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ABSTRACT
VIBRATIONAL SPECTROSCOPY AT HIGH PRESSURES

A review with 133 References of the application of vibrational spec
troscopy at high pressures to the study of solids is given.

Two new

designs of diamond anvil cell (DA.C) are described and compared with
designs of others.

The use of the DAC in combination with various

spectroscopic instruments is described and the calibration of the cell,
taking into account the pressure gradient present across the anvil faces,
is reported.

The spectroscopic and physical properties of tv/o anvil

materials, diamond and sapphire, are described with particular atten
tion being paid to the fluorescence properties of various types of dia
mond under laser excitation.

Another design of high pressure cell,

which applies hydrostatic pressure to samples, is reported for use in
Raman spectroscopy.

The main area of compounds investigated at high pressures using the
DAC were complexes of the type A^MX^ (A = raonatomic cation, X = halogen).

d. o

A wide range of these materials were studied in the far-i.r. and mem
bers of the series A^^PtCl, were also examined in the Raman.
d

b

For the

latter compounds symmetry species were related to observed pressure
sensitivities of vibrations.

Unusual behaviour of the v^ bending mode

at elevated pressures was found for complexes where M possessed a lone
pair of electrons.

Possible mechanisms to account for the behaviour

of the mode are discussed.

Some hexammine salts of cobalt and nickel

halides were also examined both at liquid nitrogen temperature and at
high pressure respectively.

The appearance of an ammonia torsion mode

at liquid nitrogen temperature is shown.

An attempt to obtain quanti

tative results from the observed pressure dependencies was not possible
owing to the nature of the complexes examined.
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C H A P T E R

I

VIBRATIONAL SPECTROSCOPY OF SOLIDS AT HIGH PRESSURE

A REVIEW

CHAPTER I

VIBRATIONAL SPECTROSCOPY 0? SOLIDS AT HIGH PRESSURES - A REVIEW.

Interest among chemists in the use of high pressures is a rapidly
developing field.

In the area of applications to vibrational spec

troscopy, activity is still relatively slight, although it has in
creased dramatically in the last ten years with the availability
of simpler and more versatile high pressure equipment.

Further

growth will almost certainly be geared to the development of
cheaper and even more versatile equipment so that the use of high
pressures may become as routine as possible.

This Chapter is

intended as an introduction to the various types of cell available
for studying vibrational spectra

at high pressures and also to give

a fairly complete set of references on work, mostly of solids, that
has been reported in this field.

There have been several reviews dealing with this type of work.

Two

fairly recent articles deal mostly with the applications of high
pressures to vibrational spectroscopy

1

’

2

.

A very recent review,

however, deals extensively with all types of cells and techniques
available and indicates how these have been linked with various
spectroscopic instruments

Eouinment

With the exception of highly specialized designs, there are three
broad classes of high-pressure cell suitable for i.r. and Raman
spectroscopy.

'Hydrostatic' cells
The solid sample is immersed in a gas or liquid, pressure being

applied by compression of the fluid, often via an intensifier stage.
Maximum pressure attainable is 12 to 15 kbar using sapphire windows.
These restrict the wavelength range available in the i.r. to a lower
limit of ca. 2000 cm”’^, but are compatible with Raman use.

Windows

of rock salt extrude too rapidly to be of value and the harder fluo
rite type are little better

Typical designs of these cells are

given in references 5, 6, and 7.

Such cells can be used to study

liquid-state specimens as well as solids, although there is then
the double limitation of windows and fluid absorption.
is perhaps more suited to Raman work:

The design

there is no frequency restri

ction due to window materials, and water can be used as the pressuretransmitting fluid.
cell

7

.

Mitra and co-workers have described such a

A recent design

8

for Raman work, allows the sample to be

separated from the pressure transmitting medium by a flexible sheath;
this allows organic compounds to be studied which would have other
wise reacted with the medium.

The design also incorporates a novel

sapphire window, designed also to act as a prism and allows the
collection of 90° scattered light without the need of a cross-bore
window.

The Diamond Anvil Cell (DAC)

This design

9

allows work up to pressure of at least 70 kbar routinely,

and much higher values have been reached
of the diamonds is likely to be much reduced.
X-ray use has been operated up to 300 kbar

although the lifetime
A DAC designed for
Recently this design

has been used up to 260 kbar at temperatures of 2000°C (continuous)
or 3000°C (pulsed) by laser heating:
was converted to diamond

under these conditions graphite

Typically, the opposed anvil faces

are square and of side 30-40 thousandths of an inch (0.76-1.02 mm):

they must be aligned accurately parallel and remain parallel through
out each pressure cycle.
been described

An improved design of DAC has recently

particular attention was given to maintaining

face parallelism and pressure is applied via a small hydraulic ram
in place of the calibrated spring used by others.
recently been further extended

14

This design has

to allow the cell to be used at

liquid nitrogen temperatures and to allow more efficient passage of
light to and from the anvils.

Another recent design of DAC

known as the V/aspaloy cell, allows work at moderate pressures up to
700°C, and has been used in gasketed systems up to 200 kbar

at

ambient temperature.

A novel cell design, differing from the opposed anvil design, using
a diamond as a transparent cylindrical pressure vessel in itself,
has recently been described by Wong and Whalley

A small hole

drilled through the centre of the diamond contains the sample, which
is compressed by very small diameter pistons whose displacement can
be accurately measured.

^

The main disadvantage of the DAC is that there is a pressure distri
bution across the anvil faces and a solid sample therefore experi
ences non-hydrostatic pressure.

This pressure distribution has

been investigated in detail by Duecker and Lippincott

17

,

In

general, the pressure calculated in terms of the contact area of the
anvil and the known low-pressure side geometry gives the mean pres
sure across the faces.

Alternatively, calibration can be established

by observation under a microscope of known phase changes

l8

.

Even

for a transition between two colourless phases (e.g. the rock salt
and CsCl polymorphs of alkali-metal halides), the Becke line is readily
seen.

Another excellent approach is to monitor the visible absorption

spectra of a complex such as nickel dimethylglyoxime, which shifts

c a . -80 cm”'^ kbar”^ with pressure;
calibrant

19

.

it can be used as an internal

Certain trigonal-bipyramidal complexes of nickel,
r
^ -1
Ki(CN)Sb I (CH^)^AsKe^j^1BPh^ confer some advantage over

(NiLX)Y, e.g.

nickel dimethylglyoxime, chiefly in giving more symmetrical bands
which show little intensity change with pressure

A recent

calibration technique uses the sharp R-line fluorescence of ruby
22

as pressure sensor

’

15

.

This method has been mainly used with

samples enclosed in a small metal gasket between the anvils;
cent studies

23

re-

have shown that a mixture of 4:1 by volume of

methanol;ethanol remains hydrostatic to almost 100 kbar when used
with such gaskets and has been used in conjunction with ruby pres
sure sensors.

A recent method of calibrating the DAC, internally,

when used for solution studies with a gasket, has been developed

24

The technique follows the glass-transition temperature of the solu
tion under study as a function of pressure;

an accuracy of - 0.2 kbar

is claimed.

Almost no Paraan work using a DAC has been reported.

In tv/o studies

of the red-yellow transition in mercuric iodide, in good agreement,
both groups used 0° excitation (i.e. a laser beam fired straight
through the cell towards the entrance slit)
has been claimed

7

’

^7

Although it

that the DAC is unsuitable for Raman work

(because it v/as assumed that only 0° scattering geometry was usable),
it has recently been shown that excellent results can be obtained
using 180 ° excitation

One diamond anvil was replaced by one

of polished tungsten carbide.
vils in the 180° mode

Use of the normal two-diamond an

gave poor spectra, although the performance

could probably be restored if the rear diamond were silvered.

The

most severe limitation on Raman work with a DAC is set by fluores
cence of the diamonds.

This has recently been investigated in de-

tail for several types of diamond using various laser excitation freGuencies

29

.

Natural type Ilb stones are the ideal anvil material

and can be used with all exciting lines;

type Ila stones can be

used with red (632.8 nm) excitation, although some fluorescence is
present;

type I stones cannot be used (as in the i.r.).

Sapphire

anvils can be used with green (514.5 nm) and blue (488.0 nm) ex
citation, although here pressure is limited to ca. 12 kbar.
cell of Wong and Whalley

The

has been used for Raman work.

Owing to the small open area of the diamond anvils, i.r. transmission
is low.

However, the DAC can be used directly with interferometers

although it has always been necessary to use a simple light pipe in
front of the cell.

With the most recent cell design

pipe is not necessary.

a light

Using either of the recently designed cells

high quality spectra at high pressure can be obtained routinely,
with no special precautions;

these cells are also simple to operate

in vacuo, allowing a series of runs to be made at varying pressures
without breaking vacuum.

Transmission of the DAC in normal dispersive spectrometers is very
lov/ and some method of beam condensation is essential for routine
work, although some poor results have been obtained without it.
Most workers use a Perkin-Elmer beam condenser consisting of two
90° off-axis ellipsoidal mirrors with 6:1 condensation

This

elaborate and expensive item has been replaced with a much simpler
system

32

.

It is clear that the entire i.r. range is accessible

using the DAC, except for the region of diamond absorption, at ca.
_1
2000 cm

, in which sapphire anvils must be used.

has recently been described
near infra-red region.

