 

these studies show that the linear thermal expansion coeffic ients for the rhenum 

and osmium salts are very sim ilar. It was fe lt  therefore that these values would 

be a reasonable estimate of the linear expansion co eefic ien t of K 2 PtC 1^.

The plot of linear expansion co effic ien t obtained from ( l 7 )  is shown in 

Figure 5 . 1 1 .  The values for K2 0 sCI^ were used simply because the scale of the 

orig inal figure made more accurate measurements possible. The plot (to  be found 

in Ref. 21) was then photographically enlarged to ca . 40cm square, and values of 

^  measured a t various temperatures.

The computer analysis requires, how ever, volum e/tem perature data .

It was necessary therefore to evaluate  the volume of the system a t various 

temperatures. Using the a v a ila b le  inform ation, that is, the la ttic e  parameter at 

300K , and values of w ith  tem perature, the fo llow ing  procedure was follow ed
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in order to generate the volume at a given temperature T .

The change in la ttice  param eter, a ,  on raising the temperature from 

O /K  to T /K  can be formulated as:-

. T
a -r = a  (1 +  y  c^dT) . . .  39T o ^

(NB: dT is necessary, s in cec<  is temperature dependent)

Equally  39 can be considered for a temperature change from T /K  to 

300K (T <  300 ).

300

^T ~ ^300 dT) . . .  40

300
So y  ^  dT must be evaluated to obtain the la ttice  parameter a t T , and hence 

T

the volume a t T . This integral was evaluated using Simpson's R ule, which states that

f ( X )  = ^  (y + 4 y ^  + 2 y 2 + 4 y 3  +  ............ +  4y^_ i +  y^)
a 3

where A  X  is the temperature interval chosen, and y^ is cx a t Temperature T^, 

y , is o< at T | and so o n .

^ 3 0 0
Values of (X , T j  ex. dT, O j and V j  are given on T a b le 5 .4  .These

were applied  to both K2 PKZI^ and K2 ReCI^ in the succeeding analyses.

The Debye Temperature

A
In order to extrapolate ^ w. | y  to O K  (so as to evaluate  w^ ) it

is necessary to ca lcu la te  the Debye temperature of the m ateria l. Plendl (14)

gives a form ula:-

®D = (b )  ''cen tre  ' ' '
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Figure 5 .11

Interpolated linear thermal expansion coeffic ien t in the 

pseudocubic " 111 direction for K2 0 sCi^.



-  1 9 7 -

CNI

O CSIm



-  198 -

TABLE 5 .4  Values for T , cx j ,  dT, c j  and V j  for K2 PtCI^

using values ofc< obtained from (17)

T (K ) « - r (x lO '^  K " ')

300

d T { x l O ' \ " ' ) °T V t

300 5 .6 9 .7 5 9 2 7 .1 4

280 5 .4 2 1 1 0 .5 5 9 .7 4 0 924 .01

260 5 .2 6 2 1 6 .4 9 .7 2 9 9 2 1 .1 4

240 5 .0 6 3 1 8 .4 2 9 .7 2 0 9 1 8 .3 2

2 2 0 4 .8 7 4 1 1 .4 5 9 .711 9 1 5 .7 5

2 0 0 4 .6 8 5 0 6 .8 8 9 .7 0 2 9 1 3 .1 2

180 4 .4 9 5 9 8 .6 5 9 .6 9 3 9 1 0 .5 9

1 6 0 4 .3 3 6 8 6 .8 9 9 .6 8 4 9 0 8 .1 7

140 4 .1 6 7 7 5 .1 0 9 .6 7 5 9 0 5 .7 5

1 2 0 4 .0 0 8 5 6 .7 5 9 .6 6 7 9 0 3 .5 2

1 0 0 3 .8 3 9 3 5 .1 3 9 .6 5 9 9 0 1 .3 8

90 3 .7 2 9 7 2 .9 7 9 .6 5 6 9 0 0 .3 5

80 3 .5 8 1 0 0 9 .4 4 9 .6 5 2 8 9 9 .3 5

70 3 .4 0 1 0 4 4 .4 4 9 .6 4 9 8 9 8 .3 9

60 3 .2 4 1 0 7 7 .7 6 9 .6 4 6 8 9 7 .4 8

50 3 .0 4 1109.31 9 .6 4 3 8 9 6 .6 3

40 2 .7 4 1 1 3 8 .3 4 9 .6 4 0 8 9 5 .8 4

30 2 .3 6 1 1 6 3 .8 3 9 .6 3 8 8 9 5 .1 5

2 0 1 .9 5 1185.11 9 .6 3 5 8 9 4 .5 7
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where 0p is the Debye temperature of the m ateria l, ^  is Planck's constant, 

k is Boltzmann's constant and v^entro centro frequency of the infrared

spectrum of the m ateria l; that is the frequency at which the centre of g rav ity  of 

the spectrum is located . The usual way to evaluate this is by measurement of the 

reflectance spectrum of the system, but no such work has been performed for 

K 2 P tC l^ .

H ow ever, it is stressed that the region of the spectrum considered need 

only be that which contains the frequencies which contribute to the specific heat 

of the solid . This e ffe c tiv e ly  means that one need only consider the la ttic e  mode 

region o f the spectrum.

As only one infrared ac tive  la tt ic e  mode this can then be

taken as being the centro frequency.

Taking h = 6 .6 2 6  x 10 ^ ^ J s , k = 1 .3806 6  x i 0 K , and 

Vcentro “  8 8 cm * = 2 . 6 3 8 x  10 '^ H z .

0 p = 126 .6K

It  must be noted that this assumption w ill lead to a lower lim it of Op, 

as there w ill be in general some contribution to the specific heat from internal 

modes, such as in K 2 PtCI^ which is low enough in energy, and of the correct 

symmetry to in teract w ith v^ . Since it  is not known to what extent this is true , an 

a llow ance of ca . 10% has been made, and Op has been considered as 140K . Since 

Vj_ for K2 ReCI^ is only 2cm  ̂ d iffe ren t (86cm ^) to that of K2 P tC l^ ,0 p  was taken

as ca . 140K for K 2 PeC!^ also.
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TABLE 5 .5  The wavenumbers/cm  ̂ of K2 ReCI^ a t various temperatures

and am bient pressure

Far IR

Raman

T(K) T |u (vJ T1 u(v^) Tiu(vs)

300 84 172.5 332.5

223 84 172.5 324

193 83.5 172 325

173 84 172 326

140 84 172 326

115 84.5 172 327

103 85 172 326

80 85.5 173 327

T(K) T"29 (V5) Eg(v2) A ] g(v 1 )

300 176.0 ABSENT 357.5

260 175.5 357.5

180 174.0 357.0

120 173.5 357.0

100 173.0 356.5

60 172.5 565.5
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TABLE 5 .6 The wavenumbers/cm  ̂ of K2^601^ a t various pressures 

and am bient tem perature.

Far IR

Raman

P (kbar) Tiu(v|_) T ]u (v 4 ) T ]u (vg )

5 .3 1 8 2 3 3 6 .5

1 1 .7 185 340

1 3 .2 185 338

1 6 .3 98 186 341

1 8 .0 98 1 8 6 .5 340

2 5 .0 99 188 345

2 7 .2 1 0 1 189 346

3 4 .3 104 191 350

P (kbar) T 2 9 (^ 5 ) Eg(v2 ) A ] g(v 1 )

1 .9 1 7 7 .5 ABSENT 3 5 9 .5

2 .4 1 7 9 .5 3 6 0 .5

8 . 6 1 8 3 .5 3 6 5 .5

1 5 .9 185 369

1 7 .8 1 8 7 .5 3 7 1

2 2 .0 1 9 0 .5 3 7 4 .5

2 3 .8 1 9 1 .5 3 7 6 .5

2 8 .8 1 9 5 .5 3 8 1 .0

33.1 1 9 6 .5 3 8 2 .0
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TABLE 5 ,7  Values of dw and dw for K2 PtC i^ and
d l  p dP ^

K2 R eC I^, together w ith  standard errors, compressibilities 

a t am bient pressure (K 2 PtC l^ ca lcu la ted , K 2 ReCl^ measured)

dw X lO  ^ 

^ P

S .E . (x lC p) dw

^ T

S 'E . 3 0 0 (* ^ 0

K2 P tC l6

' ' 1
- 2 0 . 6 0 .4 0 .7 8 0 . 0 2

V 2 - 1 5 .2 0 .9 0 .4 9 0 .1 7

' ’3 - 1 8 . 0 0 . 2 0 .81 0 .0 6  6 .3

' '4 -  7 .0 0 . 2 0 .5 5 0 .0 4

V5 4 .8 5 0 . 6 0 .6 5 0 . 0

''L 3 .4 0 .7 0 .7 0 .0 5

K 2 R eCI^

' ’ 1

' ' 2

-  5 .0 3 a

ABSENT

0 .7 5 0 . 0 2

' '3 - 2 4 .4 0 .4 6 0 .0 4  7 .2

' '4 2 .6 5 0 .2 9 0 . 0 2

' '5 1 4 .6 0 . 6 1 0 .0 3

''L 3 .7 2 0 .3 3 0 .0 9

0  values for dw provided by R .W . Berg -  
? r  p

no standard error data a v a ila b le .

- 1
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Far Infrared and Raman Spectra of K 2 PtCl^

The spectra behaved normally w ith increase in pressure, a ll modes 

exhib iting a blue shift of varying magnitude. However the t 2 ^  bend (v^) and the 

V la ttice  mode both shift.<td to lower frequency w ith  decrease in tem perature.

A sim ilar temperature dependence was noted w ith  the V4  and fundamentals of 

K2 iRGCl^.

Results of the computer anharm onicity analysis

For each v ibrational mode, £ i w | j ,  A jw jp ,  A  jw  j y  were computed 

as discussed in the introduction.Tables 5.8crd 5 .9  summarise these for K 2 ReCl^ and 

K2 PtCl^ ( X .  ca lcu lated ) Table 5 .10gi\^s the frequency shift w ith  tem perature, and 

the re la tive  contributions of A w ^  and ^ W j  . It is noted that increasing the 

thermal strain in the system by increasing the temperature always causes a shift to 

lower frequency. This can be c la rifie d ; — w j j  is the change in frequency on 

raising the pressure, a t constant temperature T , to restore the volume of the crystal 

to that a t O K . This can be seen from the tables to always be positive. By 

increasing the pressure, and thus restoring the volume to O K , this e ffe c tiv e ly  

removes the thermal expansion contribution to the mode frequency. Therefore, if  

removal of thermal expansion gives a positive sh ift, then increasing the thermal 

strain in a system w ill decrease the mode frequency. This is not an unexpected  

result. A nother general feature of the K 2 ReCl^ sets of data is that the magnitude 

of the contributions of both self energy and thermal strain parameters increase w ith  

increasing tem perature. This does not rigorously hold true for the K 2 ptC l^  results.
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Figure 5 .1 2  

Plots of

(a ) vo lum e/X  ^ versus tem peroture/K

(b) vo lu m e /^  ^ versus pressure/kbor

4 -1
(c ) compressibility (x lO kbar ) versus pressure

for K2 PtCI^ and K^ReCI^. N o te  that these plots are 

obtained using values of ^ calcu lated  by the method 

of M itra  et a l .
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Figure 5 .1 3

Computer analysis of the vibrational modes of

K ^R eC I,.

( i)  = ^  y (see equation 35)

( i i i )  = observed

A
The extrapolation of i to O K  (=  W ^ )  is also shown,
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Figure 5 .1 4

Computer analysis of the vibrational modes of 

 ̂ ^  ca lcu la ted ).

( i)  = ^  = A  ^ W j l^

( i i )  = -  A  W.J. = -  A  W ||y

( i i i )  = A W j  observed
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A' calculated

- 1 0
- 1 0

- 1 0 - 1 0

- 1 0- 1 0
2 0 01 0 0 2 0 0 1 0 0
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Figure 5 .1 5

Computer analysis of the v ibrational modes of 

K 2 Pt^CI measured)

(!)  = A W *  = ^  ^ W i |y

( i i )  = - A W ^  = - A w J j

( i i i )  = A  W j  observed

N o te  increase in thermal expansion teçm ( i i )  due to 

decrease in compressibility.
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From Table 5.10 ï  can be seen th a t, in general, the re la tive  self energy 

contribution to the mode frequency increases as temperature decreases, which is 

as expected, the thermal strain is necessarily zero a t O K , but the self energy is 

subject to zero point fluctuations, and may have a fin ite  value a t O K .

Peercy, Samara and Morosin (22) observed that for Sn l^ , a molecular 

crysta l, that the thermal dependencies of the external modes were dominated by 

the volume (strain) term. This is a t variance w ith  results observed for K2 P tC I^ , but 

in agreement w ith  those for K2 R eC I^. This discrepancy may be due to the unusual 

temperature dependence of the K2 PtC I^ la ttice  mode, although Peercy, et a | ,  found 

an order of magnitude d iffe ren ce , which has not been observed in K2 ReCI^.

Tables 5 .11 , 12and 13 show the quasiharmonic and pseudoharmonic 

contributions, w ith  the self energy shifts resolved into A.Wj (o ,t )  and w^ ( o , t ) . 

This is done by extrapolation of A j  w (o , t ) y ,  that is the self energy sh ift, to O K ,  

giving A  ( o , t ) . This is a va lid  procedure provided that the self energies a t O K  

are sm all,(see equation 37 ).

"  . . A .
A  q / a term first calcu lated  by Wong (23) given by w^ where is the

frequency a t O K  of mode w;

Using this parameter he found for dichlorobis (pyrid ine) zinc ( I I )  that A  ^ scaled 

in the fo llow ing  manner for the various modes of v ib ration .

(v = stretching, 6  = bending)



- 21 5 -

8
0 0 I

O

CO*

CO

IT )
I

lO — uo
CN

I
CO

I

in
o

o

o

o
nO
CN

o

o
I

CN

CO

CO
I

in
CN

in
N "

I

CN

CN
I

00

CO
I

CO

O

o

O

J O  o_
o
CO

o CN

CN
I

CO CN
: '—

in
o’

I

o
o

o
CN

O

CO
I

CO

o'
00

I

CO o

I

in
00*

CN

I

o

o*
O

O *

O
NO CN

I

'N*

o’
O

O
I

00

o'
00

o
I

00

o
I

O CO

o’
N

o’
CN

O
I

N

o’
I

>

5
I—
< 1

0

1

T '
<

>
I—

< 1

0
3:
1

>
^  I
<1 l< 3

A

<?

0

1

O)

< O)
lU

< 3

%

A

»—
O

0

1

00

o

U  -O I— 

2 ^ 1

oo
CO

o
NO
CN

o
00

o
CN

O
NO

m in

I I

CO in

I I

o

o
I

NO
o

I

CO

o
I

NO

I

CO

I

CN
I

0

1

< 1

2

$
I—

<

CD

<

LO
OO
<

o

5
<3

O)

2

$
J—

<

in NO

o’

NO

NOI

in
o’

NO
-N-’

I

N "

o’

CO
I

CO

o’

CO

o’

0

1

r
o

A

I—

<

NO
o’

'N"

'N '

in
o’

o

o’
NO
o’

CO
CO

'N '

o’

NO

o’
NO
o’

NO
CN

"N"

o’

m
o*

m
o’

00 "N"

o’

CO

o’
'N '

o’
On

o’
'N '

O *

0

1 2  

h- ^
^ < 3

H -
<1

0

1

in
o

I

o
I

CO

o
I

CN

o’

- i -  

T  k
0  N

0

1

I

CO

I

CO

I

CO

I

o —

<1

>
T

I—
< 1

%



-  216 -

o

Z  i
û ,

nO

Y
“N

S'c
0Dcr
0

0

I

XO)
0c
0

0

lO

CQ<

0
_C
0

?

8.
"c
0■D
C

&
0

TJ
O
3
E
0
ÛL
E
0

I ;
£  ë

3J2

0  8  

; I
r  0

0Û-
E
0

1<3
-g
o

8
CO

'N '

1

N

CN
1

N

1

O
CO

1

On

1

oo
CN

N
CO

1

CN

CN
1 1

o
CO1

nO

1

LU I—

<1
O
00

CN

CO
1 1

o
o1

CO

1

O

1

o
CN

O
CN1

00

o1

lo

o
1

. 1
•o
o1

OO
O
O1

'N‘
O1

CN

O1

lo

o1

CO

O1

8
CO

O
CN

o

T

o
CN

o
N

00

8
CN

lO o
CO*1

UO

CN

K
o ’

NO

<q

O00
iT)
O

1—
z
LU

'N '

CN
1

N lO

"N"

O
CN O

1

LO
Cû

<

U->

1

CN O
CN

CO

o

O
O

O
o1

lo

o1

N
O

NO
o

%
%

O

lO

CN

O
CN

O O
"N"
O o

< o

<J

O
O

00
O1

CN

O1

N
O1 o1

O in O O «n

O
>

:8
CO

CN
CN
CO

g N s

>
CN

>
CO
> >

lO
> D



-  217 -

0
_c

0

S’

_jO

y  I
“cN -g
^  s
-  ■§

0 

3O
c
0
3

z
0•DO
E

3_Q

C
ou
0

_c

CSI

OO<

E
0
CL
E
0

>s
B
0
C
0

oo
0

3

E
0
CL
E
0

0N
0

O
c

CL

O
\<3
-oc
o
o

>

CN CO '« r N 'N ‘ |Ns
o
o in CO in CO 'N '
CO 1 1 1 1 1 1

'N ' N in NO O
o
o "N" CN 'N - CO CO CO
CN 1 1 1 1 1 1

UJ » - N N 00 o O n 'N '
$ O

CD CN CN CN CN*
O 1 1 1 1 1 1

NO O N CO
O
CN

1 1 1 1 1 1

N "N" N in NO NO
o
NO O

1
O *

1
O

1
CD

1
CD

1
CD

1

NO m "N- CN 00 •N*
o
o o o CD CN NO NO
CO 1 1

CO 'N " in O 00 NO
o
o o O * o in in
CN 1 1

CO CO N CO o
O
00 o o

1
O

1
'N - CO

in N CD O N
o

<  J - CN o o CD CN CN
1 1

< l

00 CN NO 00 00 N
o
NO o o

1
CD

1
CD

CN
O

1< N CN •— NO in CD

o o O CD O CD
'< 3

in N in O n On

CN* CD* CD* "-j" CD* CD*

<7

'N " CO o

CO* NO CD o * CN CD
o in CN in 00 N N

> CO CO CO 00

CN CO N - m
2 > > D > >



- 2 1 8 “

TJ
<0

>s
uc
0D
S'

2
0c
0

3JQ

C
ou
0_c

CO

lO

CÛ<

0D)O

X  -t 
8.

y
c
0

“Oc
0a.
0

“O
23
5
0Û -
E00 _

"o 0  
E

£  o

0 .2 
:£  3
o : 2

cou
0
3

20Q _
E0

0M
0

_C
P
c

«7
•Oc
a

>
_c

O ' O C O C N 'N ' OOO 0 0 I f ) o o ’ N 0 0C O 1 1 1 1 1 1

'N * o J N C N C N oo'O N -N " N i n O oC N 1 1 1 1 1 1

o O 0 0 C N 0 0O0 0 "N" C N CO CO N "1 1 1 1 1 1
L U  k —

0 0 N o o CO I f )
< 3 oC N C N C N C N C N1 1 1 1 1 1

C N C O CO 0 0 ooo 1 o 1 1 o 1 1 1

CO C O CO N " Ooo I f ) C N I f ) in O oC O

o I f ) o ooo 'N ' 'N 'C N

O CO C N NO0 0 CO CO C O I f ) 'N '

o C O CO 0 0oN C N C N — C N C N CO C N

o 0 0 O 0 0 COOO C N C N

C N C O N " O c s OO O o o O O C NX
< 1  °

C O CO O f ) O

o C O1 1 1 1 1 C N1

'N ' C O o I f )
0 0 o * o c > C N NO I f ) C N I f ) 0 0 N 0 0

3 CO CO CO

C N C O 'N ‘ I f )
> > > > > >



-  2 1 9 -

' ’ la ttic e  ^ la tH c e  >  Zn  -  N >  v Z n  -  C l >  6  N  -  Z n - N  

I f  this parameter is calcu lated  for K2 PtCI^ and K 2 ReCI^ we obtain;

K 2 PtCI^

' ’ la t t ic e ^  V] (A ,g )  >  v^CTju) > V 5  (T2 9 ) >  V2 (Eg) >  v 3 (1 , 0 )

K -P eC I^

la ttic e  "  ^ '5 >  ' ' 1  '  ' ’3 >  ''4

This agrees w ith  W ong's observation that A  ^ is largest for v, (or 

equally  large for and of K2 ReCl^) but no other correlation appears 

obvious.

Lowndes ( 8 ) has studied the e ffec t of anharm onicity in a lk a li halides, 

and has obtained both experim ental values for the parameters invo lved , and has 

calcu lated  these same parameters. This he achieves by the use of temperature 

dependent-tim e ordered G reen 's  functions, which describe enharmonic interactions 

between normal modes of v ib ra tio n , and have been described in deta il by M aradudin  

and Fein (5) and by C ow ley (6 ) . These functions are capable of evaluating both 

the real and the complex part of the pseudoharmonic frequencies of an anharmonic 

crystal. The studies evaluate the fo llow ing parameters; w ^ (o ,t)  A  ^  (o ,t ,w ^ ) ,  

r  (o ,t,w ^ ): a further parameter A ^ ( o , t , o )  is obtained but not exp la ined . It is 

believed  that this parameter enables the temperature dependent self energy 

contribution o f the frequency shift of a mode to be resolved Into two parts; a 

frequency dependent part, evaluab le  a t w^, and a zero frequency part, evaluated
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by suitable studies of the d ie le c tric  constant of the m aterial a t zero frequency

The frequency dependence of the self energy is believed  to occur due to the 

assymmetry of the potential function describing an anharmonic system. That is, 

in the harmonic approxim ation a quadratic function is used to describe the system, 

which is symmetrical about the zero displacement term . The "average position" is 

therefore independent of frequency; when cubic and quartic terms are introduced, 

the function is no longer symmetric, and the "average position" is dependent upon 

the potential energy of a mode, that is, the frequency of a mode.

As stated previously, ^ ^ ( o , t , w )  can be resolved into two parts

A " ^ (o , t ,w )  = A ^ ( o , t )  +  A " ^ (o , t ,w )  . . .  42

w h ere :- A ^ ( o , t , w )  = C\v/^

A ^ ( o , t )  = (o ,t )  +  A S ^ \o ,t )

A " ^ (o , t ,w )  = (o , t ,w )  +  (o , t ,w )

where A .  indicate first and second order quartic  anharm onicity , and

is second order cubic anharm onicity.

A summary of Lowndes findings may be of value in the subsequent 

consideration of

i) A ^  (o , t ,w )  are sm all, c a . a few  per cent of w^^ (o , t ) .

A
ii)  In general - A  j  (o , t ,w )  are negative a t a ll temperatures, becoming

larger in magnitude as the temperature increases. The exception to
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A
this is the value obtained for A  5  ( o , w )  for KF, which is 

positive, possibly an indication of the dominance of the first 

order quartic term , which is positive. (The second order quartic  

term always appears n e g a tiv e .)

i l l )  The increasing magnitude and sign of (o , t ,w )  are as expected

from calculated values, due to the dominance of the second order 

quartic and cubic terms a t higher temperatures.

iv ) The self energies have, in genera l, smaller temperature dependencies

than the thermal strain terms.

The thermal expansion terms show w e ll defined trends as the a lk a li 

metal is varied , or the halide is varied . Changing the a lk a li metal 

K N o —* “Rb Cs has l it t le  e ffect a t low temperatures, but a t 

300K gives a marked ordering; -A  3 QQ L i^  )> Na*^]> Rb^; 

sim ilarly at 300K , varia tion  of the halides g iv e ;A  ^qq F ^  C l ^  ?>r 

The variation of A j  (o , t ,w )  shows less c lear trends when a lk a li 

metals or halogens ore varied .

The calcu lation  of the various parameters appears to ind icate  that the 

approxim ation used is more successful a t predicting thermal strain behavious than 

self energy shifts, the former having reasonably good correspondence between  

experim ent and theory, but the la tte r showing considerable variation  w ith  the 

theoretical value of A ^ ( o , t , w )  consistently more positive than the measured 

value but w ith varying orders of magnitude d iffe rence .
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The errors in such a treatment as performed in this chapter need 

careful consideration.

The most obvious limits to the accuracy of the analysis is the use of 

the linear expansion co effic ien t for K2 0 sCI^ since although it is very close to

that o f K2 R eC I^, it is obviously not fu lly  correct to use the same co effic ien t for

2 -  2 -

both R e d ,  and P tC L  .
6  o

The second source of error is in the compressibility estim ate. A g a in , 

w hilst the calcu lated  compressibilities are in reasonable agreement they would  

appear not to be fu lly  accurate .

An inaccuracy that many workers in this area seem to disregard is that 

the thermal expansion coeffic ien t changes w ith  tem perature, as does the compressibility 

w ith  pressure. The computer analysis used goes some way to remedy th is, i . e .  fits 

a line of f in ite  gradient to input volume/pressure data thus giving a compressibility 

which varies somewhat w ith  pressure.

A
The extrapolation of 6  O K , by which a value of A  w^ is

obtained obviously limits the accuracy of this determ ination . W hils t the approximation

can be shown to be v a lid , (7) the fittin g  of a suitable straight line to A  y W .jy  above

A
the Debye temperature could cause considerable varia tion  in the value o f A  w^ .

This was performed by least squares analysis in this case, and the generated standard 

errors a t the intercept at O K  were sm all, the regression co e ffic ien t always being 

greater than 0 .9 5 .
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Considering equation 35 , A  yw. |p is known to better than 0 .5cm  

but A  Wj j j  term involves perhaps the biggest approxim ation, this is that the 

relationships between volum e, and tem perature, and frequency and pressure is 

considered to be approxim ately that a t temperatures between 0  and 300K , i . e .  

the Gruneisen parameter ^ j is assumed to be the same a t O K  and 300K . Lowndes 

( 8 ) considers this to be "an adequate approximation" by determ ination of if j a t 

low temperatures. This requires the compressibility to be determined by X  ray 

methods a t low temperatures, and this is not possible w ith  our equipm ent. In the 

light of Lowndes data the error in this is taken as less than 5% .

As previously re la ted , Lowndes ( 8 ) split ifw ^  into frequency  

dependent and frequency independent parts (see equation 4 2 ) , and then theo re tica lly  

evaluated the first and second order quartic  and cubic terms. It is shown that cubic  

contributions are always negative and quartic contributions may be positive or 

negative (dependent upon the re la tive  size of the first and second order components).

It is not possible to d iv ide  the self energy shifts for K2 ptC I^  and K2 ^ 6 0 1 ^ 

in this manner, how ever, as this requires knowledge of the harmonic frequency, and 

the'Fourier Transformed anharmonic force constants' throughout the Brillouin zone.

It can be seen however that in K2 PtCI^ and K2 ReCI^ a t high temperatures 

the quartic anharm onicity appears, in genera l, to be dom inant, since values of 

A  normally appear to become more positive as temperature increases. These 

findings are a t variance w ith  those of Lowndes ( 8 ) who finds quartic  dominance to 

be greatest a t low tem perature.
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Exceptions to this are V2  for K2 P tC l^ , which begins positive, 

indicating dominance of the first order quartic  term , then becomes negative  

as temperature is increased. This must be due e ither to an increase in the second 

order quartic term , or increase in cubic contribution , or both. It is not possible 

to resolve these w ithout the data explained above.

As shown in Table 6.10 no c learly  defined dominance of e ith er self energy 

or thermal strain manifests itself in the total shift observed for the v ibrational modes 

considered. This is in contrast w ith  the results of Peercy and Samara (22) who suggest 

that A w j  should be an order of magnitude larger than A  , especially  for la ttice  

modes.

G ervais  and co workers (24) consider , for 6 0 2 8 iO ^ ,th a t cubic 

anharm onicity is prominent in internal modes, w hilst both cubic and quartic  terms 

contribute to external modes. It must be borne in m ind, however, that Be2 S iO ^  is 

a m ainly covalent la ttice  and the ir treatm ent may w e ll be incorrect, as they considered

the m aterial as Be cations in an S iO ^  la tt ic e . In Cs Br, and CsCIstudied by Lowndes ( 8 )

A . .
how ever, A w j  (for the infrared la ttice  mode) began negative at O K  and became

positive, as do many of the modes of v ibration  o f K2 PtCI^ and K2 PeCI^ in this study. 

This would appear to ind icate that both cubic and quartic terms can contribute to the 

thermal dependence of internal and external modes of anharmonic m aterials.
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Summary

A n  introduction to theoretical treatment of anharm onicity is g iven , and 

is app lied  to K 2 PtCI^ and K2 ReC I^. The results show that the pressure and temperature  

dependencies of such systems are not simple. The errors in such a ca lcu lation  are  

discussed, and improved results could be obtained if  accurate values o f thermal 

expansion co effic ien t and compressibility were a v a ila b le .