33

A beam condenser

for use with the diamond cell in the

A specialised six-anvil device with quartz

Windows has been used up to 35 kbar in conjunction with an interfero
meter

The Drickamer Cells
A general design type, due to Drickamer
sure-transmitting medium.

uses KaCl as the pres

Working around this basic principle,

designs of cells for use in just about every kind of spectroscopy
have been reported.

Basically, tv/o opposed tungsten carbide pistons

(driven by a simple hydraulic press) compress NaCl, which extrudes
throughout the cell.

With careful design of the window ports,

extrusion is so low as to allow NaCl to act as the cell windows.
Other materials (diamond, sapphire, silicon, etc.) may be used to
support the NaCl windows if necessary.

Samples are loaded into a

small hole drilled into the central core of NaCl.

Tv/o versions of

the Drickamer design are currently used, differing in detailed in
ternal dimensions and maxiumum attainable pressures (0-60 kbar and
0-200 kbar are commonly quoted ranges).

Suitably modified, it has

been used up to l80 kbar at 300°C

to 35 kbar at 80 K
%O
cently to 35 kbar at liquid-heliura temperatures
.

and re-

Since NaCl is the medium through which the radiation passes, its use
in the i.r. is limited to the region above 400 cm

Range exten

sion with caesium halides as the fluid is not possible owing to their
much greater ease of extrusion.

However, the design is very suitable

for Raman use since NaCl has no first-order spectrum.

Nicol and co

workers have described a version specifically for Raman work with 90°
excitation, capable of working in the temperature range 77-500 K
A version of the 0-200 kbar Drickamer design has been reported by
Ferraro for Raman use at ambient temperatures

The Drickamer de

sign, confers the advantages over the DAC of extended pressure range
and approximately hydrostatic pressure on the sample.

This latter

disadvantage is becoming less so with the recent reports
with gasketed use of the DAC.

dealing

The DAC does have an advantage over

the Drickamer cell in that use of the latter is not so routine and
demands a certain amount of expertise, as well as ready access to
high-grade engineering facilities for heat treatment and precision
grinding.

Studies of Vibrational Spectra at High Pressures
There are a number of valid reasons for interest in high-pressure
spectroscopy.

Foremost among these is the desire to study phases

not stable under ambient conditions;
below.

several examples are discussed

Intermolecular forces are pressure dependent, offering a

substantial field to the physical chemist.

In a solid in which there

are tv/o 'types' of bond (a crude over-simplification) the weaker can
be expected to show the greater pressure dependence;

thus hydrogen-

bonded materials have been prominent choices for study.

There is also

some hope that symmetry-related information may be obtained from pres
sure work with powder samples:

in terms of a simple model, a sym

metric mode of vibration is a volume pulsation and should be much more
pressure-sensitive than an antisymmetric mode which is to some extent
self-compensating.

Some evidence exists in support of this hope, al

though the picture is not entirely clear.

Molecular systems
In much of the early work reported on molecular systems, interest centres
on the effect of hydrogen-bonding.

In solutions or in the liquid phase

V(OH) shows red shifts with pressure.

Fishman and Drickamer

found

that the magnitude of the shift of V(OH) of butanol solutions depended
upon the polarizability of the solvent and was also linearly dependent
upon the solvent density squared.

These red shifts were believed to

be due to dispersive interactions with solvent.

There are general

correlations between:
(a)

the redness of the spectral shift under pressure and the magni

tude of the vapour - liquid red shift;
(b)
A^^.

the redness of the V(A-H) shift and the electronegativity of
V(C=N) of acetonitrile exhibits blue shifts of less than 2 cm ^

up to 10 kbar pressure in various solvents, whereas the first and
second harmonics of V(C=0) in various ketonic systems shift by up to
ca. 15 cm

in the same pressure range.

Relative contributions to

the shifts of induction, dispersion, orientation and repulsive forces
have been estimated:
ponsible for _ca.

for the V(C=0) series, induction forces are res

65% of the shift

From more recent studies of hydrogen bonding, using a gasketed DAC, it
appears that increasing pressure shortens the hydrogen bond in liquid
alcohols, resulting in large red shifts, without affecting the 'polymer'
equilibrium of hydrogen-bonded species, in contrast to temperature
changes which do cause a shift of polymer equilibrium

LlLl

The trends noted above are also evident in hydrogen-bonded solids, viz.
red shifts of V(OK) and V(I,'K) when hydrogen-bonded, but with non-hydro
gen-bonded modes such as V(CH) suffering small blue shifts.
studies have been made of poly(vinyl alcohol), nylon 6-6
such as oxalic

succinic and benzoic

using DAO's.

Typically,
and of acids

In succinic

acid, for example, the pressure-sensitivity of the i.r. spectrum can
be understood in terms of dimers, with V(C=0) shifting to lower fre
quencies with increasing pressure, owing to strengthened hydrogen-bonding,
whilst the out-of-nlane deformation of the hydrogen-bonded hydroxy-group
moves from 930 cm ^ to nearly 970 cm”^ at 50 kbar

Some early qualitative studies at elevated pressures were made using a

10

DAC, in the i.r. between 700-1700 cm

_1

, on napthalene, biphenyl, p-

dichlorobenzene, o-chloro-p-nitrophenol, and p-nitrophenol

With application of pressure, most organic liquids freeze:
been turned to considerable advantage using the DAC

46

.

this has
Samples are

retained between the diamond faces by a gasket and application of pres
sure usually causes growth of a polycrystalline mass, but judicious
cycling of pressure often results in the formation of one single cry
stal.

Successive experiments may yield single crystals of different

orientation.

Polarised light can be used for analysis since diamond

is isotropic but similar work with sapphire would require careful
choice of axis when cutting the anvils.

I.r. spectra of crystalline

benzene, 1, 1, 2-trichloroethane and n-hexane have been reported but
not assigned in detail

46

In a subtle application of this technique, Brasch was able to obtain
single crystals of various rotamers of a number of halogenated ethanes
and thus assign the complex liquid-phase spectra with some certainty
To induce crystallisation of 1, 1, 2, 2-tetrachloroethane it was neces
sary to plunge the DAC into liquid nitrogen, an act of some bravery!
Crystals of this compound obtained by cooling are of the gauche-rotamer,
but solidification at high pressure yields the trans-form, a valuable
differentiation.

However, over a series of halogenated ethanes no

consistent pattern of rotaraer isolation emerged.

I.r. spectra of

polycrystalline and single crystals of CH^Cl^ and CH^Br^ have also
been studied

48

.

Crystals of CICH^CO^H have been grown in situ in

the DAC and their polarised i.r. spectra examined

49

;

hydrogen-bonding

configurations for the (X- and/S - forms were deduced.
2
Three polymorphs of acetonitrile and ( H^) acetonitrile have been ob
tained as single crystals by application of pressure, and their polarised

11

i.r. and far-i.r. spectra recorded;
deduced

50

.

similarly;

possible crystal structures were

Single crystals of ethanol and of deuteriates were grown
from dichroic measurements in the mid-i.r. a crystal struc

ture v/as proposed which was analogous to that of the f-form of longchain alkyl alcohols

A particularly satisfying study of trioxane has been made.

Under pres

sure a single crystal was grown, so orientated that almost complete ex
tinction between A^ and E (in
from 5 to 10 cm

-1

species v/as obtained;

at 40 kbar were observed.

shifts of

At higher pressures a

new phase grew into the initial crystal in a highly oriented manner:
it appeared to have higher symmetry and a distinctive spectrum showing
fewer lines than the first phase.
have become planar, with

It is believed that the rings may

symmetry

52

.

Further investigation of

this compound using volumetric as well as i.r. studies at high pres
sures has been made

The volumetric study revealed a phase change

at 22.4 kbar upon compression and at 12.8 kbar upon decompression.
No similar phase change was located by volumetric methods for 1, 3>
5-trithiane although i.r. changes consistent with ring flattening were
found 53.

I.r. spectra of some cyclohexanes have been examined in the region
500-1100 cm

using a DAC and FS-720 interferometer.

found to change the distribution of conformera.

Pressure v/as

Phase changes were

located in cyclohexane and 1, 2-dimethylcyclohexane

More recently there has been a trend towards studying the Raman spectra
of organic compounds, in particular polymers, in cells of the 'hydro
static' and 'Drickamer' varieties.

In particular the low frequency

external modes of these molecular compounds, which would be expected
to show greatest sensitivity, are now being studied quantitatively.

12

The low frequency Raman spectrum of crystalline polyethylene and the
paraffins n-C^^H.o and n-C,,:E^ has been studied, at pressures up to
23 4o
44 90
40 kbar and temperatures between 77 and 2 9 S K.

The pressure depen

dence of 3 modes, assigned as lattice modes through symmetry arguments
and vibrational analysis of unit cell modes, have been calculated and
compared with measured values.

Very large blue shifts were observed,

the greatest being for a mode at 123 Acm
2 6 1 A c m ^ at 3 8 .A kbar.

_1

in

which shifted to

The same mode shifted from 137.5 to 260,3 Acm ^

.

in the same pressure range at 77 K

The region 14OO-130OAcm ^ has also been examined for n-C__H, q and
25 4o
44 90

and Fermi resonance between the CH_deformation and bending
2

modes has been studied at high pressures 5^.
been made on polyethylene

57

Similar studies have

and the general results found were similar.

Raman spectra of phases II and III of PTFE have been examined at room
temperature and at pressures up to 35 kbar.

The results are discussed

in terms of the information provided about molecular conformation, cry
stal structures and the phase transition at 6.5 kbar

,

I.r. studies in the region 650-1700 cm ^ for amorphous polystyrene have
revealed that line widths of this

..ad, in contrast to polyethylene,

broaden with increasing pressure, indicating changes in conformation as
the amorphous polymer becomes more regularly arranged at higher pressures

59

The pressure dependence of the Raman lattice modes of anthracene and
napthalene has been studied in the range 0-10 kbar.
1 . 5 cm

-1

kbar

-1

were found for the A

and B
g

meters,

Shifts of up to

modes and GrUneisen para6

of between 3 . 6 and 6.3 were calculated

The Raman-active

rotational lattice vibrations of anthracene have also been studied in
the cell of Wong and V/halley

which allowed direct calculation of the

13

GrUneisen parameters and, apart from the value of

for the mode at

39 A cm ^ , the values obtained agree with those found by Dows et al
to - 0.1.

The i.r. spectrum of napthalene has been examined recently

and pressure shifts of between 5.7 and 37.3 cm

-1

Two regions of Fermi resonance, one involving a
the region 1250 - 1300 cm

-1

in the region 970 - 1000 cm

were found at 40 kbar
resonance pair in

and the other involving an
-1

61

resonance pair

, were pressure-scanned and calculation of

the unperturbed levels and also the coefficients of mixing were made.

The Raman spectrum of solid benzene (I) has been studied to 40 kbar and
at temperatures between 77 and 295 K .

A second phase of benzene, ben

zene (II), first detected by Bridgman was also examined under pressure.
The phase change should occur at 11 kbar but was found to be very slug
gish and higher temperatures and pressures were needed to bring about a
complete phase change.

Benzene (I) has eight lattice modes and under

pressure, at 77 K , these show shifts
kbar

-1

dp

, of between 1.0 and 2.6 cm ^

, the higher frequency lattice modes being the more sensitive.

The values of

dV

for the modes were found to be greater at 295 K .

The internal modes of benzene (I) had

dV
/, values of between 0.1 and
dp

0.6 cm ^ kbar ^ , except for three modes in the region of 3000 A cm ^ ,
which had dependencies of 0.9, 1.1, and 1.5 cm
had three lattice modes, which had
and 3.0 cm

-1

kbar

-1

dV

-1

kbar

-1

.

Benzene (II)

at 295 K, of ca.. 1.0, 2.5,

62

Low frequency spectra of three phases of p-dichlorobenzene, between tem
peratures of 290 K and 320 K, and up to pressures of 2.52 kbar have been
g

reported

Inorganic Molecular Crystals
Sg and As^S^ have been recently examined under pressure to 4-0 kbar by
Raman spectroscopy and linear plots of frequency against pressure were

14

obtained for all modes.

The value of

^

Vj_

bient pressure frequency of a given mode and

up

dV;,

, where V. is the ara1

is the value of its

pressure dependence, was calculated for all modes and was found to de
crease with increasing
meter

this also implies that the GrUneisen para

is frequency dependent.

This effect in molecular crystals

is in contrast to network crystals where

is reasonable for external

modes but is very small for internal modes

Upon crystallization in a DAC, bromine shows Raman lines at 302(w) and
2 9 4 ( s ) A c m ”^, corresponding to an A^ +

The liquid has a single line at 311 A cm
the Raman spectrum of liquid CS^ in the
shows no change upon crystallization.

(in D^^) correlation doublet.
Within experimental error,
region (635.5, 6 4 6 .5 A cm
Since the two components of the

doublet show the same derived polarizability tensor dependence, they
must have the same symmetry and are believed to be due to
isotopic species
c a . 90 cm

64

.

and

In the far-i.r., solid GS^ shows absorption at

at 12 kbar pressure.

There is an anomalously large in

crease in total absorption associated with the liquid-to-solid phase
change, probably owing to the different intermolecular interactions
possible for this quadrupolar molecule, in contrast to chlorobenzene
which is only dipolar.

The latter shows two solid phases at c_a. 5

and 20 kbar respectively, both having three far-i.r. absorptions
between 30 and 100 cm ^

The 368 cm ^ i.r. band of solid mercuric chloride, V(HgCl^)
, is
2 asym '
lowered by 6 cm

at 60 kbar pressure.

The equivalent mode in KgCl^,

dioxan is lowered by 18 cra”^ , whilst internal modes of the organic
ligand at 854, 614, and 290 cm ^ are raised concurrently be c^. 5 cm ^ #
The anomolous behaviour of V(Hg-Cl) in these materials has been
rationalized in terms of varying contributions of d-levels to the

15

bonding

The^(HOH) mode of water in hydrates such as CoCl^, GH^O,

Ka^Cr^Oy, 2 H^ 0 , and Na^CrO^, lOH^O does not shift at pressures up to
45 kbar, but the integrated intensity of the band appears to vary

Sufficient co-ordination complexes of transition metals have been studied
under pressure to indicate the main lines of behaviour.

As with or

ganic materials, it is the symmetric modes which are the most pressure
sensitive:

they may not shift very much in frequency but a decrease in

intensity is almost always apparent and they often broaden as well.
Typical examples are PtCl^Cnorbornadiene) and ZnCl^Cterpyridyl)
up to 24 kbar V(Pt-Cl)

asym

and V(Pt-Cl)

syra

both shift up by 3 cm

but V(Pt-Cl)^y^ decreases in intensity very considerably relative to
V(Pt-Cl)

asym

.

The five-co-ordinate zinc comnlex behaves similarly and

this pattern is repeated for a variety of other mononuclear complexes.
Bromides appear to behave like the chlorides, but as the assignments
are sometimes less clear-cut the conclusion is not inviolable.

For trans-MX_L_ complexes, (M = Pd or Pt;
only V(MX_)

2 asym

pressure

X = Cl or Br;

L = Me^S),

is i.r. active and this is virtually insensitive to
In cis- PtBr^L^ , which has V(Pt-Br) at 225 and 24 O cm”^,

well removed from V(Pt-S), there is again no shift but the lower band,
presumed to be V(pt-Br)^y^, loses intensity relative to the higher one.
Only blue shifts were found in the internal mode region of the ligand
in agreement with work on organic solids;
both suffered shifts of ca. 45 cm

V(CH^)

3 sym

and V(CH^)

3 asym

up to 50 kbar, but the symmetric

mode lost intensity considerably and there was some evidence of re
orientation of the methyl groups, discontinuously, at ça. 20 kbar.
Methyl rocking modes were slightly sensitive (more so in cis- than in
trans-isomers, presumably reflecting different efficiencies of crystal
packing), but^(CH^) modes were invariant.
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Monomeric CoCl^Cpy)^ is rcvercibly converted under pressure at 130°C
(but not at room temperature) to its octahedral polymeric isomer
V ( C o rC l)

.

modes in the monomer behave as detailed above for other

MX^L^ compounds, but V(Co-Cl) bridge modes in the polymer, show very
large shifts viz. a band at 174 cm ^ shifts to 220 cm ^ at 36 kbar
whilst another at I86 cm ^ shifts a similar amount but disappears under
a neighbouring absorption.
Other compounds 00 X ^12

Concurrently V(Co-N) shifts up to 17 cm

related to CoCl2 (py)2 > showed similar effects

to those outlined above

.

I.r. high pressure studies on complexes

of the type Zn X^ (dithiopyridine) has allowed differentiation of
V(Zn-X)

sym

>)(Zn-N)^^^^

from V(Zn-X)
69

.

asym

and also differentiation of V(Zn-N)

sym

from

Use of pressure to distinguish totally symmetric

V(M-N) modes seems as reasonable as the V(K-halogen) case.

This prin

ciple has been used directly to aid assignment of bands for some an
hydrous metal pyridine nitrates of the type Cu(Py)^ (NO^)^ where n = 2,
3, or 4 and M(py^) (NO^)^ where M = Co, ill, or Zn

70

In a study of pyrazine and some of its complexes, the following general
71

behaviour v/as observed

,

(i)

Bands in the ligand which show (blue)

shifts are generally far less sensitive in the complex.

(ii)

gand bands broaden and decrease in intensity as they shift.

All li
(iii)

In

the ligand alone, there is some doubling of bands at higher pressures.
2, 2-Bipyridyl, when compressed at 55 kbar, shows some sensitive bands,
but others do not shift.

Detailed explanation of the behaviour of

both this ligand and pyrazine founders on lack of really proven as
signments;

nevertheless, comparing the tv/o, it seems that the most

sensitive modes are those associated with volume nulsation

71

Some recent research has been devoted towards the study of solid state
structural changes in Comdexes brought febout by elevated pressures.

17

The green,distorted-tetrahedral form of N i ( P h ^ P C H ^ P h ) n e v e r s i b l y

changes to the red planar form under pressure.

Far-i.r. spectra show

that at ambient pressures both tetrahedral and square planar forms are
present together but as pressure is raised bands due to the tetrahedral
form weaken and finally disappear;
leased

they reappear as pressure is re

A similar study was made on the ionic complex [cr(en)^J

[Ki(CK)^], 1,5 H^O.

At ambient pressure both trigonal-bipyramidal

(TBP) and square-pyramidal (SQP)

[Ni(CN)^j3

ions are present, but

at increased pressure bands due to the SQP ions only are observed
in the i.r. between 2050 and 2150 cm
sible

73

.

-1

.