To obtain the significance of these results, it  would be desirable to 

undertake a more extensive project w ith  A 3 / ^ 6  compounds. A more reproducible  

method for compressibility and thermal expansion co effic ien t need be found.
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CHAPTER 6

A N  INFRARED A N D  R A M A N  STUDY OF THE PRESSURE DEPENDENCE OF SOME

COMPLEXES OF THE FO R M  A ^ M X ,

6 .1  Introduction

In Chapter 5 the changes in frequency of v ibrational phonons w ith  

variations in temperature and pressure were evaluated for ascribed to

anharm onicity w ith in  the system. A resume of the problem may be of value here.

If  a crystal having only harmonic forces were compressed, the equilibrium  

positions of the atoms or units would move closer together but the force constants would 

remain the same, as the component atoms must be considered to be connected by ideal 

springs, and thus would exh ib it no pressure or temperature dependence.

Anharmonic terms (cubic and quartic) must be included to the potential 

function to account for these, and other, manifestations of the interactions of normal 

modes. Thus ( l )

U = Uo + i  I  k (1 I' ) u ^ ( l  ) u.  ( I  ') +
1 1 ' P P

p

I I  k c ^ s - y d  P I") U _ i ( U  u u ( l ' )  U y ( l  ") +
6 l l ' l "

‘p
2 2

where k ( M ' )  = d u d u
d u ^ ( |  ) dup (I ')

and k ^ (I I ' I ") -
du o < (l ) dup ( I ' )  du 'ÿ ( I ")
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where thec><. cartesian component of the displacement of the atom from its 

equilibrium  position is given by Ucx ( I ) .

A n attem pt to understand these shifts in re lation  to the structural and 

geom etrical changes induced by the application  of a stress may be approached  

essentially in two manners.

First the ava ila b le  data may be analysed in terms of la ttice  dynamical 

theories, and then seek to understand the physical parameters causal to these effects. 

Secondly we may attempt to identify  the operative factors by the study o f a series of 

structurally re lated  m aterials.

C le a rly  if  suitable treatments were adopted then these two approaches 

should converge, but it was fe lt  that the second view  was of greater v a lu e , in giving  

a q u a lita tiv e  understanding o f the factors, before involved calculations are attem pted.

W ith  a v iew  to the above, the hexahalogen complexes (where A is

group 1 m eta l, and is some transition metal) are p articu larly  a ttra c tiv e . These

crystallise in the a n t if lw r ite  structure (O ^ ) , the components may be easily varied , 

and are read ily  a v a ila b le , and hence provide a suitable group for study.

6 .2  Theoretical Considerations

M ode frequency v | (k) increases w ith decrease in volum e, and the constant 

which relates this proportional increase in frequency w ith  pressure induced decrease in 

volume is the Gruneisen param eter, | (k ).
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A Z !  =2( ;  W  ( -  A V

\  V / ?

The isothermal compressibility of a s o l id X . j /  is defined as 

X _-r = ” 1 dV = d (In V )
V j dP T dP ^

SO the Gruneisen parameter can be accessed experim entally .

Y i  W  =  ̂ -  d (In  Vj (k) ) I = j _  I  d ( | n v i ( k ) ) ' j  

d I n V  1 dP

_ J   ( d v ; ( k )
X  T v j  (k)  ̂ dP

It can be seen that ^  j (k) differs from d (I n v] (k) ) ,  the 're la tive

f \ ^  T
shift' -  1 | d v ;  (k) \  only by a constant 1 , the

\ “ d T ^  ^

reciprocal of the isothermal com pressibility. Therefore values of the 

re la tive  shift can be compared d irec tly  w ith in  a m ate ria l, but if we wish 

to compare mode shifts between materials we need values, or a t least 

re la tiv e  values, of X - j  for ^he compounds studied.

These data have not been published for the series under consideration. 

However in a paper by Plendl ( I ) ,  on attempt was made to correlate the compressibility 

of a m aterial w ith  other physical properties, and en em pirical re lation was derived  

which connected the compressibility of a non m eta llic  solid w ith its cohesive energy
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and molecular volum e. The formula is;-

' X  m Z  N  V  = m Z  N  a^
U n

U

where a^ is the la ttic e  parameter at ambient pressure, n = number 

of atoms per unit c e l l ,  m = number of component atoms, N  = Avagadros' 

number, Z  = the maximum valency o f an atom or ion. Plendl has justified  

this re lation  by testing it against forty fiv e  crystalline compounds (binaries 

and ternaries), representing nine d ifferen t structures.

Za llen  (2) has shown, for m olecular crystals (in which interm olecular forces

are Z>> than intram olecular ones), that far from being frequency independent, the mode

Gruneisen parameter varies strongly and system atically over the optical phonon spectrum,

but that the idea of a basic vibrational scaling law could be preserved in the form of a

—6 ^
bond stiffness-bond length re la tio n , k « ^  r , w ith  k  being the force constant, 

r the bond length and the 'bond scaling parameter' of order unity which is presumed 

to apply to both in te r- and intram olecular forces. This analysis revealed in broad 

agreement w ith  experim ent, that the behaviour of ^ j ( k )  V | ( k )  . However in a

recent paper Wong (3) found that for an ionic crystal (CsZn C I4 ) and previously (4) for 

dichlorobis (pyrid ine) z inc  ( I I )  that the Gruneisen parameter of the normal modes were  

seemingly independent of mode frequencies.

A lthough evaluation of the Gruneisen parameter is of value in describing 

the consequenc es of anharm onicity there is no e x p lic it recognition of anharm onicity  

in equation (3 ).
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M aradudin (5) has derived general forms for pressure and temperature 

induced mode shifts beginning w ith an anharmonic potential function which are of 

considerable com plexity but capable of s im plification for some special cases. 

Considering a face centred cubic crystal described by the nearest neighbour central 

force f ie ld , experiencing a uniform external pressure, P, we have

Y ; (k )  = _ J   ( d v ; ( k ) )  /  kxpg ' 5

V i W  \ - l F - j T  '

where r^ is the nearest neighbour interatom ic distance, ^ the 

harmonic and k^<px the cubic anharmonic force constant. The 

inverse dependence upon the quadratic force constant accords w ith  

experience , and the d irect proportionality  of the stress induced 

re la tive  shift to cubic anharm onicity emphasises the fact that its 

existence is a fa ilu re  of the harmonic approxim ation. Since the 

compounds studied are of a n tiflu o rite  structure type, the above 

assumptions are not unreasonable, and the equation is taken as a 

good first order description of the behaviour of their normal modes.

The complex general form of M aradudin's expression for the stress 

induced shift of a phonon frequency includes terms in atom ic displacements, being 

based on ( 1 ) ,  and this pressure dependence effects the d ie le c tric  response of the 

m ateria l. The low frequency (Zq) and high frequency (Zoo ) d ie le c tric  constants 

d iffe r from each other by the sum of the oscilla tor strength Z Si of the crystal modes, 

The extended Lydanne Sachs T e lle r relation

I T  i v ; (L O ) ^ ^  6

V :  ( T O )  Z t k Q



-  2 34-

where v , (LO ) and V| (TO ) are the longitudinal and transverse optic  

frequencies of the i^h phonon. Substituting Z q = + Z  Si we have

(by the binomial expansion)

/' v ; (L O ) \  ^ = 1 +  I S i  7

V| ( TO)y  2 I o =

Since the e ffec t of pressure is to decrease Z Si it follows that the right 

hand side of (7) w ill  decrease. The corresponding reduction in the magnitude of the 

quantity  on the le ft hand side w ill manifest itself in a change of the re la tive  values 

of the LO  and T O  phonons, which w ill therefore be expected to shift under pressure 

at d ifferen t rates. This has in fac t been observed by M itra  (6 ) and co workers, who 

have shown that for a number of crystals w ith  the w u rtz ite  or zincblende structure 

that V (LO ) almost independent of pressure whereas v (TO ) rises w ith  increase in 

pressure (see Figure 6 . 1 ) .  There also appears to be a relationship between  

the io n ic ity  of a m aterial and the ratio  of Gruneisen parameters ^  j q /  ^  [_q  which  

arises because the contribution of atom ic displacements to Zq is re la tiv e ly  more 

important in compounds of higher io n ic ity . W ith  these general principles in mind 

we can observe and attem pt to account fo r trends in the materials under investigation. 

Firstly an important point must be stressed.

A ll e a rlie r work ( 8 ,9 ,1  Qon the infrared and Raman spectra of these 

m aterials was performed in a diamond anv il ce ll w ithout gaskets, whereas the present 

data has been acquired under much more nearly hydrostatic conditions. There appear 

significant differences between the sets of d a ta , in particu lar the shifts of the infrared 

a c tive  mode of the anions were g reatly  underestimated in the ea rlie r w ork.
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Figure 6 . 1

O p tic  Mode Gruneisen parameters versus the e ffec tive  charge  

per e lectron . Full circles represent LO modes, empty circles  

T O  modes.
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6 .2  Experimental

Far infrared spectra were obtained from a M ark II D A C , in conjunction  

with an extensively modified Beckman R llC  FS 620 interferom eter.

The sample was contained in an Inconel gasket, 0.05m m  th ic k , w ith  a 

gasket hole of 0.4m m  in itia l d iam eter, using N u jo l as a pressure transmitting medium.

Pressure calibration  by means of measurement of the shift in the R| and R2  

fluorescence bands in Ruby, were performed on a Cod erg T800 Raman spectrometer, 

with a Spectra Physics 164 -  04 Kr^ ion loser, using a spectral slit w idth of 1 cm''

. - , and laser power of lOOmwot the source, (ca . 60m w at sample).

N u jo l freezes at ca 14 kbar, thus up to this pressure the sample experiences 

com pletely hydrostatic pressure. The R| and R2  lines are very sensitive to pressure 

gradients, both in their separation and shape, but even above the f . p .  of the N u jo l 

their separation remained constant, and their shape was re la tiv e ly  constant, w ith  a 

slight broadening at higher pressures; therefore pressures above 13 were taken as 

being hydrostatic, and values of pressure are quoted as accurate to better than 

+ 0 .5  kbar.

As each spectrum obtained as the result of six sets of d a ta , which took 

c a . 3 hours to com pile , it was necessary to a llo w  the sample to equ ilib ra te  for 

ca. 4 hours, since it was found that the pressure in the cell slowly increased w ith  

time for the first few hours a fte r pressure ap p lica tio n . This was believed  to be due 

to re laxation  in the gasket thus allow ing the sample to experience a slightly increased
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pressure. Using a 2 5 /  beam splitter should access the spectral region of 40 -  400cm  

to the in terferom eter, but radiation below 100cm is of low intensity. In the past 

work on these hexahalideSjgaskets were not em ployed, consequently this increases 

the aperture of the cell w ith  respect to the present situation. O bviously this leads 

to increased transmission characteristics, and as a consequence of this vibrational 

phonons below 1 0 0 cm  ̂ were able to be observed, whereas w ith gasketed samples 

and the accompanying lower radiation port the low energy end of the spectrum was 

in general lost in am p lifie r noise, e tc .

These low energy modes w ere , how ever, observable if a d ifferent beam 

splitter and hydrostatic medium combination were used, ( i . e .  50 /  B /S , and Si oil 

instead of N u jo l)  and this was performed in the case of K2 P tC L  for the purposes of 

the more complete analysis presented in Chapter 5 . How ever, the requirements 

for co llecting  a high pressure set of data for this low energy end were identical to 

those for the more routine reg ion , the consequence of this being on e ffec tive  

doubling in the time needed to perform the experim ents, and it is due to this time 

factor that the infrared ac tive  la ttic e  modes were in general not observed.

H igh Pressure Raman experiments were carried out in a M ark  ill D A C , the 

m ajority of those being performed by R olf. W . Berg, Chem. D ep t. A ,  The Technical 

U n iv . of Denm ark, 2800 Lyngby, Denm ark, w ith  the exception of the work on 

K 2 PtCl^ and K 2 PtBr^ which were carried out by the author using spectral s lit widths 

of ca . 2cm ^, and laser power (Kr^) of 200 -  300 mW.
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Figure 6 .2

Far Infrared spectra of K2 peCl^ at ambient (a) and 34.2 kbar (b)^

and K20SC1^ at ambient (a) and 24.1 kbar (b).
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Figure 6 .3

Far Infrared spectra of K2lrCl^ at ambient (a) and 4 0 .1 kbar (b),

and K^PdCI^ at ambient (a) and 3 4 ,0  kbar (b).
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Figure 6 .4

Far infrared spectra of Rb^PtCI^ at ambient (a) and 31.9 kbar (b)^

and Cs^PtCI^ at ambient (a) and 30.8 kbar (b).
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Fîgure 6 .5

Far infrared spectra of Tl^PtCI^ at ambient (a) and 25.0 kbar (b),

(Tetramethylammonrum)2 ,and PtCI^ at ambient (a) and 28.7  kbar (b),



-  2 4 6 -

u

om

CL(SI<
2 : o

jQ

u

o
m

CL
<NJ



-  247 -

Figure 6 . 6

Far infrared spectra of ^f^i^ient (a) and 2 5 .3  kbar (b)^

and K2 SnCl^ at ambient (a) and 23.7 kbar (b).
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Figure 6 .7

Far infrared spectra of Rb2 TeCl^ a t ambient (a) and 2 5 .0  kbar (b) 

(Tetramethylammonium ) 2  and TeC I^  at ambient (a) and 2 2 , 6  kbar (b),
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Figure 6 . 8

Raman spectra of ^nribient temperature and various

pressures. Spectra recorded at laser power of 200 mw (K r^ , 

6328^ ) and s lit w idth of ca . 2 cm

N o te  the intensity increase o f the la ttic e  mode coupled w ith  

a decrease in the intensity of v ^ .
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6 .3  Results and Discussion

Results are co llected  on Table 6 .1 ,which shows the gradients of straight 

lines in v i/c m  vs. P /kbar space (obtained by least squares f it  to the ava ila b le  

d a ta ), where v i is the observed frequency, together w ith standard errors.

A ll the materials considered have the a n tif lu fr ite  structure, crystallising  

5w ith space group O ^ , Fm3m at ambient temperature and pressure.

Far Infrared spectra are shown in Figures 6 .2  to 6 . 7, being at ambient 

(a) and some elevated pressure (b ). The high pressure spectrum for each was chosen 

at CO.  25 kbar, to fa c ilita te  a semi q uan tita tive  comparison of the phonon shifts 

experienced by the specimens.

Raman spectra are in the pcssession of R . W .  Berg, and consequently, Raman 

figures are now shown, apart from those for which were performed by the

author, these being given on Figure 6 . 8 .

studied.

Table 6 .2  gives the re la tive  shifts d v] (k) 1 for the substances

dP VI (k)

Infrared and Raman Spectra

The spectra obtained showed that a ll modes observed exhib ited  a blue  

shift on experiencing pressure, of varying m agnitude.
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Figure 6 .9

_1
Plots of infrared mode frequency (cm ) versus pressure (kbar)

for K2 0 sC1 ^ and
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Figvjre 6.10

Plots of infrared mode frequency (cm ) versus pressure (kbar)

for K2 PdCI^ and K^ReCI^.
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Figure 6 . 1 1

Plots of infrared mode frequency (cm ) versus pressure (kbar)

for Rb2 PtCi^ and Cs^PtCI^.
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Figure 6 . 1 2

- 1
Plots of infrared mode frequency (cm ) versus pressure (kbar)

for Tl^PtCI^, and TMA^TeCi^.
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Figure 6 .1 3

_1
Plots of infrared mode frequency (cm ) versus pressure (kbar)

for K2 SnCI^ and Rb^TeCI^.
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Figure 6 .1 4

-1
Plots of infrared and Raman mode frequency (cm ) versus

pressure (kbar) for K 2 PtBr^.
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K 2 M C 1^ (M  = Re, O s, Ir , Pt)

The far infrared of these materials a ll exh ib ited  c learly  defined V 3

and vibrations, the only feature of note is the variab le  intensity of w . r . t .

2 -  2 -

V 3  as v 4  is much weaker in the PtCI^ salt than the others, and IrC l^  perceptib ly

weaker than Re, Os m aterials. The change in band intensity can be understood

from ligand fie ld  theory. The formal oxidation state o f the metals under consideration

is (+  IV ) ,  hence the number of cl electrons on the metals are Re(d^) Os(d^) Ir(d^) Pt(d^)

2_
The compex anions M C l^  are a ll low spin, and so as the series is traversed, so the 

set of orbitals become increasingly populated, which places increasing charge 

concentration between the M  -  Cl bonds in the equatorial plane of the ion, and thus 

w ill hinder the motion of the atoms in the vibration: so it is therefore reasonable 

that as these orbitals are f i l le d ,  then the intensity of w ill decrease.

The T ]y  la ttic e  modes were a ll evident but the positionsof these were made 

uncertain by noise, however, to a llow  the analysis of K2 ReCl^ as in Chapter 5 the 

position of the la ttic e  mode was measured at what was taken to be the h a lf height, 

and were quoted as such.

Raman spectra of K2 ReCl^ were ob tained  and the absence of the V2  mode 

was noted. The Osmate and iridate  complexes w ere deep ly  coloured, and Ramdn 

results were not possible for this reason.

K2PdCl6

The fa r infrared of this substance showed no a c tiv ity  in the region in 

which v 4  would be expected but a pressure sensitive shoulder was c learly  present on 

V3 , the reason for the existence of which is not c le a r. V 3  was observed to be very 

sharp, in comparison w ith sim ilar vibrations for the Re, O s , Ir complexes.
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P tC I^ , A = K , Rb, C s , T l,  TM A

2_
The K , Rb, Cs salts of PtC I^ a ll show sim ilar spectra, w ith  vg and 

a ll w e ll de fined , but the la ttice  modes were less pronounced than in the 

previous compounds, appears to be vanishingly w eak for Rb2 PtC I^ . for the 

tétraméthylammonium salt was weak at ambient pressure, and became increasingly  

d iffic u lt to resolve from the background as pressure was increased. N o  Raman data 

are ava ila b le  for T l2 PtCl^ T M A 2 P tC l^ .

K2PtBr^

N o  vibration was discernable for KtPtBr^ above i 00cm ^, but was 

c learly  defined .

A n interesting feature was noted in the Ramon spectrum of this substance; 

namely an increase in intensity of the la ttic e  mode (which was observed only in 

K2 PtBr^) coupled w ith  a decrease in the intensity of w ith  pressure. This was 

thought to be due to Fermi resonance between the two modes.

K2SnCl6

A ll infrared allow ed modes were ev id en t, w ith  V4  being notably more 

intense than in other salts studied.

A 2 TeC I^  A  = Rb, TM A

In both of these specimens a broad absorbtion assigned to vg dominated the 

region between 100 and 400cm . A t e levated  pressures, the appearance of a further

vibration (assigned to v^) was noted for the rubidium complex but no such response was 

observed for the tétraméthylammonium compound.
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Tab je 6 .2  R elative shifts, v.(i<) — —  , for complex
1 dv .(k )

T
- 2 .. -1

halides ^ 2 ^ ^ 6  hydrostatic pressure (lO  kbar" )

K^PdCl^

V,

a

' ' 2 ' ' 3

0 .2 0

V4 V 5
V|^(i.r

KgReCI, 0 .21 b 0 .1 4 0 .1 6 0 .3 5 0 .3 6 ^

K jO s C I. a 0 .2 6 0 .1 7

K jlrC I^ a 0 .1 8 0 . 1 9

V ' C ' d 0 .2 2 0 .1 5 0 .2 3 0 ,2 9 0 .3 7 0 .7 9

RbgPtC I, 0 .1 8 0 .1 3 0 .1 9 0 .3 0 0 .4 5

Cs2PtCl^ 0 . 1 7 O .lO 0 .1 6 0 .3 5 0 .6 0

(T M A jg P tC I^ O .IB 0 . 1 9 0 .2 7 0 .2 3

K gS nC I, 0 .3 0 0 .2 4 0 .2 7 0 .2 5 0 .4 7

R bgTeCI. 0 .3 6 0 .2 5 0 .3 2 0 .5 0 0 .6 4 0 .8 2

(T M A jg T eC I^ 0 .2 6

K jPtB fô 0 .2 2 0 .1 5 0 . 1 7 0 .6 5 0 .3 7

a Roman spectra could not be obtained for these deeply coloured m aterials,

b ^ 2  is vanishingly w eak,

c Approxim ate v a lu e ,

d IM A  = tétraméthylammonium



-  2 7 0 -

Table 6 .3  Compressibilities for complex halides ^ 2^^^  ca lcu lated

using equation 4 . (m = 3 , z = 2 , n = 3 6 ).

- |2  „  - 6. -1
a U / k |  mol y / 1 0 bar

K „R eC I. 9 .8 4  1416 6 .7 5 3
Z o

K „O s C L  9 .7 2 9  1447 6 .3 8 7
Z o

K -P IC L  9 .7 5 5  1468 6 .3 4 7
Z 6

R b .P tC I. 9 .901  1464 6 .6 5 4
Z 6

C s„PtC L 1 0 .2 1 5  1444 7 .4 0 9
Z 6

T U P tC I, 9 .7 7 9  1546 6 .071
Z O

K-PlBr^ 1 0 .2 9 3  1423 7 .6 9 2
Z 6

K „S nC L 1 0 .0 0 2  1352 7 .4 2 8
Z 6

R b J e C I ,  1 0 .2 3 3  1321 8 .141
Z o

D ata from reference 6
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Table 6 .4  Gruneisen parameters for complex halides

calcu lated  from the data of tables 2 and 3 .

" 2 ^3 ^4
v ^ (i.

K gR eC I, 0 .7 7 - 0 .51 0 .5 9 1 .2 8 1 .3 2

K g O s C I, 1.01 0 .6 6

K gP 'C Ia 0 .8 7 0 .6 0 0 .9 3 1 .1 5 1 .4 8 3 .1 0

R b jP tC I, 0 .6 8 0 .51 0 .7 2 1 .1 4 1 .6 9

CsgPtCI^ 0 .5 9 0 .3 3 0 .5 3 1 .1 9 2 .0 4

T 'zF fC 'b
0 .5 5 0 .6 3

K jPtBr^ 0.71 0 .4 8 0 .5 6 2 .1 0 1 .2 ^

KgSnCI^ 1.01 0 .8 3 0 .9 3 0 .8 4 1 .6 0

Rb^TeCI^ 1.11 0 .7 8 0 .9 9 1 .5 4 1 .9 6 2 .51

a R am an-active la ttic e  mode
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The isothermal compressibilities of the samples were calculated as 

in equation (4 ). L iterature values for a^ and ^^and are shown in Table 6 .3  

These were then used to obtain the mode Gruneisen parameters ^ |  (k) co llected  

on Table 6 .4 .These parameters may now be compared throughout the materials 

studied.

6 .4  Trends in the Gruneisen parameters

(i)  The data obtained in this series of experiments support the

general trend noted by Z a lle n  (2) that (k) is frequency dependent 

and increases on going from high to low frequencies; this appears to 

be a t variance w ith work performed by PTT Wong (3  ) on an ionic  

system, who finds no correlation between frequency and mode G runeisen. 

A t present few re liab le  data on la ttic e  modes exist, but those we 

do have support this trend, which would appear to be a consequence 

of the existence of the k ^  ^ term in the denominator of equation (5 ).

A further study is required to co llect far infrared data on the shift of 

the la ttic e  mode under hydrostatic conditions, and then this re la tion  

may be tested more adequate ly , by using known values of force constants 

which govern the behaviour of la ttic e  modes of the K2 P lC I^  structural 

type.

In every case studied, the Raman ac tive  t29 bending mode (v^) 

has a greater Gruneisen parameter than those of any o f the Pt -  C l bond 

stretching modes, and indeed of any of the metal halogen stretches 

( v ]  —► V 3),  the greatest value of ^  (v^ )  occurring for K2 PtBr^, being
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2 .0 4 ,  and the least for K^iReCI^ being 1 .2 8 . The infrared active  

bend (t]u ) also usually (but not invariab ly) has ^  |(k ) greater 

than any o f the stretches. The exceptions to this ore K 2 0 s C l^

w ith  ^  ( v j )  of 0 .6 6  of ^  (v^) of l . O l ,  and K2 S nC I^ , in which  

the Gruneisen for is 0 .8 4 ,  whereas that for vg is .9 3 . These 

observations also supportZallen 's general trend, the k term 

being less for a bend than a stretch in the same system.

2_
( i i )  W ith in  the PtC I^ series, two general patterns emerge.

The prior observation concerning ^  (v^) and Y  (y$) always hold true, 

that is SXv^) The ^ j  (k) s for , V2  and a ll increase

from C o + to  Rb"  ̂ to = 0 .5 9 ,  0 .6 8 ,  0 .8 7 ,  ^(v^) = 0 .3 3 ,

0 .5 1 ,  0 .6 ,  XXvg) = 0 .5 3 ,  0 .7 2 ,  0 .9 3 ,  for C s^ , Rb^, K'^ respectively) 

w hilst those for and decrease. ^ (V2 ) is consistently lower than 

% ( v ] )  and l^ (v 3 ) ,  but the order of the la tte r two is v a ria b le . This 

also applies throughout a ll the compounds studied.

In the m atrix secular equation IG  F -  E Xl = 0 ,  the G  matrix 

elements of and V2  are id e n tic a l, but the force constants governing 

are greater than those for V2 (eg . K +  4P for V | , and K +  0 .7 F  for 

V 2 ,in  the Urey Bradley force fie ld );  hence is always greater in 

energy than V2 * If the main factor a ffecting  the trend in ^  | (k) w ith  

change of cation is k then ^ (V2 ) should always be greater than

^ ( v ] ) /  whereas the reverse appears to be consistently true. This leads 

one to consider that in fact k exp is not the overriding fac to r, and that 

the anhorm onicity ( i . e .  the departure from ideal behaviour) is greater 

for ^ 2  than for V p
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The increase in % ^i = l to 3) from Cs"*" to salts of 

2_
PtCI^ parallels the order of the mode frequencies themselves. 

Shimanouchi (15) has measured the force constants for a series 

Rb^, Cs^, which were 1 .8 6 , 1.81 and 1 .7 3  m d/X  respective ly . Taking 

these factors into consideration it would appear that the harmonic force 

constant^causing the major change in % .(k) in thisseries, rather it is 

the anhorm onicity that increases from Cs^ to K ^.

2_
The trends found for the PtC I^ salts in this work are

p ara lle led  by those very recently  reported byBreitinger et a l (12) for

2 _
the corresponding PtBr^ salts. The same explanation can be

2 -

tendered for these as for the PtCI^ series.

For the bending modes (t^u) and ( t 2 g )/ X . (k) decreases

+ +from Cs to K ; that is the reverse of the trend for the stretching modes.

The im plication is therefore that the harmonic force constants are the 

major influence for the trend in X . (k) for and v ^ , rather than the 

anharmonic force constants. This theory is supported by evidence for 

tria tom ic systems, for which fu ll potential constants have been eva luated , 

the stretch-stretch constants krrr and krrrr are a t least an order of magnitude 

greater than a ll other cubic and quartic  constants (1 3 ).

( i i i )  For K2^^^"^6 ^4 ^1 °re  both below 100cm  ̂ and hence

were not observed. However (v^) is .5 6  compared w ith  .9 2 5  for the 

equ iva len t mode in K2 P tC I^ . Breitinger (12) et a l have recently reported
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mode shifts for , V2  and of are also consistently

less than those for K2 Pi^CI^. The Gruneisen parameters . (l<0 would  

be expected to be even lower due to th e  greater compressibility of 

K 2 PfBr^ compared w ith ^ v a l u e s  might be expected to

be greater than those for K 2 Pt‘C I^  since the v(Pt -  Br) modes are ca . 

230cm  ̂ and are determined by lower force constants (see equations 

3 and 5 and Z a lle n 's  relationship). That the reverse is true implies 

that lower values of the anharmonic force constants are also invo lved , 

which is consistent w ith  the comments under ( i i )  above.

(iv )  Considering the data co llected for the other salts^udied it is 

notable that almost a ll  ̂ . (k) values for K 2 SnCI^ and Rb2 TeC I^  are  

greater than those for the transition metal salts. In the case of 

te llu rium  this is unsurprising as there is known to be a non-bonding  

electron pair in an a^g orbital around the metals atom , g reatly  reducing 

the Te” CI bond stretching force constants below what would otherwise 

be expected .