The change is again rever-

It seems that a requirement for such conversions is that

an accessible distorted structure must be available.

Another far-

i.r. study has shown that the violet,distorted-tetrahedral complex,
Ni(qnqn)Cl2 is irreversibly converted, under only 2 kbar pressure,
into its yellow, binuclear square-pyramidal isomer,

[Ni(qnqn)Cl^]2

In the complex Co(qnqn)Cl2 a reversible highpressure structural change
has been found, but by means other than vibrational spectroscopy

75

Another field of interest that has recently attracted attention is
the effect of pressure on spin-state equilibria, several compounds have
rp r

been examined:

Co(nnp)(NCS)2,

Fe(phen)2 (NCSe ) 2

Fe(phen)2(NCS)2> Fe(bipy)2(NCS)2, and

77
* In all of these compounds the high spin form is

stable at room temperature and the low spin form at liquid nitrogen
temperature;

this change can be followed by far-i.r. spectroscopy.

Application of pressure, at room temperature, to the high spin form
causes partial conversion to the lev/ spin form;
only be completed by cooling.

the conversion can

The results have been explained by

changes involving shifts of electrons in the systems.

Two mechanisms

are in process when one of these complexes is put under pressure.

iÜ

Some spin-pairing of electrons occurs initially because of an increase
in Dq, this is aided by the back-donation of metal electrons to the ir*
orbitals on the organic and NCS

ligands.

However, at higher pres

sures the back-donation may be blocked because the

levels become

tt *

accessible to electrons from the ligands, decreasing the back-bonding
and stopping the complete conversion to low spin.

Two brief reports of pressure studies on organoraetallic compounds have
appeared.

The V(M-ring) and ring 'tilt' modes of the sandwich com

pounds, FeCCp)^, RufCp)^, MnCCp)^ and Cr(TT
at high pressures

78

.

have been examined,

There is no obvious reason why either band

should be particularly sensitive, but the general trend seems to be
that V(M-ring)

asyn

suffers the most;

ruthenocene is an apparent ex-

ception but there is reason for believing that the assignment given
is wrong

79

.

In a Raman study of V/(CO)^, it was found that the

a^g V(CO) mode is quite sensitive, shifting some 12 cm ^ at 25 kbar
but that the e^g V(CO) mode is almost unaffected at the same pres
sure.

The a^g V(V/-CO) mode was found to be very sensitive, shifting

2 3 cm ^ at the above pressure

A qualitative Raman study of the

lattice mode region has shown that one or more of the several bands
in this region are exceedingly pressure sensitive

Complex Ionic Crystals
Although the majority of work in this class has been on oxyanionic
materials, a good introduction is given by a study of complex halides,
as these spectra have been assigned in considerable detail.
has three i.r.-active lattice modes:

the A^^ mode corresponds to

translation along the unique tetragonal axis, whereas the two
represent translations in the (ab) plane.
the higher

K.PtCl
2
4

modes

For both K_PtCl, and K_PdCl,

2

4

2

4

mode is the most highly pressure-sensitive in the entire

19

spectrum, whilst the

node hardly shifts

internal nodes of the

81

.

Concurrently, the

ions shift by amounts intermediate be

tween the A^ and E lattice vibrations.
2u
u

These observations have

not been rationalised but it nay be relevant that Drickamer and co
workers showed, by X-ray diffraction, that compression of tetragonal
SnO^ and MnO^ caused contraction of the a-axis but expansion along
c 82.

A brief report on K^PtCl^ and K^PdCl^, which are cubic, has shown that
the single i.r.-active lattice mode is rather more pressure-sensitive
than

either of the

8l
two anion internalmodes, V(Pt-Cl) and ^(PtCl).

From

this isolated

resultthe generalconclusion seems to have been

drawn (by various groups of authors) that lattice modes are more sen
sitive than internal modes, and that this is a principle of wide ap
plication.

At best this is an oversimplification, as is clear from

K^PtCl^, and recent work has shown that in some cubic crystals the
reverse is true.

A study of the effects of pressure upon the far-

i.r. spectra of a wide range of hexachlorometallates,
been reported.

has

No simple pattern emerged from the study although it

was found that v^, V(M-Cl), is generally much less pressure sensitive
than V ,<S(CliMCl).
4
kbar

Lattice modes were found to have

^ but exceptions were found.

ca. 1.0 cm ^
dp —

In hexachlorotellurates the vani

shingly weak

was found to gain intensity as pressure is applied;
O7
a possible mechanism is discussed
.
A pressure study of all the
far-i.r. and Raman active modes of a series of hexachloroplatinates
(PtCl^)^

has been obtained;

for the three stretching vibrations,

the invariable order of pressure sensitivity is

(Ajo) >

(E^) >

Pressure studies on the salt [(CH^)^CKNFiCuCl^^ have recently shown

20

that this compound can exist in three phases.

A DAG was used for the

pressure studies in conjunction with a 6:1 beam condenser.

The ambient

pressure, room temperature phase consists of a mixture of a planar and
several typos of distorted tetrahedral anions.

The high pressure

phase consists of square planar ions only, while the high temperature
phase consists of nearly tetrahedral ions of

Each
Oc
of these phases is shown to give a characteristic far-i.r. spectrum
Drickamer has recently shown that the CuCl,
4

2-

symmetry only.

and CuBr,
4

2-

ions of Cs_CuCl,
2
4

and Cs^CuBr^ are transformed under pressure from tetrahedral to planar
symmetry

85a

I.r. studies at high pressures of a wide range of cyano - complexes of
some 5d elements have been made;

small blue shifts were seen for all

modes but a reversible splitting of the triply degenerate V(GK) was ob
served for K^ZnCGN)^, suggesting a lowering of the symmetry of the tetra
hedral anion.

A partial reduction of the central atom to the divalent

state was observed under oressure for K Mn(GN), and K Fe(GN),.
3
o
5
o
reoxidation took place on release of pressure

A slow

The same authors

have recently shown that application of pressure to [N(GH^J^]^[Fe(NGS)^]
causes a rearrangement of some of the isothiocyanate ligands, which, at
50 kbar are found to bond to iron via sulphur;

this rearrangement is
Co
followed by the appearance of new bands in the far-i.r.

Galcite, GaGO^, was one of the first compounds studied in a diamond anvil
cell.

A later and more complete i.r. study

changes with pressure are:
mode of GO^

at 1087 cm ^ ;

882 to 865 cm ^ ;
690 cm

(i)

(ii)

showed that the principal

appearance of the normally i.r.-inactive
(ii)

a discontinuous shift of v^ from

splitting of v^ originally at 710 cm

to 715,

There are some similarities with the spectrum of the aragonite

modification of GaGO^, but a more probable explanation of the changes is

21

based upon presence of an amount of CaCOy(II)
1939

90

89 .

Bridgman showed in

that there are discontinuities in the isothermal compressi

bility of CaCO^ at 14 and 18 kbar, naming the new phases CaCO^(II) and
CaCO^(III). ' Their structures are not established with certainty.
Raman spectra of both new phases at room temperature
at 77 K

91

was used.

, have recently been reported;

89

, and of CaCO^(III)

a cell of the Drickamer type

It is definite that neither of the phases (II) nor (III) is

aragonite.

presence of two lines in the

region in CaCO^(III) im

plies that the primitive cell contains at least two formula units, but
little more can be said at present.

Very preliminary results with

MgCO^, aragonite, and other related materials showed no features of
Q
note

.

Reported i.r. evidence of vatcrite (another form of CaCO^), at

30 kbar, in high pressure studies of calcite using a diamond cell

92

seems

likely to need roinvestigation in view of the above observations.

Raman spectra of CaNoO^ and CaV/0^ have been investigated up to 40 kbar,
also in a Drickamer cell, and a previously unknown high-pressure phase
discovered for each;

they may have structures similar to that of NiV/0^

The vibrational frequencies have
kbar

-1

.

93

values between 0.1 and 1.0 cm ^

The pressure dependence of the internal modes had been pre-

dieted by Scott

94

on the basis of a model involving Davydov splittings,

but the majority of the shifts observed were of the wrong sign:

the

reason for this failure is not known.

The parelectric crystals of KK_PO,(KDP) and Rb_KPO,
2 4

2

4

have been studied

by i.r. absorption at pressures up to 60 kbar in a BAG

95
.

In both

compounds the protons are dynamically disordered between the two pos
sible sites of the 0-K.... 0 bonds which interconnect the PO^

groups.

On cooling below the ferroelectric Gurie point there-is a phase transition
with ordering of the protons, known to be accompanied by substantial

.

22

changes in i.r. snectrum.

Up to 30 kbar little variation of spectrum

is found, apart from steady shifts of lattice modes, but at 60 kbar
there is a dramatic change to a new phase in which the protons are
ordered and the P0^~ tetrahedra distorted.

These changes are similar

to, but not identical with, those found on cooling below the Curie
point.

PbD^PO^ which is not ferroelectric at any temperature, shows

no high-pressure phase.

Paraan pressure studies of Rbll^PO^ have been made to 4 kbar, in a cell
of accuracy - 20

bar.

The frequency dependence and GrUneisen para

meters of the modes in the region O-lOGQAcm ^ were calculated and,
apart from one mode, were found to lie in two distinct groups.
group had

c_a. 0.3-0.8 while the other had ïf,, _c_a. 1.7-2.9;

One
these

have been taken as distinguishing two classes of vibration, internal
and external to the PO^ ions, respectively

A single crystal

Paman study of KDP to nearly 10 kbar has shown that the soft mode
(active in the (yx) orientation) which is overdamped for all tem
peratures at atmospheric pressure, becomes underdamped at pressures^
6 kbar

The pressure dependence of phonon energies at critical points in the
Erillouin zone in KTaO^ have been measured with differential second
order Raman scattering and GrUneisen parameters have been obtained
for several modes.

Strong anharmonic behaviour of the TA(X) mode

v/as found when the results from pressure and temperature studies were
correlated

98

.

There are an increasing number of high pressure studies being made on
the ammonium halides particularly using Raman spectroscopy.

These

compounds have exceptionally large compressibilities and are known
also to show one or more phase changes, notably an order-disorder

23

transition, with variation of temperature or pres;;ure.

An early

Paman study of NH^Cl revealed substantial shifts of modes with a
sharp change in the frequency vs. pressure plot, for all but one (the
v^, V(N-K)) of the modes, near 10 kbar where an order-disorder transi
tion takes olace.
01

The V_ lattice mode (relative movement of HH,* and
3
4
-1
-1
sub-lattices) has a pressure dependence of 2 .6 3 cm
kbar
in the

disordered (low pressure) phase, one of the largest known, and
(librational) behaves similarly.

V/ith the exception of

^ bend),

all the internal modes show negative-pressure dependencies varying
between -0.1 and -1,2 cm

-1

kbar

-1

.

These frequency decreases are

associated with increasingly effective hydrogen-bonding.
of

dv

are lower for all modes in the ordered phase

99

The values
.

Although

there appears to be just one disorder-order phase transition in NK^Cl,
there are at least four such transitions in NH,Er.
4

However a recent

study suggests that there are more similarities between NH^Br and
NH^Cl than previously supposed;

new spectroscopic evidence is shov/n

for several chases of NH,Br, and NH.Br(V) is shown to be similar to
4
4
the disordered NH^Cl "(II)".

Preliminary results may indicate subtle

change of the Paman spectrum of KH^Cl'at 8 kbar, possibly indicating
another phase change in NH^Cl, analogous to one in PK^Br
A more recent Raman study of the phase transitions in NK^Br
to conclusions in conflict with those above.

comes

Spectroscopic evidence

is given to show that h']T^Br(V) resembles the ordered phase of NII^Cl
and not the disordered phase as suggested previously.

A relatively "low" high-pressure study, to 6.4 kbar, has been made on
a single crystal of hll^I .using a gas cell,

A transition, from a dis

ordered NaCl-type phase (phase I) to a disordered, CsCl-type phase
(phase II) was located at 0,7 kbar;

spectra of the latter phase cor

respond to ambient pressure spectra of KH^Br, which aided the assignment

24

of the high pressure form of

The low frequency high pres

sure Raman spectrum of PH^F(II) has been examined in a pressure cell^^,
and also in a metastable form recovered at low temperatures

by the

same authors.

Two phase changes, have been found in ammonium acetate, one is at
4 . 3 kbar and the other at about 15 kbar;

by changes in their i.r. spectra.

both have been characterised

At room temperature changes in the

i.r. spectrum of anhydrous ammonium formate was found to indicate a
phase change occurring somewhere between 9 and 1 3 *3 kbar

Less complete, and often fragmentary, pressure data are known for
several other materials.

Fong and Nicol

89

have reported Raman spectra

of KNO^(III) at 3.2 kbar, the spectrum being similar to that previously
obtained by heating alone;

and a new phase, at 8.0 kbar, KNO^(IV),

which has a much more complex spectrum not yet assigned.
i.r. region, NaMO^ shows a broad lattice mode at 212 cm
replaced at 33 kbar by a doublet at 279 and 224 cm
ternal modes of

-1 31

_I
,

In the farwhich is
The in

in NaNO^ are not very sensitive to pressure,

suggesting that interaction between atomic displacements on the anions
is primarily dipolar in type.

Thus:

v^^ 836 (2.4),

727 (0), and

1331 (2 8 ) cm ^ , where the figures in parentheses are shifts at
72 kbar

In NaNO^ the 823 cm ^ ^(NO^) mode shifts discontinuously

to 833 cm ^ consequent upon a phase transition at 1 4 .3 kbar, and is a
useful calibrant

.

v^ of the anion in Ka^SO^ shifts up by 3 cm”^

at 33 kbar, but a lattice mode at I83 cm
For both [Ph^As]

-1

[g c CI^] and [ph^As]

intensity relative to V(MC1,)

3 asym

rises by no less than 32 cm

[snCl^l, V(HCl^gy^ drops in

but does not shift significantly

V^XT^) of MnO^" in KMnO^ does not split but V^^T^Ï.&COXnO), gives
three bands under pressure ^ .

-1

66
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I.r. pressure effects of various glasses have been the subject of some
recent reports.

In two separate reports twelve sodium silicate glasses^^^,

five lithium silicate and six potassium silicate glasses

107

of varying

compositions of alkali-metal oxide have been studied in the i.r. at
pressures up to about 40 kbar in a DAC.
dV
all bands (

were positive, the values being highest for the po

tassium silicate glasses.
it was shown that

The pressure dependences of

GrUneisen parameters, k-, were calculated and

increases with increasing M^O content of the glasses.

High pressure studios of vycor and pyrex glasses have also been made
and also a brief report of the effect of pressure on the far-i.r. spectra
of some 5 0 :5 0 divalent-monovalent nitrate glasses has appeared

109

Lattice Compounds
Considerable interest has been shown in the past six years in the pres
sure dependence of vibrational modes in lattice compounds, because such
experiments yield data essential for testing theories of lattice dy
namics.

The temperature dependence of a solid cannot be properly

understood without a knowledge of its pressure dependence, since the
volume change (at constant pressure) complicates the changes in anhar
monic vibrational coupling and the tv/o may or may not act in the same
sense.

For full comparison with theory it is necessary to have also

the pressure dependence of the high and low-frequency dielectric con
stants, and of the unit cell volume.

Compounds adopting the rock-salt structure have a single i.r.-active
TO mode and no first-order Paman spectrum.

The LG mode can often be

seen directly as a shoulder on the TO band if the material is sufficiently
ionic to have

andw^^ well separated.

I.r. studies have beenmade

of the pressure dependence of the TO and LO frequencies of LiF
NaF

KOI

KBr

CsBr

KI

and Rbl

26

In all cases studied increase of pressure caused blue shifts;

however,

the shifts vary from compound to compound and from structure to struc
ture, since the compressibility of the material is involved.

For KCl,

KBr, KI , and Rbl the phase change to the CsCl structure was observed
and, for KCl, coincided with a decrease in TO frequency of ca. 12 cm ^
at 25 kbar.

This decrease should be (6/8)^'^ 0.8? (i.e. the ratio of

the co-ordination numbers):
for KBr

observed values were 0.92 for KCl and 0.88

This work was done in a DAC and because of the pressure

gradients the two phases tended to co-exist over quite wide applied
pressure ranges.

It should be remarked that the i.r. bands observed

are extremely broad (see figure 3 of reference 3 I) and that the centres
cannot be measured with great accuracy.

The TO frequencies, co

of

the alkali-metal halides (both structure types) follow a simple relation
115.
2

CL
”

X /t

whereyu.= reduced mass per unit cell, a = cubic lattice constant, and %
is the isothermal compressibility.
frequency,

The pressure dependence of a phonon

; is usally quoted in terms of the GrUneisen parameter.

XL

=

-yjnVL

^

d In V

_L
\3 P /_^

may also be computed on the basis of various models.

For LiF, in

particular, comparison of temperature and pressure dependences

ofw^^

showed that there is a substantial anharmonic contribution to the fre
quency shift, increasing with temperature

^0 ^ KBr can be completely accounted for by

perature dependence
its volume dependence alone
stals KCl^ x^^x’

In contrast, the tem

The same is true of the mixed cry

show a single mode which varies smoothly with

concentration between the values for the two end members
mixed crystal

The

Rb I has been shown to be at best a borderline two1-x X

27

mode system at ambient conditions;
becomes a one-mode system

under pressure the system probably
^ ^LO

the ration

iin

creases with the ionicity of the compound as measured by Szigetti's
effective charge per valence electron, (q*/Ze);
been given in terms of lattice dynamics

an explanation has

117

Til, which has a special room-temperature stoucture in which the inert
pairs on thallium are stereochemically active, is transformed to the
CsCl lattice (no first-order Raman spectrum) under 5 kbar pressure
with accompanying loss of the five-line Raman spectrum (22.5, 29, 59.3,
62 and 73.3 ^ cm ^).
modes is c_a. 3.

The average GrUneisen parameter found for these

A 'hydrostatic' cell was used

7

There is considerable specialist interest in use of pressure as another
parameter in study of impurity ions in alkali-metal halide host lattices.
In 1937 it v/as shown that ON
V(CK) frequencies.

in alkali-metal halides exhibits two

Both show blue shifts with pressure with Av'^63 cm ^

for the lower band and _ca. 33 cm ^ for the higher, at 30 kbar
Very detailed studies of ON

in twelve alkali-metal halide host lat

tices have since shown that in the NaCl lattice type the anion is pre
ferentially oriented 'CoOl/', but is (lio} in the CsCl type.

The shifts

were accounted for quantitatively in terms of a simple perturbation
equation

119

.