For the Pd, Os and Ir salts no Raman data were obtained due 

to the ir deep colours, ^ (v g ) for K2 P^CI^ is 0 .7 9  compared w ith  .9 2 5  

for K2 P tC I^ , whereas (Pd) >  (P t). This again implies that the

anharmonic force constants p rin c ip a lly  determine the magnitudes of 

these Gruneisen parameters.
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6 .5  Conclusions

For Infrared and Raman mode frequency shifts have been observed for a 

series of ^ 2 ^ ^ 6  under hydrostatic conditions. Using compressibilities

calculated from unit cell constants and la ttic e  energies, Gruneisen parameters 

X  .(k) have been obtained for a ll the observed modes.
I —

The new data reveal a lit t le  about the complex factors affecting  phonon 

shifts in these salts. The general trend, recognised by Z a lle n  that l f | ( k )  decreases 

w ith  increase of mode frequency, v . is supported by these results. Increases in

-f.
^  j(k ) for PtCI stretching modes of ^2^^^^6 ^ = Cs to K are considered os

being prim arily  due to an increase in the anharmonic force constants in the series, 

whereas the reverse dependence found for the bending modes is attributed to changes 

in harmonic force constants. Lower values of (k)found for 

K2 PtCI^ are believed  to be due to lower values of anharmonic force constants.
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TABLE 6 .5  In frared mode frequencies (cm ) a t am bient and e leva ted  pressures 

(kbar) fo r some complexe .

f'b P(kbar)
- i

V jlcm  ) v^(cm ' ) , -1 ,
A ^ 6 P(kbar) Vg(cm ' ) v^(cm

K l 5 .3 3 3 6 .5 182 .0 9 5 .0 T L P tC l, 0.001 3 4 0 .0 182 .00
1 1 .7 3 4 0 .0 185 ,0 9 7 .5

z o
3 .8 3 4 3 .0 1 8 3 .0

12 .3 3 3 8 .0 185 .0 9 6 .5 1 1 .4 3 4 6 .5 184 .5
16 .3 341 .8 186 .0 9 8 .0 2 0 .8 3 4 9 .0 187 .5
1 8 .0 3 4 0 .0 186 .5 9 8 .5 2 5 .0 3 5 2 .5 189 .6
2 5 .0 3 4 5 .0 1 8 8 .0 9 8 .0
2 7 .2 3 4 6 .0 1 8 9 .0 lO l .0 (T M A ),P tC l, 0.001 3 2 7 .5
3 4 .2 3 5 0 .0 1 9 1 .0 1 0 4 .0

Z 6
8 .8 3 3 1 .5

1 5 .8 341 .0
OsCI 0.001 3 2 2 .0 17 8 .0 2 1 .0 3 4 5 .00

12.1 3 3 0 .0 182 .5 2 8 .7 3 4 8 .0
1 7 .8 3 3 6 .5 184 .5 3 2 .3 3 5 1 .5
24 .1 3 4 2 .0 185 .0
2 9 .2 3 4 6 .0 189 .0 K-SnCI^ 0.001 3 2 0 .0 172 .0z o

11 .3 3 3 0 .0 174 .0
tCl6 0.001 3 3 6 .0 18 4 .0 12 .0 3 3 0 .0 1 7 5 .0

7 .9 3 3 9 .0 1 8 6 .0 1 7 .2 3 3 5 .5 177 .5
1 4 .7 3 4 1 .5 188 .5 2 0 .3 3 3 8 .5 1 7 9 .5
2 4 .0 2 4 8 .5 191 .0 2 3 .7 3 4 0 .5 182 .0
2 9 .0 3 5 0 .5 1 9 3 .5 2 8 .0 3 4 3 .0 1 8 4 .0
40 .1 3 5 6 .5 197 .0

R b .T e C I. 0.001 2 5 0 .0
0.001 3 5 7 .5

z o
3 .0 2 5 3 .0

7 .5 3 6 3 .0 9 .3 2 6 0 .0
1 4 .5 3 6 7 .5 v .w eak 10 .5 2 6 1 .0
1 8 .8 3 7 2 .5 1 3 .3 2 6 1 .0 138 .0
2 4 .0 3 7 4 .0 2 1 .2 2 7 0 .0 1 4 0 .0
3 4 .0 3 8 1 .5 2 4 .0 2 7 0 .6 1 4 2 .0

2 5 .0 271 .0 148 .0
ItCÎ 0 .001 3 4 2 .0 187 .0

6 .5 3 4 4 .0 19 0 .0 T M A .T e C l, O.OOl 2 3 1 .0
1 1 .5 3 4 7 .0 191 .5 /  6

5 .6 2 3 5 .0
17.1 3 4 9 .5 195 .5 11 .3 2 4 0 .0
2 1 .5 3 5 2 .0 1 9 7 .0 1 6 .3 2 4 2 .0
3 1 .7 3 5 0 .5 2 0 1 .5 2 1 .4 2 4 6 .0

2 2 .6 2 4 5 .5
0.001 3 3 1 .0 184 .00

4 .9 3 3 4 .0 187 .5
1 3 .5 3 3 7 .5 193 .5
2 1 .6 3 4 2 .0 1 9 8 .0
2 7 .0 3 4 5 .0 2 0 3 .0
3 0 .8 3 4 7 .5 2 0 4 .0
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TABLE 6 .6  Raman mode frequencies (cm ^) at ambient and elevated

pressure (kbar) for *

K jP tB r^  V , V2 V5 V|_

0 .001  2 1 7 . 5  1 9 4 .5  1 1 4 .5  8 0 .0

7 .4  2 2 2 .0  1 9 8 .0  1 1 8 .5  8 2 .5

1 0 .5  2 2 5 .5  1 9 9 .0  1 2 2 .5  8 3 .5

1 4 . 1  2 2 8 .0  230 .5  1 2 4 .5  8 4 .5

1 5 . 8  2 2 8 .0  2 0 1 .0  1 2 6 .5  8 5 .5

2 1 .3  2 2 9 .5  2 0 2 .5  1 3 1 .5  8 6 .5

2 2 .1  2 2 9 .5  2 0 2 .0  1 3 1 .0  8 7 .0

2 6 .6  2 3 0 .0  2 0 3 .0  1 3 2 .5  8 8 .0
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CHAPTER 7

A N  INFRARED STUDY OF THE META STABLE PHASES O F C a C O g

7.1  Introduction

The re la tiv e ly  abundant mineral C alcium  Carbonate (C a C O ^ ) occurs 

in three structurally distinct forms; C o lc ite , the rhombohedral form, C a C O g (l) ,

R 3c = Dg^; the orthorhombic aragon ite , Pnma = D^^ , and va te r ite , which is 

hexagonal, Pby'mmc = D ^ .

A t  am bient conditions the therm odynam ically stable phase of C a C O ^  

is ca lc ite  whilst aragonite is the stable phase a t high pressures. A t  temperatures 

below 2 0 0 °C , however, the c a lc ite /a ra g o n ite  phase transition is so sluggish (in  the 

absence of mineralisers) that it can be ignored. The s tab ility  f ie ld  of voterite  is not 

w ell established. The structures of the phases of calcium  carbonate are given by 

W yckoff (11) .

Two other phases of C aC O g  were discovered in 1939 by Bridgmann (1)

using isothermal compression of normal c a lc ite  a t room tem perature. These phases

labelled C a C O g  01)and Oil)were detected by discontinuities in the isothermal

compressibility: one a t 14 kbar due to the C a C O j( l: l l) tra n s it io n , the other a t

18 kbar, representing the C a C 0 3 ( ll: lll)tra n s itio n . These new phases are w ith in

3 3
the s tab ility  f ie ld  of aragonite (which is denser, 2 .95g 4 im  cf 2 .71  g /cm  for 

c a lc ite ), and are believed to be metastable w ith  respect to i t .  Jamieson (2) from 

high pressure X  ray powder study deduced that the transition ca lc ite : C a C O ^ (ll)
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creates an anion disordered form of normal c a lc ite , w ith  possibly the c axis 

halved . Davis (3) however disagreed w ith the suggested mechanism of anion  

disorder for the production of the metastable c a lc ite  polymorphs, and cites 

experim ental evidence to show that such disorder would increase, not decrease 

the length of the c axis .

Using X  ray powder data many speculations on the structure of C aC O g

( I I )  and ( I I I )  have been based on analogues w ith  phase diagrams of other a lk a lin e  

earth carbonates and the a lk a li metal n itrites . Prominent amongst these suggestions 

are that C a C O ^  ( I I )  is isostructural w ith  the high temperature anion disordered 

phase of N a N O ^  (5) or w ith  ferroe lectric  K N O ^  ( I I )  (6 ,7 )  and that C a C O ^  ( I I I )  

is isostructural w ith  the high pressure K N O ^  ( IV )  phase of potassium.

A d e fin itive  single crystal X  ray d iffrac tion  study by M e rr ill & Bassett

( 4 )  showed C a C O g  ( I I )  to be m onoclin ic, P 2 ^ y ^ , w ith  a doubling of the unit ce ll 

along the c axis re la tive  to c a lc ite  (that is, C a C O g  ( I I )  is tetram olecu lar, whereas 

c a lc ite  has 2 = 2 ) .  This single crystal work on C a C O ^  ( I I)  shows how unreliab le  

conclusions drawn from powder data alone can be , and therefore the structure of 

C aC O g  ( I I I )  must be considered sub ju d ice . It is also notable that the high pressure 

Raman spectra of Fong and N ic o l (6) suggest that C aC O g  ( I I )  does not have the 

structure of fe rro e lectric  K N O ^  ( I I )  phase, and that spectral data for C a C O g  ( I I I )  

are also inconsistent w ith  those of K N O ^  ( IV ) .  Structural data for the various 

solid phases of C a C O ^  are shown in Table 7 . 1 .
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Figure 7 .1

The phase diagram of C aC O ^ (M erril & Bassett, A cta  Cryst, 

B31 343 (1 9 7 5 ).).
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TA6LE 7 .1

Structural data for the solid phases of C aC O ^

Phase
C a lc ite
C aC O  (I) C a C O g (ll)  C a C O g (lll)  A ragonite V a te rite

Crystal System Rhombohedral M onocîin ic  N o t known

Space group 

Z

Atom sites

2 -

C O g  site 

symmetry

R3c = D
3d

Co 2b

C 2a

O  6e

P 2 , /c  = C  

4

A ll on 4e 

(general)

2h

Orthorhombic 

16
Pnma = D

2h

Ca 4c

C 4c

O  4 c ,8 d

Hexagonal

mma = D
6h

Reference 12 12 13,14
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X  ray powder work (2 ) showed that up to 24 kbar there are no phase 

transitions in e ither aragonite or v a te rite . Fong and N ic o l (6 ) also demonstrated 

that the spectra of C o C O ^ tll)  and CaCO ^C iH ) suggest that neither have the 

aragonite nor va te rite  structures.

The metastable phases of calcium  carbonates have been investigated  

previously using DAC in the infrared region of the spectrum. H ow ever, the data 

obtained suffered from two restrictions; ( i)  In no case was the sample under hydrostatic 

pressure, hence due to the large shear stresses present, pure phases were not observed. 

This is p articu la rly  notable in the work of C ifru lak  (9 ) where even a t 6 l kbar residual 

bands of C a C O ^  ( I I )  were observed; ( i i )  N o  external mode ( i . e .  far Infrared) work 

has been performed. The only pseudo hydrostatic Raman work on C a C O ^  was that 

of Fong and N ic o l .  This was performed in a D rickam er c e l l ,  where the sample is 

surrounded by a solid medium (eg . N a C I)  as opposed to the liquid used in our 

experiments.

7 .2  Experim ental

C a lc ite  powder was obtained from the G eo logy  Departm ent, University  

of Leicester. Samples were loaded into the DAC w ithout grind ing , as the process of 

grinding would almost certa in ly  have caused the transformation c a lc ite  -  a ragon ite , 

and thus invalidated  the experiments.

The sample was contained w ith in  a 0.5m m  gasket hole In a 0.05m m  in cone I 

gasket, w ith  N jjo l as the hydrostatic medium.
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Figure 7 .2

M id  Infrared spectra of C oC O g at various 

pressures.
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Figure 7 .3

Far Infrared spectra o f C aC O ^ at various 

pressures, obtained w ith  a gasketed sample,
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Figure l A

Far Infrared spectra of C aC O ^  a t various 

pressures, obtained w ith  an ungasketed sample,
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TABLE 7 .2

M id - î . r .  wavenumbers/cm  ̂ for C aC O ^  at 

ambient temperatures and various pressures

' ’ 1 % ^1 ''a ^4
Phase

P/kbor

0.001

4 .7

1 0 .0

1795vw  

1802vw 1090vw

877s,br 

880s, br

715s 

717s
C a lc ite /1

1 6 .6 1802vw 1088m 785s, br 712s II

1 8 .0 1805w 1092m 874s, br 735sh, 713s

2 2 .3 1815 w ,b r 1090m-s 

1080sh

875s,br 738s, 722s, 712s, 685m I I / I I I

intergrowths

2 3 .3 1815w ,b r 1090s

I080sh

875s, br 737s, 722s, 71 Os, 685m

3 2 .7 1835vw  

I780vw

1092s

u .sh .

876s, br 740s, 727sh, 685m-s III

3 9 .0 1835vw  

1780vw

1094s

u.sh .

876s, br 740s, 730sh, 685s III
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TABLE 7 .3

F a r - i . r .  wavenumbers/cm for C aC O ^  

ambient temperatures and various pressures

0.001P/kbar 2 9 .120.09 .6

102
1 0 3 -cm

133

160
163

172

188 192

231 232222

280 200200270

300

Phase

b Known to be the average of two bonds,

c Indicates several unresolved bonds above this va lue .
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The fa r  in fra red  spectra were obtained using a Beckman RllC FS620 

in terferom eter, and the mid infrared region studied by the use of a Perkln-EIm er 

580 spectrophotometer. AM mid infrared were recorded using integrated scan 

mode 1, w ith  a 16 x m u ltip lie r employed to increase the signa I/no ise ra tio .

7 .3  Results and Discussion

Data for the infrared and far infrared regions are given in Tables 7 .2  and 

7.3 respective ly , and Figures 2 ,3 ,4 .  Selection rules for internal modes in

C a C O ^  (1 and 11) are given in Tcble 7 .4 and factor group analyses in Table 7 .5  

(obtained by the method of Adams and N ew ton (lO ) ) .

The internal mode region of c a lc ite  exhibits three infrared ac tive  

vibrations, ^ 2 / and (see Tab le7 .^and  three Raman allow ed  transitions 

, V 3  and v ^ . A study of the Raman spectra of C a C O g  has recently  been 

performed by Fong and N ic o l (6 ) and w ill be considered in conjunction w ith  this 

w ork. C ifru la k (9 ) and Schock & Katz ( 10)have performed mid infrared work which  

predate this study, but it must be borne in mind that the samples studied by 

C ifru la k  were ungasketed, and thus experiencing non hydrostatic pressure.