Further detail was added to the picture in a study of

alkali-metal halides doped with Î.CO , in which the pressure dependence
of 9. ,
n -9 ,
-, bands of the 'iranurity' was investigated,
internal
external
The important points to emerge were the preference for one orientation
of the imourity ions, and the nrominence of combinations in which 9
’
*
external
is a torsional mode
sure on CsBr doped with

.

Of wider interest is the effect of pres
By using pressures of up to 30 kbar

at 100 K, two energy levels of the same symmetry were 'scanned' throu^

28

their region of maximum Fermi resonance.
volved were at 3134 cm
group V^j

-1

The two energy levels in-

(consisting mainly of the strongly resonating

2v^) and 3099 cm"^ (essentially V^+V^)

effect of pressure on SK

The

ions isolated in potassium halide crystals

has been investigated by Raman spectroscopy at pressures up to 40 kbar

122

of
Compression of the rutile phase^TiO^ above 26 kbar at room temperature
yields TiO^ClI).

Its Raman spectrum has been obtained and differs

from that of rutile principally in the low-frequency region.

This

implies that the primary co-ordination is not affected but that longrange order varies;

the changes are consistent with Ti 0 2 (II) having

the (k-PbO^ structure.
with

dv

/, ca. 0.4 cm
dp —

The Raman frequencies of rutile show blue shifts
-1

kbar

-1

, with the exception of the B.. mode near
Ig

145 cm ^ which has negative pressure dependence,

kbar

-1

.

= -0 . 3 - 0 .1 cm ^

A possible explanation depends upon the suggestion that fre

quency lowering is a result of broadening of the potential well con
sequent upon rotating TiO^ groups that lie in planes normal to the
c-axis, thereby shortening the already small separation between nearestneighbour oxygens

123

.

A more recent Raman study on single crystals

of rutile in the range 0 - 4 kbar has confirmed the relatively large
negative dependence of the B., mode near 145 cm ^
Ig
SnO^ has been made under similar conditions;

A study of

all modes showed blue

shifts except for a B^^ mode which had a negative pressure dependence.
The results obtained were used to separate the isobaric temperature
dependence of each frequency into pure volume and pure temperature con
tributions

An i.r. study of the

mode in alkaline-earth fluorides has been made

to pressures of 45 kbar in a DAC.

The pressure dependence of the mode

v/as found to decrease in the order CaF2>SrF 2 >BaF 2 *

GrUneisen para

meters were determined and found to be lower than corresponding values

29

.

obtained for ionic AB-typc molecules
study of these compounds has been made;

A much more accurate Raman

the GrUneisen constants ob

tained for the Raman active modes of the Ca, Ba, and Cd salts were
1.8, 2.0 and 1.4 respectively

127

.

These values are all higher than

the values obtained for the i.r.-active V^^ mode in these compounds

126

and also do not vary in the consistent way found for the i.r. modes.
EaF^ (at 23 kbar) and PbF^ (at 4 kbar) were found to undergo phase
transitions to an «R-PbCl^-like structure.

Raman spectra of these

high pressure forms, at varying temperatures, are given and the pres
sure dependence of their modes calculated;
found for two of the modes

127

.

a negative dependence was

The compounds Mg^Si, Mg^Ge and Mg^Sn,

having the anti-fluorite structure, have also been studied

Solids with simple tetrahedral structures have also attracted much
attention.

Those with the (cubic) zinc blende structure have well

separated LO and TO mode frequencies, owing to the partially ionic na
ture of the materials;

both have been studied under pressure by Raman

technique for ZnS, ZnSe, ZnTe, GaP, and SiC

117

, as have the sole

(triply degenerate) Raman-active optical phonons of diamond (at 1332 A
cm ^)

silicon and germanium

A recent Raman study of a

Gap single-crystal using a gasketed DAC and new techniques
been made to 128 kbar;
gated

129

o

15

’
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has

first and second order spectra were investi-

The i.r. spectrum of zinc blende has been studied in a

DAC and found to have a GrUneisen parameter y~1.80, rather lower than
for alkali-metal halides
+ 2 E2 Raman-active modes:
gated, for ZnO ^^7, ZnS

The unia.xial wurtzite lattice has A^+E^
their pressure dependence has been investi
CdS

GaAs

AlSb

and GaSb

The fundamentals of the cubic crystals all show modest blue shifts,
but for the wurtzite set, one lov/ frequency TA mode showed a decrease
with pressure

Crystals of the series ZnS^
Se and CdS., Se
1-x X
1-x X

.

30

show a two-mode dependence, i.e. there arc mode frequencies close to
those for the two end members (c.f. KCl. Br
1-x X
pendence).

which shows one-mode de-

For the above crystals, both modes showed blue shifts with

increasing pressure, the higher mode being the more sensitive

K-Ouartz, the stable phase at ambient conditions, shows a set of Raman
lines (357, 395, 407, 1073, 1 0 8 8 , 1240, and 1250hcm"^) which are inde
pendent of pressure (up to c_a. 40 kbar), and another group (128, 207,
265, 4 6 4 , 6 9 7 , 795, and 807^cm ^) for which significant blue shifts
(0 . 5 - 1.8 cm ^ kbar ^) are found.
occur in both sets.

Lines of both A and E symmetry

Significantly, the pressure sensitive lines are

also the only ones which are temperature sensitive, the sign being the
same.

These observations have been interpreted in outline in terms

of the atom motions associated with the displacive phase transition
to^-quartz.

They lead to a correct prediction of the pressure de

pendence of the

transition temperature

Under uniaxial com

pression at liquid-helium temperature the 128 cm”^ (E species) line
ofaC-quartz splits.

The factor group symmetry is reduced from

to

by the compression used, thereby removing the degeneracy and accounting
for the observation
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.

Mercuric iodide exists under ambient conditions as a red modification
with a layer structure, but is readily converted either by heat or pres
sure (ca. 13 kbar) to the yellow form which consists basically of linear
Hgl^ molecules.

Two concordant studies by 0° Raman technique, using

a DAC, show disappearance of lines at 119, 29, and l?Acm

of the red

form and growth of lines at 133 and 4 0 &cm ^ due to the yellow phase.
A slight blue shift of the red-phase lines is noted prior to onset of
the transition

An i.r. absorption of HgO at 60 cm ^ is ap

parently insensitive to pressure
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CHAPTER II
TWO NEW DESIGNS OF DIAMOND ANVIL CELL AND THEIR APPLICATION TO
vibrational

spectroscopy

The existence and use of the diamond anvil cell, as a technique for
studying compounds at high pressures, was discussed briefly in Chapter
I,

The earliest reported design of this type of cell was by Weir

ejt aj,

An outline of this cell and a cross-section through the

main body, including the anvils, is shown in Figure 2.1.

The high

pressure region consists essentially of two diamond anvils;

one

held in a stationary holder (R) and the other in a movable holder (S).
Pressure is generated by a screw (T) compressing a spring (U) and
is transmitted to the moving anvil holder (S) via a lever arm (W)
and presser plate (X);

the sample is thus compressed between the

two diamond anvils.

The major disadvantage of this cell type is the pressure gradient
that is present across the interface of the anvils.

However the

cell is compact, easy to load, and its general design remains
attractive for qualitative work in which the principal aim is to
study differences in the pressure sensitivity of vibrational modes
in a given sample.

A new design of diamond anvil cell (the Mark 1), incorporating many
improvements, was developed in collaboration with Beckman - RIIC Ltd.
This design v/as then further developed and modified (to the Mark 2
aesign) by the author.

The design features of both of these cells

will be described in turn.

Mention should be made here of another recent modification of the
diamond anvil cell, known as the Waspaloy cell

shown in Figure 2.2.
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Figure 2.1

Outline and detail of the Weir diamond anvil cell de
sign.

Parts labelled are; R, stationary anvil holder;

S, moving anvil holder: T, screw for applying pressure
to spring U; X, presser plate; W, lever arm,.
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Figure 2.2

Outline (and part cross-section) of the Waspaloy dia
mond anvil cell.
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Pressure is still applied in this design via a screw and spring mecha
nism, however

the central anvil region has been modified considerably,

An increased length of the movable piston helps to maintain alignment
of the anvils under pressure.

One diamond is mounted in a hemi

sphere rather than a flat plate and the former can be tilted in an
arbitrary manner by three symmetrically placed adjusting screws to
obtain parallel anvil faces.

The other diamond is mounted in a

plate which is translatLonally positioned for axial alignment by
similar screw adjustments.

The anvils can be heated by means of a

loose fitting removable heating coil.

The Mark 1 Cell
Figures 2.3 and 2.4 show both an outline of the complete cell and
also a cross-section of the body of the cell containing both anvils,
their holders, and the presser plate (saddle).
cell was made from aluminium alloy;
KE 896 steel.

The body of the

all other parts were made of

The horizontal hole passing through the presser p]ate

(F) and through the main body (B) was to allow for passage of laser
light in an attempted 90° scattering geometry at high pressure.

The most critical consideration in this design of cell is the need
to align the faces of the two anvils parallel and to maintain that
alignment under pressure.

In the design here, each anvil is

mounted in an optically flat recess in a stainless steel holder.
A small steel washer fits round the anvil and both are fixed in
place with Araldite.