7 .3  ( i)  The V| region

The transition from C a C O ^  (0  = c a lc ite , to C a C O ^ (ll)  is 

indicated by the appearance of a strong band in the region a t 

1088cm in the 1 6 .6  kbar spectrum. This is p articu la rly  dram atic  

as V | is infrared forbidden in C a C O ^  ( I ) ,  although we do observe a 

very weak absorbtion a t ca . 1090cm evident by 1 0 .7  kbar indicating
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TABLE 7 .4

Selection rules for the internal modes o f C a C O ^  (I)  and ( I I)

^3h

Ion

C aC O ^  (I) = C a lc ite

x2

^ 3

Site

Q /b
3d

Crystal

CaCOg (II) 

x4

"-1

Site

^2h

Crystal

v (C 0 3 )^

(Ra) (Ra) (Ra) (in a c t .)
1088

°2 " T r ( c O g ) * 2
(ir) ( in a c t .) ( ir )

872

e ‘ ' ' (C O 3 ) , E E +  
g

E
u

(R a,ir) (Ra) (Ir)
1432 1407

e ‘ 5 ( 0 0 3 ) E E +  
9

E
u

P a ,ir ) (R a ,ir ) (Ra) (Ir)
714 712

2A

^  6(A +B 4A +B ) 
 ̂ g g u u

2A J

a Frequencies from reference 11.

b These columns sum to g ive the rows of Tables7.5 A and B.
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deviation from the D 3  symmetry. This behaviour was also observed 

by C ifru lak  (9) and Schock and Katz ( 8 ) ,  although Schock and Katz  

found that the band remained a fte r pressure release. C ifru lak  

attributes this to formation of the aragonite polymorph, the thermody

nam ically  stable form a t high pressures, although evidence for this 

is lack ing . Appearance of a w eak , form ally  forbidden v j infrared  

absorbtion has been found from many materials which adopt the c a lc fte  

structure but the reason for this is thought to be due to a small amount 

of anion disorder. Below 2 2 .3  kbar v \ appears as a single sharp band 

w ith in  the limits of our resolution (3 .7cm  ^). In the 2 2 .3  kbar spectra 

a second component is c le a rly  present (but not fu lly  resolved); as this 

is just w ith in  what we be lieve  to be the C a C 0 3  ( I I I )  reg ion, and as 

this structure persists to higher pressures, we consider it reasonable to 

a ttrib u te  this v ] doublet to C a C O g  (111).

In their Raman study of C a C O ^  a t high pressures Fong and N ic o l

(5) found VI to be a single band to 18  kbar and then two components 

w ith  /Sv I = 16 cm  ̂ above 18 kbar. How ever, comparison of their 

results w ith  our own on a semi q u an tita tive  basis w ill be subject to 

two uncertainties which should be in d icated . F irs tly , the D rickam er 

cel! design (used by Fong and N ic o l)  is known to subject the sample to 

some small shear stresses in add ition  to the desired compression. This 

may w e ll a ffec t the frequencies o f v ibrational modes. Secondly, they 

were not using the now almost universal Ruby line ca lib ra tion  technique 

(which they pre dated ). Useful comparisons between the two sets of 

data may still be made.



lA B L b  7 .5

Factor group analyses for C aC O ^ (I)  and ( I I )

B.

C aC O g  (1)
^3d  =

R3c, Z  = 2

^ 2 g
E

9
E

u

Ca 2b 0 0 ' 0 1 1 2

C 2a 0 1 1 0 1 1

O  6e 1 2 3 1 2 3

*^Total
1 3 4 2 4 6

0 1 1

T 0 1 1 1 1 2

R 0 1 1 0 1 1

P vib
1 1 2 1 1 2

A c tiv ity Ra - Ra - ir ir

C a C O j t l l ) P 2^ /c  = 

A ll atoms

^ 2 h ' 

on 4e

Z  = 4

S h
A g B

9
Au Bu

^ T o ta l
15 15 15 15

^A
1 2

T 6 6 5 4

R 3 3 3 3

r  vib
6 6 6 6

A c tiv ity Ra Ra ir ir

= acoustic and T = optic branch translatory modes. 

R = lib rational modes. T y ib  ~ internal modes.
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For C a C O ^  ( I I )  both Raman and infrared spectra should exhib it 

a doublet in the V| region if  fu ll factor group splitting occurs. As 

neither Fong and N ic o l ,  C ifru lak  nor ourselves find this to be the 

case, we must enquire whether site symmetry group rules correspond 

to the observables more closely. Carbonate is on general sites; the 

single v ] mode is therefore ac tive  and coincident in both infrared  

and Roman spectra. Fong and N ic o l found v ] a t 1096cm  ̂ a t 14 kbar, 

whereas a t 1 6 .6  kbar we find it a t 1088cm ^. It is a ltogether possible 

that Fong and N ic o l's  pressures are slight underestimates. Thus 

C a C O ^  ( I I I ) ,  which they indicate as having examined a t 18 kbar is 

now believed not to be formed until 22 kbar. Since V j increases 

slightly  w ith pressure, see Table 7.2, then it is probable that the Raman 

and infrared frequencies are coincident w ith in  experim ental error. It 

would be desirable, however, to d irec tly  examine these frequencies on 

the some sample.

Both Fong and N ic o l and ourselves found that on entering C oC O g

( I I I )  V j becomes a doublet. If  we take their 1 8 kbar spectrum os 

comparable to ours a t 2 3 .3  kbar ( i . e .  both samples were just w ith in  

the C a C O ^  ( I I I )  phase, then the Raman bands are about 8cm higher 

than the infrared ones. If  this d ifference is s ign ificant, the im plication  

iç  that C a C O g  (111) has a centrosymmetric c e ll.  N on co incident in fra red / 

Raman doublets also imply that the ce ll has 2<CZ:̂ .
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7 .3  ( i i )  The V2  Region

The V2  v ibration is o rig in a lly  a single band in a ll three phases, 

and shows a remarkable insensitivity to pressure increase. Both 

Fong and N ic o l and the present work found no significant increase 

in frequency in ^2 in C a C O j ( I I I )  over a 20 kbar range. V2  is rather 

broad in a ll three phases. In Phase I this is undoubtedly due to the 

lo -to  splitting (10) of l9cm   ̂ which is large re la tive  to that of v ^ .

This large splitting means that the presence of the reflectance  

component of this band w ill become ev id en t, and w ill g ive the band 

a broad appearance. This is not an unreasonable explanation of the 

V 2  region spectra for phases II and III,a ls o . It is a ltogether possible 

that unresolved components be w ith in  the V2  band profiles, but it is 

noted that Fong and N ic o l's  Raman spectra likew ise show no splitting  

here.

The d ifference between the 1 6 .6  kbar value for V 2  in C a C O ^ II)

= 875cm ^, and that of Fong and N ic o l at a nominal 14 kbar, = 866cm  

are too large to be accounted for (bearing in mind the marked pressure 

in sensitivity o f V2 ) by the errors considered in the v ]  discussion. 

W h atever experim ental conditions cause the d ifference in the observed 

value  for a given frequency for our two data sets, the d ifference  

v-j -  V2  is 230cm  ̂ for Fong and N ic o l ,  and 213cm for the present 

w ork . It would therefore appear that the Infrared and Raman components 

o f V2  are genuinely non co inc iden t, but that the remaining factor group 

component expected in each spectrum, corresponding to the observed 

component in the o ther, is vanishingly w eak.
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7 .3  (i i i )  The v4 Region

This region is possibly the most structurally inform ative region. 

Theory predicts a s ing le , doubly degenerate infrared active  band, 

(Eu) and an analogous Raman active  vibration (Eg). This is observed 

in p rac tice , the Infrared and Raman band ( 6 ) both showing a modest 

pressure dependence, appeared to be a multicomponent envelope  

at 1 6 . 6  and 1 8 . 0  kbar, but no components c lea rly  resolve until 

Phase III  was entered.

In Phase III the most characteristic  new feature was a prominent

- 1infrared absorbtion at 685cm , accompanied by a Raman active

analogue (6 ) a t 695cm ^ . The obvious separation from the now 

characteris tica lly  complex part of the V4  spectrum at frequencies 

>  7 1 0cm \  together w ith  the evidence (from and V2 ) of small 

facto r group splittings, strongly argue for the presence of two • 

crysto llographically  d istinct anions in the unit c e l l .  This, together 

w ith  the other internal and external mode ev idence, leads to the 

suggestion that C aC C ^ ( I I I )  is formed from C aC O ^  ( I I)  by the unit 

ce ll of ( I I )  doubling in some d irection  to g ive Z  = 8 .

O u r apparent but unresolved splitting for C o C O ^ ( I I ) ,  together 

w ith  an accompanying resolved splitting in the Raman spectra of 

Fong and N ic o l ,  appears to support the idea of the dominance of 

site group other than factor group rules. Thus, the site rules would
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predict to be a doublet (2A) in Phase 11, which is In fra red /

Raman co inc ident, and this is, to w ith in  the lim its of experimental 

error, as observed.

The mid infrared spectra obtained at 2 2 .3  and 2 3 ,3  kbar appear 

to be of (I I / I  11) intergrowths os judged by other region behaviour.

This is unsurprising, as we are still very close to the transition pressure. 

H ow ever, above 30 kbar we are c learly  observing the spectrum of 

C aC O g  ( 1 1 1) ,  a much simpler spectrum consisting of bands centred 

near 685 and 740cm "^, w ith  a c lea rly  resolved shoulder on the 

740cm  ̂ band. The band at 7 l2cm   ̂ is no longer ev id en t, this 

we b e lieve  being due to residual C aC O g  ( I I ) .  It is worth observing 

that this band was present even at 61 kbar in C ifru lak 's  Infrared spectra 

( 8 ) and c learly  demonstrates the advantage of using gasketed samples. 

The Raman data for Phase II I  correspond w ell to our infrared d a ta ,

Fong and N ic o l's  work being performed in a more hydrostatic 

environment than that of C ifru la k .

F in a lly , it is notable that the changes in the V4  region which  

characterise C aC O g  ( I I)  are reflected  in the com bination,

w hich splits into a doublet. In c a lc ite  this combination must 

orig inate  from A 1 g (1088) + E u  (7 1 2 .5 ) = Eu (1 8 0 0 .5 ) . Retention  

of the centre of symmetry in passing to Phase II requires an analogous 

selection ru le , and an equivalent but more complex result arises for 

C a C O ^  ( I I I )  if  the centre of symmetry is again reta ined .
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7 .3  (iv ) The external mode region

The assignments of the la ttice  modes of ca lc ite  are w e ll established. 

Selection  rules are in Table 5A . W e may consider how the modes of 

ind ividual ions on their sites couple. It must be emphasised th a t, in 

g en era l, the coupling which leads to factor group selection rules is 

re la tiv e ly  w eak , and therefore that la ttic e  modes of a given basic origin  

(eg . lib ra to ry ) w ill be found in sim ilar positions in both Infrared and 

Raman spectra.

Thus;

Site X 2  D^d crystal

C O q  D 3  R(ai)A2  A  29 + A 2 u
R(x,y) E Eg +  Eu

T(a-) A 2  A 2 9 + A 2 U

T (x ,y )  E Eg +  Eu

Ca ^  T (z) Au A ] u + A 2 u

T (x ,y ) Eu 2Eu

The established assignment is; Eg 156 , 283; A 2 U 92 , 303 , Eu 102, 223

2 9 7 . The modes at 283 , 297 and 303 are considered to be m ainly lib ra to ry .

In Phase(11) each libratory degree of freedom generates a representation  

(A g +  Au +  Bg +  Bu). Thus, in this phase the la ttic e  mode spectrum would  

be expected to consist of groups of groups of two infrared and two Raman 

ac tiv e  bands in close proxim ity. These pairs w ill themselves be located
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near the positions for C aC O ^ ( I ) .

For infrared spectra of C aC O ^  (I) Figure 7.3obtained in a 

gasketed D A C , show three main absorbtion features. Two almost 

coincident bands, a t 297 and 303 respective ly , from a broad region 

of intense absorbtion from about 250 to 400cm ^. Below 100cm  

very l it t le  energy passes through the gasketed D A C , and the spectra 

are to be considered as unreliab le  in this region. They were 

supplemented by several 'ungasketed' runs, given as Figure 3 . The 

Eu mode at 223cm  ̂ moves under pressure w ith  d w /  dp .6cm  

kbar ^ . Increases of frequency w ith  pressure are also evident for the 

higher frequency bands, but gross overlap makes measurement of these 

impossible.

Phase II is most c learly  characterised by the appearance of two

new bands at 163 and i92cm  a t 2 0 .0  kbar. Further absorption around

-1 . -1
260cm fills  the region between the Eu mode (at 223cm at ambient

pressure) and the higher energy bands. These new features are close 

to the Raman bands reported by Fong and N ic o l for C a C O ^  ( II)  at 

14 kbar (1 5 5 , 2 0 4 , 24 0 ), in agreement w ith  the selection rules. 

Nevertheless, the total numbers of infrared and Raman ac tiv e  la ttice  

mode bands found are substantially less than would be predicted by 

factor group analysis. As in C aC O ^ ( I ) , it is almost certain  that bands 

of both Ag and Bg symmetry are overlaid  in the Raman spectra, and 

sim ilarly  for Au and Bu modes in the infrared.



-  306 -

On entering Phase III the far infrared spectra become yet 

more com plex, as is to be expected from the evidence of the internal 

modes and the results of Fong and N ic o l .  They found 13 la ttic e  mode 

bands between 100 and 360cm \  In our far Infrared spectrum of 

Phase III  a t 29 .1  kbar. Figure 2 , it is evident that many absorption 

bands are present, but few can be measured w ith any accuracy as 

they v irtu a lly  form a continuum.

Summary

Infrared and far Infrared spectra of C aC O ^ have been recorded under 

hydrostatic or near hydrostatic conditions in a D A C  to 40 kbars. The new data has 

analysed in conjunction w ith  the Raman results of Fong and N ic o l .  The spectra of 

C oC O ^ (II)  are consistent w ith  recent X  ray single crystal studies, w ith  the site 

group rather than factor group predominating and accounting for most of the 

features. For C aC O ^ ( I I I )  a structure is postulated where there are two crysto- 

graphico lly  distinct sets of anions w ith  being at least 4 and probably 8 .
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CHAPTER 8

A STUDY OF THE EFFECT OF PRESSURE O N  THE FAR INFRARED SPECTRA OF

SOM E COMPLEXES O F Fe (O -P H E N A N T H R O L IN E )^

8 .1  Introduction

Transition metal complexes which exh ib it magnetic crossovers have 

been the subject of considerable interest.

For a free atom or ion, or ionic compound the normal spin state is that 

of maximum m u ltip lic ity  in accordance w ith  Hunds ru le . H ow ever, w ith  a 

su ffic ien tly  large ligand f ie ld ,  octahedral transition metal complexes w ith  

configurations d^, d^, d^ and d^ may adopt a low spin ground state. According  

to ligand fie ld  theory the transition between these states should occur discontinuously 

at a certain  fie ld  strength A  , often referred to as the mean spin pairing energy.

This situation is best illustrated by the crossing over of ground state terms in the 

Tanabe-Sugano diagrams.

A large proportion of Fe ( I I )  (d ) compounds which are low spin involve  

organic ligands or ligands such as C N  . These have vacant / /  antibonding ( TT*) 

orbitals which are not too high in energy above the ground state , and have the 

correct symmetry to bond w ith  the occupied metal I T *  ( t 2 g) orb itals. This "back 

donation" of metal electrons into the ligand orbitals gives a stronger M  -  Lband, a 

large ligand f ie ld splïting A  ,and a decrease in in tere lectron ic  repulsion (due to 

the delocalisation of the t 2 g electrons). The high value of thus experienced by
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the metal io n ,Z > T T  , causes the electrons to spin pair w ith the existing  

t29 quartet.

The effec t of increasing pressure an d /o r decreasing temperature is 

to decrease d (M  -  I) and to increase the ligand fie ld  (2 , 3 ). Thus, a t a fie ld  

strength close to 7 T ,  the separation of the two states of d ifferent m u ltip lic ity  

attains values w ith in  the therm ally accessible range, equ ilib ria  between these 

states may be expected.

A lthough considerable effort has been spent in seeking new compounds 

displaying this sort of behaviour, few examples have been established d e fin ite ly  

(4 ) .  These include compounds of d^ and d^ in octahedral symmetry and compounds 

of the configurations d^ and d^ in lower symmetry.

The compounds of ferrous iron w ith  1, 10 phenanthroline hove w ide  

interest as prototypes for b io lo g ic a lly  ac tive  compounds, and the ir properties have 

been extensively studied (5 , 6,7),  1 , 1 0  phenanthrol ine is an arom atic system w ith  

nitrogens at the 1 , 1 0  positions, each of which can coordinate to a metal ligand.

The compounds in jpe (phen ) 2  X ^ w o u ld  seem a particu larly  suitable 

series to look for spin state eq u ilib ria  w ith in  systems of configuration d^. The 

series includes both high and low spin compounds, the m u ltip lic ity  of the ground 

state being dependent on the position of the ligand in the spectrochemical series.

If  X  = Cl , Br , I , N g ,  N CS , N C S e , O C N  , H C O O  , high spin compounds 

are formed, (8 , 9 , lO) .  I f  X  = C N  , C N O  , N O 2  diam agnetic low spin compounds 

are  obtained (11) .
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Konig and M adeja  (13) have measured the magnetic suceptib ilities  

of Fe (phen ) 2  N C S 2  and Fe (phen ) 2  N C S e 2  and find a c ritic a l temperature of 

l7 4 K  for the N C S com plex, and 232K for the N C S e , below which the magnetic 

moments decrease rap id ly .

Fischer and Drickam er (14) have studied the e ffec t of pressure on spin 

state by Mossbauer spectroscopy. They conclude th a t, w ith  the application  of 

moderate pressures,[Fe (phen)2 X ^ ,  X  = NCS , N C S e , N g  tend to convert to 

low spin, but w ith  pressures above 30 -  40 kbar there would appear to be a 

reversal of this trend, and in fact experience a net low to high conversion. If 

X  = C N  the complex is low spin at ambient pressure, and a t high pressures 

shows significant conversion to high spin.

Far and mid infrared studies o f^ e  (phen ) 2  X 2 ]have been performed 

under pressure (1 5 , 16, 17) but none under hydrostatic pressure. The compounds 

therefore experience shear stress and the spectra re flec t this.

Few assignments of the vibrations which constitute the low frequency 

( <  400cm ) infrared spectra of these materials exist. It would therefore be

instructive to attem pt to ind icate  the nature of the vibrations invo lved .

82. Experim ental

(Fe (o -p h e n ^ X ^  where X  = N C S e , N ^ ,  I were provided by 

G . J .  Long, University of M issouri. [Fe (o -phen ) 2  N C S 2 V^as prepared by the
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author by first preparing Fe (o -phen)gN C S 2  by m ixing aqueous solutions of 

K N C S , o-phenartthroline and ferrous ch loride. This was refluxed in d ich lo ro - 

m ethane, resulting in the bis N CS complex.

Far infrared spectra were recorded on a Beckman R llC  FS620 in ter

ferom eter.

Experiments were performed in a M k  II D A C , using an inconel gasket

0.05m m  th ic k , w ith  a 0.5m m  gasket ho le . N u jo l was used as the hydrostatic  

medium and pressure calibration  was by the R|1^2 ‘*^^7 line method.

N o  Raman data could be obtained for these deeply coloured compounds

8 .3  Theoretical Analysis of the V ib ra tiona l spectra of cis ^e (o -phen)2 X 2 )

The v ibrational spectra of these materials are extrem ely com plex. 

V alu ab le  insight has resulted from the use of metal isotopes, revealing bands 

in both tris phenanthrol ine (1 8 , 22) andjpe (o-phen)^X 2 ] ( l  6) complexes which  

may be attributed to M - N  bond stretching, but more d eta iled  assignments do 

not exist.

In order to analyse the spectrum of f e  (o -phen ) 2  X ^  it is helpful to 

consider the evidence av a ila b le  for Fe (o -phen)^  X 2  (1 8 ). o-Phenanthroline is 

of symmetry, and its sixty internal modes span the representation

I  = 2  1 A ,  +  IO A 2 + 208 , + 9 B ,
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A ll the modes are Raman a c tiv e , and only the modes are not infrared active  

A thorough analysis of the phenanthrol ine spectrum has very recently been 

published (1 9 , 2 0 ). This shows that the only ligand bands ^ 4 0 0 c m  are;

20 (A^) - 408

21 (A^) - 249

41 (B^) - 395

49 (A 2 ) - 416

60 (B2 ) - 122

Before analysing the spectra of FeX^ (o -p h en )2 , the somewhat simpler case of the 

tris complexes w ill be considered.

Since o-phen is a very rigid ligand this analysis is based on a model 

in which the spectra of its complexes are taken to arise from combinations of the 

translations and rotations permitted to each free m olecule.

The ion LFe (o -p h en )^ ] has symmetry. In it each ligand is on a 

C2  s ite . Cis Fe (o -phen)2 X 2  has C 2  symmetry w ith  each o-phen ligand on sites

Therefore the fo llow ing correlations may be constructed; 

2+
Fe (o -phen )^

V  Q

-------------C 2  site

A^ (Ra) - 

+  E (ir /R a )

A 2  (ir) — 

+  E (ir/R a )

phenanthrol ine

^2V

cis Fe (o -pFieD) 2
2+

site

A , (ir /R a )

A (ir /R a )A (ir /R a )

A (ir /R a ) :

B, (ir /R a )
B (ir /R a )

B (ir /R a )
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-1 2 4-
Table 8.1 Assignments of infrared bands (cm ) for Fe (o -phen)^

in the 150 -  400cm  ̂ in te rva l.

o-phen (a) ||3e (o -p h e n )g j ^  (a , b) Ref 11 Present work

375

359
'(Fe -  N )  v(Fe -  N )

259 296 ^21  ̂ ^ l ' ^ 5 9 '  ^2
Ligand B

242 288 of o-phen

245

235

214

211

191

176

Ligand C o-phen wag

6 (N  Fe N )  5 (N  Fe N )/o -p h e n  wag

Ligand D o-phen torsions

a Ref. 18

b For BF^ salt
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The tris complexes con be considered as being formed by the 

combination of metal atom and three ligand. Before combination w ith  the 

metal each ligand has three translational and three rotational degrees of 

freedom . W hen the complex is formed these become various types of skeletal 

mode. Thus

^ 3 ^1 ^ 2
E

Fe on site 0 1 1

3 ligands translations 1 2 3

on C 2  sites, librations 1 2 3

N  total 2 5 7

T x y z , Rxyz 0 2 2

r  vibrations 2 3 5

From this we would expect 8 skeletal vibrations (3 A 2  +  5E) in the far infrared  

spectra of each tris com plex. In addition to these, internal modes of the 

phenanthrol ine (1 9 , 20) are an tic ip a ted . Three of the eight skeletal modes 

are a ttribu tab le  to v(Fe -  N )  vibrations. This can be shown in two ways.

First, for a regular octahedral (O h ) F e N ^ , the v (Fe -  N )  modes span 

the representation A ^ ^  +  +  T | Correlating to

O h

A

g

lu

E (ir)

A 2  (ir) +  E (ir)



-  317 -

Secondly, the v(Fe -  N )  can be considered as arising from (i)  the 

T (z) translation of a phenanthrol ine ligand and ( i i )  the R (y ) , i . e .  in plane 

ro tation .

T ( z ) A , - ^ A ,  +  E

R (y) ^ A 2  +  E

It is notable that for N .  (o-phen)^ these three ir ac tive  v ( N i  -  N )  modes 

(located  by metal isotope substitution (17) ) are a t 2 43 , 260 and 300cm (for 

the perch lorate). For the Fe]T complex only two such bands were located, at 

359 and 374cm  ̂ (also for the perchlorate).

In the region above 150cm three d ifferen t salts of Fe (o-phen)^ ^  

exhib it the same number of far infrared bands (1 8 ). A ll must therefore arise from 

the cation . Below 400cm each complex shows ten absorbtion bands (see table  

8 .1 ) ,  in these accord w ith  the above theory. Thus, the strong bands near 296cm  

w ith  the ligand modes o rig ina lly  at 2 4 2 , 259cm . As w ill be described la te r,

this strong feature remains prominent in a ll the|pe (o -phen ) 2  X 2 ~jpompounds in 

both high and low spin forms, and throughout a ll published spectra of the tris 

(o-phen) complexes, showing lit t le  frequency varia tio n . A further six low frequency  

bands were observed, whereas only g ive are expected. Two possible explanations 

may be advanced. The additional band may be due e ither to crystal site splitting of 

one of the E modes or it may be of o -p h en , in which case it is one of the pair 

of bands in the 230 -  250cm region.
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It is noted that more bonds are found, and in the wrong positions (19 , 20) 

than can be accounted for on the basis of inactive (in 2̂̂ /̂  free ligand modes, 

supposedly mode active  in the com plex. Hence the published descriptions of 

several of the low frequency modes as ligand B, C , e t c . (18) is erroneous.

The theory outlined above Is c learly  for a single complex ion. In the 

crystalline state, the above prediction w ill be modified in two ways. Firstly the 

site fie ld  w ill (in  the general case) relax the restrictions imposed by the m olecular 

symmetry, and may lif t  degeneracies. This w ill have no noticeable e ffec t for the 

cis [ f e  (o -phen ) 2  X 2 ]  compounds as the m olecular symmetry (C 2 ) is so low that 

no add itional bands w ill arise from site effects. Secondly, if there is more than 

one m olecule in the unit c e l l ,  correlation coupling may lead to an increase in the 

number of bands observed. This however would norm ally only be observed under 

high resolution (and low tem perature). N e ith e r  of these conditions apply in the 

present w ork. It  would therefore seem reasonable to use m olecular selection rules 

in order to attem pt to attach some significance to the vibrations observed.

In addition to the internal modes and skeletal modes pred icted , low 

frequency la ttic e  modes may w ell be an tic ip a ted . From the data of Hutchinson, 

et al (22) the spectra of ( f e  (o -phen ) 2  w ith  X  = C IO ^ , BF^, it can be seen 

that the spectra above 150cm are essentially the same, therefore it can be 

asserted that they are due to the cation .
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Cis [p e  (o -p h en ) 2  is of C 2  symmetry. If the X  ligands are 

removed it can be shown that the skeletal ( i . e .  om itting internal modes of 

phenanthroline) modes span the representation

1 * skeletal = 5A + 4 B , a ll of which are ir/Raman a c tiv e . O f  these 

V (Fe -  N )  account for 2A +  2B.

If  X  is monatomic six further low frequency modes must be added (three  

degrees of freedom per ligand ). They are

V (Fe -  X ) A +  B pr (Fe X 2 ) B p c (F e  X 2 ) A

6 (Fe -  X 2 ) A pw (Fe X 2 ) B

Thus the low frequency spectra may be expected to exh ib it 8A +  7B modes 

plus the known internal modes of the phenanthroline ligands.

F in a lly  it may be noted that for X  = N CS , N C S e or N g , in addition

to the above 5A +  4B skeletals , there w ill be 18 further vibrations, w h ich , for the 

case of Fe -  N C S bonding are;

v ( C = S )  A + B  V ( C = N )  A + B  v ( M - N )  A + B

5 (N C S ) A +  B 8 (C N M ) A + B  5 (M N 2 ) ,  pr (M N 2 ) A + B

(N C S ) A + B  (C N M ) A + B  p T (M N 2 ) ,  pw (M N 2 >A +  B

O f  the above v (C  = S) and v (C  = N )  are d e fin ite ly  400cm

- 1
The remainder however may be expected to be <Z400cm , and in add ition w ith  the

skeletals and the known modes of phenanthroline w ill be expected to y ie ld  complex 

low frequency infrared spectra.
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Figure 8.1

Infrared spectra of Fe (o -phen ) 2  I 2  of various 

pressures (kbar).
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TABLE 8 .2  Infrared mode frequencies/cm  f o r ^ e  (o -p h e n )^ l 

at various pressures.

O.OOl kbor 8 .0  kbor 1 6 .7  kbor 2 7 .8  kbor

285 (s) 

274 (w)

236 (m) 

227 (w) 

204 (m) 

190 (s)

2 8 8 .5  (s)

2 7 4 .5  (w)

2 6 2 .5  (w )

2 5 0 .5  (sh) 

240  (m)

2 3 0 .5  (w)

2 0 7 .5  (m)

1 9 0 .5

293 (s)

274 (sh) 

262 (m) 

251 (w) 

243 (m) 

233 (w ) 

207 (s)

195

1 8 7 .5  (sh)

298 (s)

264 (s) 

252 (m) 

242 (m) 

234 (w) 

209  (s) 

195

186 (sh)
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Figure 8 .2

Infrared spectra of Fe (o-phen^g (N g ) 2  a t various 

pressures (kbar).
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- 1
TABLE 8 .3  Infrared mode frequencies^cm for Fe (o-phen^g (N ^ )2

at various pressures.