The fixed anvil holder (A) is fixed to the

main body of the cell (B) by three 'holding' screws (not shown in
the diagrams),

These screws pass through clearance holes in the

body of the cell .■snd locate into tapped holes in the fixed anvil.
A further three screws in the main body of the cell (one is shown

45

Figure 2.5

Outline of the Mark 1 diamond anvil cell.
belled are:
small plate;

F, presser plate;
K, lever arm.

Parts la

V., locking nut;

J, a
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Figure 2./;-

CrosG-section of the anvil region of the Mark 1 dia
mond anvil cell.

Parts labelled are:

B, main body of cell;
locating pin;
presser plate;
arm.

A, fixed anvil;

C, adjusting screw;

D, radial

E, PTFE-lined hemispherical bearing;
G, moving anvil;

F,

K, end part of lever
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as (C) in Figure 2.L) rest against the rear face of the fixed anvil
holder.

It is these screws that provide the adjustment for aligning

the two anvil faces parallel and as a consequence all pressure put
upon the anvils must finally fall on these screws.

For this reason

the thread must not bo too fine and of too short a length in the main
body;

6BA screws of length tt" were used in this design.

A further

smaller pin (shown as (D) in the Figure) screws into the main body
and then passes through holes in both anvil holders.
radial locating nin;

This is the

its nurpose is to locate the moving anvil against

the fixed anvil in a consistent v;ay and so prevent any possible ro
tation of the moving anvil, under pressure.

After initial align

ment of the anvils (described later) parallelism is maintained under
pressure by:

(a)

ensuring a close fit for the moving anvil holder

in the main body of the cell by accurate machining;

(b)

applying

pressure via a PTFE-lined hemispherical bearing (E) within the pres
ser plate(F) which ensures that the force is always normal to the
diamond faces.

The moving anvil was initially lubricated with

Kilopoise 4904 (Pocol Ltd.) but a thicker lubricant Kilopoise OI 36
was later found to be necessary.

The method of pressure application in this design is via
hydraulic ram.
by Weir e_t aT

a small

This replaces the calibrated screw and spring used

1

and in the V/aspaloy design

2

, and greatly simplifies

the use of the cell with all spectroscopic instruments, especially
with those that must be evacuated.

The ram is held to the body

of the cell by means of a swivel and locking nut (K).

Pressure

is transmitted from the ram to the moving anvil (G) in the following
way.

The piston of the ram pushes a small plate (J) against tv/o

lever arms (K);

these lever arms are connected to the presser plate

(F), which in turn is connected to the moving anvil (G), the latter
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connection is shown in the cross-section of Figure 2.4.

It should

be noted here that the 'moving' anvil does not actually move more
than possibly a micron during pressure application.

The hydraulic

ram system has an air-bleed, consisting of a small grub screw pushing
a ball bearing against a small hole, in the side of the casing of the
ram.

Thin Teflon washers were used to separate the lever arms from

the main body.

The mechanical advantage of the lever arms v;as

2 .968:1 .

Pressure was generated using small hand pumps (Tangye Ltd., Birmingham.),
these were mounted on trolleys to facilitate movement between various
instruments.

Tellus 2? oil was used in the system.

Oil pressure

was measured using a 0-200 psi 'Helicoid' gauge (British Wire
Products, Stourport, V/orcs.).

Thick-walled nylon tubing was used

to connect the pump to the ram system.

Thinner walled tubing could

not be used as it was found to slowly expand under pressure, re
sulting in a gradual fall of oil pressure in the system.

The Mark 2 Cell
The Mark 1 cell design was recently modified to allow work at liquid
nitrogen temperatures to be performed and also to incorporate several
other smaller improvements.

The design was such that the same hy

draulic ram system from the Mark 1 cell could be used, together with
the connections to the small hand pump.

The overall dimensions of

the body of the new cell were also the same as those of the older
(Mark 1) cell;

however the region of the body around the anvil

holders and the anvil holders themselves has been considerably mo
dified.

The mechanical advantage of the lever arms has had to be

reduced to 2.426:1, as a consequence, of the new design of the region
around the anvils.
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Figures 2.5 and 2.6 show an outline of the new design and also a
cross-section of the central region of the cell showing both anvil
holders located in the body and also an outline of the presser plate
in position.

The main difference from the Mark 1 cell is the Paxo-

lin insert (la) which separates the body of the cell (1) from a
steel insert (lb), thereby providing thermal insulation of the cen
tral region of the cell from the main body.

Insulation is completed

by a small insert of Paxolin (5a) (protected by a thin steel plate)
which fits into a recess in the presser plate (5).

The cell has

been used to oil pressures of 140 psi without any indication of
distortion of the Paxolin parts.

The diameter of the anvil holders has been reduced from 0.937 - 0.001"
(in the Mark 1 cell) to 0.875 - 0.001".

The main reason for this

was to allow room for sufficient insulation in the main body.

As

shown in the cross-section in Figure 2.6, the parts of the cell in
this region have been designed such that there is a smoothly tapering
conical hole to and from the diamond anvils.

This was to permit

more efficient passage of radiation to and from the sample between
the anvils (with dramatic improvements, as shown later) and also to
allow for cones (with convex bases) of K3r or other suitable material
to be placed in these holes to act as lenses, if required.

It should

be noted that the conical taper does not extend completely to the
rear of the diamond anvils;

small holes of diameter

V,-." (for the fixed anvil) or
32

lb

and length

(for the moving anvil) connect

the conical taper to the recess in which the diamond anvil rests.
The purpose of having these small holes instead of a complete conical
taper is to provide sufficient metallic support for the diamond anvil.
The small hole in the Mark 2 cell is of slightly larger diameter than
that in the Mark 1 cell.
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Fl -ure 2.5

Outline of the Mark 2 diamond anvil cell design.
labelled are:

Part 1, main body of cell;

Part 2, ann-

ulus of copper for cooling central parts of cell;
Part 5, presser plate.

Parts
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Firure 2.6

Cross-section of the anvil region of the Mark 2 dia
mond anvil coll.
body of cell;

Parts labelled are:

Part 1, main

Part la, Paxolin insert;

tral steel insert;

Part lb, cen

Part 2, copper annulus for cooling

central parts of cell;

Part 3, fixed anvil holder;

Part 4, moving anvil holder;

Part 3, presser plate;

Part 5a, Paxolin insert to presser plate.

55

CO

->— >

1—

nj
CL

JD

ID

CL

LD

c
o

o
c

5

o

Cl

Cl

56

In order that the surface of the conical hole should not be interrupted
by screw heads

a new method of holding and adjusting the fixed anvil (3)

had to be designed.

This was achieved, as shown in Figure 2.6, by

using holding screws which first pass through the fixed anvil and
then locate Into tapped blind holes within the steel insert (lb).
Small conical head screws, which rest in countersunk holes in the
fixed anvil, were used.

Tapped holes through the length of the steel

insert allow the use of Allen head grub screws for providing adjust
ment to the fixed anvil holder.

6 BA screws of length

were used.

A very small radial locating pin, not shown in Figure 2.6, passes
through a tapped hole (8 BA) in the central insert and then through
clearance holes in both anvil holders.

The pin had a small groove

cut into the end of its length to accept a screw driver head.

The

adjusting screws and locating pin do not protrude above the surface
of the cone.

The extension of the steel insert (lb), above the surface of the body
of the cell, is to allow for a copper annulus (2) to be placed around
it, the copper annulus being part of the equipment used to cool the
cell to low temperatures.

On cooling to low temperature the copper

annulus would contract around the steel insert providing good thermal
contact.

Since only steel and diamond separate the copper annulus

from the sample and since both materials are good conductors of heat,
the sample should be very efficiently cooled and should respond sen
sitively to small temperature changes.

The equipment used to cool the copper annulus is shown schematically
in Figure 2.7.
of tubing.

Basically nitrogen gas is pumped around a system

Liquid nitrogen is contained in a large Dewar and into

this is placed a system of steel tubes.

Nitrogen gas is sucked up

the open tube and into the large spiral of tubing above the Dewar.
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Figure 2.7

Equipment used to cool the Mark 2 diamond anvil cell
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At this point the nitrogen gas is at a temperature greater than that of
liquid nitrogen.

The gas then passes back into the liquid nitrogen

reservoir and then re-emerges outside the Dewar, the tubing now being
well insulated.
temperature.

The gas in the tube should now be at liquid nitrogen
The metal tube nov/ passes through a large plate, the

purpose of which is to allow the region containing the high pressure
cell to be evacuated at low temperatures to prevent icing up.

A

small heater on the inside of the plate allows the gas to be circulated
at any required temperature to the high pressure cell.

The tubing on

the inside of the plate is flexible to allow the copper annulus ((2)
in Figure 2.6) to be positioned around the extension of the central
insert (lb) of the DAC.

The metal tubing containing the gas passes

twice around the copper annulus and then out through the plate to the
pump.

Anvils
Both designs of cell use anvils of similar sizes, which can thus be
interchanged between cells, as required.

Anvils of diamond, sapphire

and tungsten carbide have been used in both cells;

however, the use

of these anvils in conjunction with various spectroscopic instruments
is by no means universal.

A complete discussion of the properties,

physical and spectroscopic, of the anvil materials used is given in
Chapter III.

Only a discussion of the more practical aspects invol

ving the anvils will be given here.

Diamond anvils were cut, by the suppliers (L M Van Moppes Ltd., Basing
stoke), to the specifications shown in Figure 2.8.