O.OOl kbar 10 kbar 13 kbar 17 kbar 41 kbar
(lOOK)

136 146 (sh)

135 135 141

1 5 1 .5  (s) 150 (s) 153 (m) 150 (sh) 164(sh)

161 (m) 160 (sh) 166 (sh) 172 (sh) 174 (sh)

174 (sh) 173 (sh) l77^h )

184 (s) 183 (s) 1 85 (s) 184 (m) 
193

1 84 (m)

203 (s) 202 (s) 206  (s) 204 (m) 206 (w)

2 3 5 .5  (sh) 230  (w) 233 (w) 232 (w)
235 (sh) 
243 (m)

245 250(sh) 250(sh) 252
262

264
272

272 (s) 269 (s) 272 (m) 275  (sh)

288 (s) 286 (s) 2 8 6 .5  (s) 288 (s)
309

293 (s)

3 2 4 .5  (s) 324 (s) 326 (s) 332 (m) 

368

313 (m) 

372
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Figure 8 .3

Infrared spectra of Fe (o-phen),^ (N C S ) 2  at various 

pressures (kbar).
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TABLE 8 .4  Infrared mode frequencies/cm  for Fe (o -phen)2 N C $ 2  

a t various pressures.

O.OOl kbar O.OOl kbar 2 .8  kbar 5 .7  kbar 1 3 .9  kbar 26
(100 K)

298 (s) 302 (w ) a

285 (s) 286 (m) 286 (s) 287 (s) 288 (s)

248 (s) 242 (s) 254 (s) 255 (s) 255 (sh)

230 (s)

217 (m) 213  (m) 218 (m) 222 (m) 220 (w)

202 (vw) 194 (m) 205 (sh) 209 (sh) 210 (w)

179 (w) 184 (sh) 1 85 (sh) 189 (m) 192 (w)

164 (w) 164 (m) 177 (m) 182 (sh)

157 (w)

d iff ic u lt to distinguish individual bands at this pressure.
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Figure 8 .4

Infrared spectra of Fe (o-phen^g (N C S e ) 2  at various 

pressures (kbar).
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-1
TABLE 8 .5  Infrared mode frequencies /cm ' for Fe (o-phen^g N C S e 2

a t various pressures.

O.OOl kbar

284 (s)

239 (sh) 

220 (sh)

179 (m)

4 .9  kbar 

356 (w)

286 (s)

240 (sh) 

225 (sh) 

206 (sh)

191 (m)

1 82 (m)

7 .9  kbar 9 .0  kbar 2 1 .7  kbar 3 3 .2  kbar

361 (m) 360 (m) 360 (w) 360 (w)

320 (w ) 320 (m)

2 8 7  (s) 293 (s) 302 (s) 304 (s)

264 (w) 263 (s) 264 (s)

242 (s) 248 (s) 251 (s) 252 (s)

208 (m) 210 (m) 216 (m) 218 (sh)

212 (m)

191 (m) 191 (m) 207 (sh)

184 (m) 184 (s)

174 (m)
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8.4 Results and discussion

V alu ab le  work (15 , 16) has been performed on cis ( Fe (o-phen^g 

X = N C S , N C S e . By the use of metal isotope technique, and low temperatures 

to generate the low spin forms the fo llow ing  m eta l-ligand  assignments could be 

made.

N CS N C S e

Low Spin High Spin Low Spin High Spin

V (Fe -  N )  X 5 3 2 .6  2 5 2 .0  5 3 0 .5  2 2 8 .0
5 2 8 .5  5 2 7 .0

V (Fe -  N )  phen 3 7 9 .0  220 366 218
3 7 1 .0  360

The above large changes in frequency are associated w ith  the large 

changes in the Fe -  N  bond distances and bond strengths which p ara lle l the 

change in spin state. On cooling from room temperature to lOOK, the Fe -  N  

(N C S ) bond length decreases by O.OSX, and Fe -  N  (phen) by 0 .1 2  and 0 .1 6 ^  .

2+
The comparison of the spectra of Fe (o -phen)^ and cis Fe (o-phen^g X ^  

should be helpful in the assignment of bonds due to the X  ligands since skeletal 

modes due to the o-phen ligands w ill be in sim ilar positions (although d ifferen t in 

number).

Fe (o~phen ) 2  I 2

For cis [ f e  (o -phen),, Q th e  highest of the 3A +  3B modes due to 

X = I w ill be V (Fe -  I ) .  In cis [ f e  (C O ^ )^  I2 J  , v (Fe -  I) modes are a t 185 

and 195cm  ̂ (2 4 ). Values not dissimilar to these would be expected for the above.
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H ence, at ambient pressure, a ll the bands ^  200cm may be attributed to 

skeletal modes plus the internal modes of o -phen . Conversion to the low spin 

complex would be expected to raise v(Fe -  I) but it is probable that this w ill 

simply raise them to values comparable w ith  cis [ fe  (C O ^ ) I 2 ]

There are no spin equilibrum  data a v a ila b le  for this m ateria l. Since 

I C l N CS in the spectrochemical series there is lit t le  doubt that this 

complex would be high spin, and that the change to low spin would be expected  

a t somewhat higher pressure than for X  = N CS . A t 40  kbar Fischer and Druckamer 

(14) find that for X  = N C S , the complex was about 80%  converted to low spin. 

Comparable figures for X  = Cl and X  = Br are l7 %  and 30%  respective ly . The 

am bient pressure spectrum of^Fe (o -phen),, l^ (a b o v e  200cm  ̂ is fa ir ly  simple, 

consisting of v(Fe -  I ) ,  v(Fe -  N )  phen, v(phen) and lit t le  else.

As noted above v(Fe -  N (p h en ))fo r X  = N C S  and N C S e is close to

220cm  ̂ in the high spin forms and around 360 to 380cm in the low spin forms.

. “ 1Therefore we would a n tic ip a te , for X  = I ,  a loss of intensity in the region 220cm  

w ith increase in pressure. From figure 8 .JL the most obvious change in the spectra 

is a decrease in the group of bands near 240cm , which do not en tire ly  disappear

by 2 7 . 8  kbar. Concurrently the strong bands between 150 and 200cm , probably

a ttrib u tab le  to v(Fe -  I) show new contributions consistent w ith  increase in low spin 

character. In ad d itio n , progressive changes are exhibited by weaker bands in the 

250 -  280cm  ̂ region, ch ie fly  the growth in intensity of the band in it ia lly  at 

264cm  ̂ . This v ibration  is probably a skeletal mode w ith  a large contribution from 

flapping motions of coordinated o-phen re la tive  to the rest of the m olecule having
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been shifted from below 200cm  ̂ in the high spin com plex. The increase in 

intensity is attributed to the changes in geometry consequent upon an increasing 

percentage of low spin isomer . Strengthening of the Fe -  N  (phen) bond on 

transition to the low spin configuration implies increased electron delocalisation  

onto the (o -phen) ligand. Subsequent movement of this ligand w ill represent the 

movement of an increased change, and therefore increased d ip o le , hence the 

increased ir intensity.

- 1
The presence of further new bands in the 250 -  280cm region would  

support the idea of the (3A +  2B) skeletals being shifted from below 200cm upon 

transition to low spin.

Fe (o -phen ) 2  ( ^ 2 ) 2

The spectra of Fe (o-phen^g ( ^ 3 ) 2  complex . In addition to 

Fe-phen bands (5A +  4B = 2A +  2B (v (Fe -  phen)) +  (3A +  2B) skeletal deformations), 

a varie ty  of Fe -  N g  deformations are present. It is known (25) that coordinated  

has V2  (5  N N N )  580cm  ̂ but that v (M  -  N ^ ) is between 310 and 450cm ^, 

depending upon M . Also 5(Fe -  N  -  N )  modes w ill occur, which have never been  

assigned.

Comparison of the 1 2 .8  and 1 7 .0  kbar spectra reveal major changes 

consistent w ith a transformation to low spin. This is further developed in the

4 0 .5  kbar spectrum. The low spin phase is characterised by new bands near

- 1  . . . .370cm , which are consistent w ith  assignment to v(Fe -  phen) low spin.
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Concurrently v (Fe-phen) high spin at 234 and 245cm  ̂ lose intensity progressively 

w ith increase of pressure. The intense bands at 324 and 27 l cm  ̂ also vanish upon 

change to low spin, and are assigned to v(Fe -  N ^ ) and 8 (Fe -  N  -  N )  respective ly .

The major frequency changes in v(Fe -  N ^ ) and v(Fe -  phen) are associated 

w ith  rises in their associated deformation modes. H ence, the region below the above 

modes must consist en tire ly  of (o-phen) modes plus skeletal deformations. In p articu lar  

the 120 to 220cm region experiences a general increase in frequency of many bands.

The complete loss of the intense v(Fe -  N ^) band (324cm at ambient 

pressure) by 40  kbar (its . presence can be detected by a residual band at l 7 . 0  kbar) 

implies that conversion to low spin is essentially complete by 40 kbar. This is in 

conflic t w ith the Mossbauer evidence of Fischer and D rickam er (14) which indicates  

that there is only about 70%  conversion to the low spin isomer, at 40 kbar, and 

moreover th a t, the percentage of low spin a c tu a lly  decreases at pressures above 

40  kbar. In view  of the intensity of the v(Fe -  N ^ ) low spin band, it would seem 

u n like ly  that such a band could be overlooked.

The most basic d ifference between Fischer and Drickamers high pressure 

techniques and that used in this work is that pressure in a Drickam er cell (in  which  

solid N a C I is used as the pressure transmitting medium) is far from hydrostatic. It 

may be that a shear stress is less e ffec tive  in producing the high sp in /low  spin 

transformation. In the D A C , the h igh -low  conversion occurs fa ir ly  sharply above 

13 kbar. By 1 7 kbar, the intensity of the 324cm  ̂ (ambient) band suggests that 

some 75%  of the sample may be expected to be low spin.
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Fe (o -phen ) 2  N CSe^ and N C S^

n +
It is helpful to compare these spectra w ith those of M (N C S )^  

ions (2 6 , 27) . T yp ica lly  these show v (M  -  N )  a t ca. 2 4 0 , 5 (N C S ) near 470cm  

and no further absorbtions down to 150cm ^ . S im ilarly  cis (Fe (Py)^ N C S e ) (28) 

shows;

V C N  2070 v(Fe -  N C S ) 2 6 6 , 250

V C = S 805 v(Fe -  py) 203

8 NCS 4 7 8 , 482

Hence for cis Fe (o-phen),^ (N C  X )^  (X  = S , S e), the N C X  part of the spectrum 

from 200 to 400  should consist of v (Fe -  N C X ) (X = S , S e ), the position of which

is known from isotope work (16) and nothing else. Indeed v(Fe -  N C S ) is observed

-1  - 1
at 248cm , and v(Fe -  N C S e) at 229cm

Combining this w ith the general understanding of the Fe (o -p h en ) 2  I2  

and (N g ) 2  spectra, we expect that the high -  low spin transition w ill increase the

number of bonds in the 250cm region due to the Fe-phen part of the m olecu le .

A lso , the drastic rise in v Fe -  N C X  from 248 (X  = S) and 229 (X  = Se) w ill  

sim ilarly  raise 8(Fe -  N C ) and other modes listed above. This would account for 

the new bands noted in this region. The presence of bands around 26 in both sets 

of spectra (at 21 .7  kbar for X = Se, and 1 3 .9  for X  = S) supports the observations 

made for the I com plex.
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In the low spin form of cis Fe (o -phen),, (X  = N C S , N C S e or

N g ) , v(Fe -  Phen) and v(Fe N X )  are .>  350cm . Therefore the region below

-1
350cm should be sim ilar in a ll three compounds, consisting, as it does, of 

sim ilar deformations. Some differences should be observed due to the S cf 

Se mass differences.

Comparison of the 2 6 .3  kbar X  = N C S spectrum w ith  the 2 1 .8  kbar

X  = N C S e confirm this. Both have new bands a t 304cm  ̂ and 264cm ,

a ttribu tab le  to the Fe -phen system; and a s im ilarly  complex region from 240

to 300cm  ̂ for X  = N CS and from 200 to 300 for X  = N C S e . Throughout this

series, one strong band remains obstinately present in the 285 -  295 region.

Its behaviour suggests that it is associated w ith  o-phen its e lf, as the band is

certa in ly  not metal isotope sensitive. Free o-phen has no band in this region,

but has a strong absorbtion at 259cm \  It is proposed that this band is raised 

-1
by about 30cm upon coordination, to  become the résistent feature noted around 

290cm . If  this is the case, the band originates in an in plane deformation of

o-phen (vg ^ ).

Comparison of the results for Fe (phen ) 2  N CS obtained by Ferraro et al 

( l7 )  under shear stress reveal a close correspondence between their work and the 

present.
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8 .5  Summary

High pressure far infrared spectra have been obtained for complexes 

of the form Fe (o-phen^g where X  = I ,  , N C S , N C S e . The 

vibrational spectra of these species have been th eo re tica lly  analysed. For 

X = 1 the h igh -low  spin transformation does not appear complete by 28 kbar, 

whereas complete conversion by 40 kbar is apparent for X  = N g . The X  = N C S , 

N C S e spectra conform to the deductions drawn on the high pressure spectra of 

the simpler X  = 1, N ^  systems.
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V IB R A T IO N A L  SPECTROSCOPY AT H IG H  PRESSURES 

A L A N  D A V ID  W ILL IA M S

ABSTRACT

A review  of high pressure work is presented w ith over 100 references 

spanning the period from O ctober 1976 to M arch 1979. A fu ll discussion is given  

of the history of Diamond A n v il C ell (D A C ) design.

Two new designs o f D A C  are tested, as are two d iffe ren t types of 

diamond a n v il . Pressures in excess of 0 .2 5  Megabars have been generated, and a 

study of benzene has been undertaken to test one of the new cells .

M id  and far infrared spectra of ferrocene were recorded and compared 

w itivex isting  datO-jDn the solid state properties of this mater ia l .

Raman and far infrared spectra of K2 PtC I^ and K2 ReCI^ at various 

temperatures and pressures have been obtained , and w ith  thermal expansion and 

compressibility d a ta , an attem pt to re la te  the frequency shifts to enharmonic 

parameters has been performed. This study was extended to cover the pressure 

dependence of a further ten compounds of the form A 2 M X ^ .

The phase behaviour of c a lc ite  (C a C O ^ ) has been examined using mid 

and far infrared spectroscopy to 40 kbar, and the data analysed in conjunction w ith  

the results of Fong and N ic o l .

The effec t of pressure and hence spin state on the far infrared spectra 

of some complexes of the form Fe phen2 X 2  has been studied.