Anvils of diffe

rent sizes were always used with each other to minimise alignment
problems.

Pairs of diamond anvils, one of side 0.030" (0.0008 so. ins.)

and one of side 0.045" (0.001 sq. ins.) were used.

Accurate measure

ments of the area of the diamonds (allowing for the chamfered edges)
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Figure 2.8

Dimensions and eut oi the two sizes of diamond anvils
used in the cells.
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Vl a s

rnaüo using a microscope and graticule.

An accurate value for

the area of the smaller anvil is essential for calibration purposes.
The sapphire anvils used had circular faces of diameter 0.048" and

0 .054".
As mentioned earlier, anvils were fixed in position with Araldite
adhesive.

Great care must be taken when mounting anvils.

The re

cess in the anvil holder in which the diamond sits must be optically
flat.

If a diamond anvil has been used in an anvil holder for any

length of time, then on removal, an outline of the anvil will be seen,
impressed into the surface of the recess.

All trace of this impres

sion must be removed by grinding and polishing before another anvil
is mounted in the holder.

If the recess is polished along the length

of the groove, and not just in the circular part of the recess, great
care must be taken when mounting a diamond to ensure that it does not
rest on either rim of the groove, where it crosses the circular part
of the recess.

After ensuring that the recess is optically flat, anvils may be
mounted.

The small retaining ring is first placed into the circular

recess and the diamond anvil is placed in the centre of the ring.
Slow-setting Araldite is carefully placed between the anvil and the
ring with a small probe.

Care must be taken not to cover the face

of the anvil with Araldite as this will be impossible to remove (un
set) without disturbing the position of the anvil.
allowed to partially set for a few hours.

The Araldite is

Then the anvil, in its

holder, is assembled in the cell together with the other anvil and
holder that are to be used in conjunction.

The assembled cell is

placed under a microscope and observation of the two anvils, in op
position, reveals whether they are suitably aligned with respect to
each other.

They are suitably aligned only when the edges of the

smaller anvil lie completely within the face of the larger one.

If

an edge of the smaller anvil rests on or near an edge of the larger,
then the anvil being mounted must be slightly adjusted in position.
This is achieved by moving the anvil in the slow-setting Araldite by
gently pushing with a small probe.

When the anvil is finally posi

tioned correctly, it is allowed to remain undisturbed for three days.

Quick-setting Araldite cannot be used as this does not allow sufficient
time for positioning the anvil.

Less viscous, slow-setting Araldite

also cannot be used, as the anvils tend to ride up on it.

Anvils

can be removed from holders by soaking in De-Solv 292 for twelve
hours.

The Araldite disintegrates leaving the anvil and holder

unblemished.

Although diamond anvils have been used, by others, up to remarkable
pressures, (e.g. 300 kbar), it is important to remember that the
life-expectancy (or at least the time before repolishing is nece
ssary) of the anvils is dependent upon the amount of pressure
applied and also upon the frequency with which it is applied.

An

anvil might be used only a very few times to pressures greater than
ca. 100 kbar before fracture occurs or repolishing is necessary,
whereas if a much lower pressure limit is accepted anvils will sur
vive many more experiments.

Much information can be obtained by

restricting use to less than 50 kbar.

The inconvenience of regular

repolishing and the financial problems of anvil breakages very much
outweigh information obtained at very large pressures.

Diamond anvils used for the work in this thesis were rarely taken
to pressures of more than 40 kbar (at the centre of the anvils).
A combination of this, careful mounting and alignment of anvils,
and the use of the new cell designs has resulted in only one diamond
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anvil breakage (S3), during routine work, in over three years of use.
Three other anvils have been broken;

two through inadvertent gross

overpressurising (LO and SO), but the other (S2) for no explicable
reason on being subjected to a very low applied pressure.

Table 2.1 shows the number of cycles and also the time anvils have
been under pressure

for all the diamond anvils used in this work

(until 1st Anril 1975).
for most of the work.

Two 'pairs' (LI, SI and L 2 , S4) were used
LI and SI have had to be repolished twice

in performing the work indicated in Table 2.1.

L2 and S4 have been

in use for over two years and have not had to be repolished.
in particular seems a remarkable anvil;

L2

it is the anvil with most

strain features (see Chapter III).

A large anvil requires repolishing when an indentation of the smaller
anvil begins to appear on its surface.

This indentation is easily

noticed on examination of the anvil under a microscope.

The smaller

anvils require repolishing when their surface becomes chipped in any
way.

Tungsten carbide anvils were restricted to a maximum central pressure
of30kbar.

Under this restriction they can be used for about 30

pressure cycles before repolishing becomes necessary;

however they

should always be checked, under a microscope, for any signs of inden
tation, after every use.

Repolishing of tungsten carbide anvils

was carried out using "Diatipt" (L'M Van Moppes Ltd., Basingstoke)
paste and a cast iron lapping plate.

Since the area of the tungsten

carbide anvils is larger than all the diamond anvils, as long as the
former are continually repolished their total lifetime should be
relatively indefinite.

Table 2.1.
Lumber of occasions anvils have been taken to high pressure and
the total time each has been under nressure.

Anvil —

Number of cycles

Time anvil has

to high pressure

under pressure

LG -

5

30

SO -

5

30

LI

317

2890

SI

584

5010

L2

988

12435

52 -

21

80

S3 -

172

1840

54

480

7830

L3

0

0

55

0

0

L4

27

270

S6

27

270

a

Each anvil is individually coded;

following completes identification,
b

Broken anvils.

L = large, S = small, the
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Settlng-Ur) Procedure
It is very simple to set up this general design of cell, to examine
solids under pressure.

The first and most important step in pre

paring the cell is to make certain that the anvil faces are aligned
parallel to one another.

This procedure must be followed before

every subjection of the cell to pressure.

The parts of the cell

are assembled as shown in Figures 2.3 or 2.3, after the slide-fit
(moving) anvil has been lubricated.

The partly assembled cell (i.e.

no presser plate, etc.,) is then placed under a microscope and the
interface of both anvils is examined by transmitted light.

If the

anvils are almost aligned,fringes will be visible across the faces
of the diamonds.

If fringes are not visible, adjustment of the

screws holding and supporting the anvil must be made until fringes
are observed.

If the anvils are not well aligned and large ad

justments of the screws have to be made, it is the edges of the
anvil faces that should be examined for sign of the fringes;

they

appear first as very narrow lines condensed into a very short distance.
Once locatedjfiner adjustments can be made to bring the fringes
nearer to the centre of the anvil faces.

Due to the slide-fit of

the moving anvil within the main body not being absolutely ideal
(this can never be), it was found that the moving anvil holder could
be moved very slightly in its slide-fit and that this was enough to
cause movement of the fringes.
made in the following way.

The final alignment was therefore

If a force is exerted sideways and

downwards upon a side of the moving anvil holder, the fringes will
be found to move across the face of the anvils.

If this force is

now applied to the opposite side of the anvil holder, then the fringes
will move back across the faces (in the opposite direction).

This

procedure is continued and adjustments made until the fringes move
an equal distance across the faces irrespective of where force is
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exerted upon the anvil holder.

This was considered the most accu

rate way possible to align the diamonds.
of solids

Microscopic observation

v/iiich showed phase changes, confirmed that this align

ment did apply pressure in the best way.

(The matter is further

complicated by a pressure gradient that exists across the anvil faces,
but this is described later).

The alignment of sapphire anvils was undertaken in a similar way
but alignment of one diamond and one tungsten carbide anvil pre
sented greater difficulty.

In this case reflected light had to be

used to observe the fringes and without the use of a microscope with
vertical illuminator, this procedure is very difficult.

However,

it can be achieved by using the normal source from above and shining
light through the diamond onto the tungsten carbide, the reflected
light is then observed for fringes.

Pressure is then put upon the

moving (tungsten carbide) anvil in a similar way to that described
above and adjustments are made until the fringes are correctly po
sitioned, as described previously for the tv/o diamond anvils.

After this initial alignment has been undertaken, the anvils were
found to require only the very slightest adjustment over many cycles
to high pressure, but it is still essential to check alignment before
every cycle to high pressure.

Obviously the whole procedure must

be repeated if the fixed anvil and holder are removed from the cell
for any reason or if a different moving anvil is used with the fixed
one.

When this alignment procedure is completed the moving anvil is re
moved and a small amount of the sample to be studied is placed upon
the face of the fixed anvil by means of microspatulas.
is always ground before use.

The .sample

The moving anvil is then put into
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place, the presser plate located within the lever arras and upon the
raovin.c anvil, and the hydraulic rara system connected.
of about 5 kbar is then apnlied.

A pressure

A fairly thin layer of material

is formed across the face of the anvils while much material is ex
truded and lies around the edges of the anvils.

All of the material

does not extrude from between the faces due to internal friction of
the material and also friction between it and the diamond surfaces.
The pressure is released and the ram and presser plate are removed.
The moving anvil is then carefully taken out of the coll body.

The

extruded material around the edges of the anvils is very carefully
removed with a small brush having only a few short bristles.

The

equipment is then reassembled and a pressure, equal to that of the
maximum pressure to be applied to the sample during the experiment
to be performed, is gradually applied.

After a few minutes the

pressure is slowly released and the sample may then be examined as
before and any further extruded material removed.

The equipment

is reassembled and again a pressure equal to the maximum pressure
to be used in the experiment is applied.
and then applied again.

The pressure is released

The sample is thus cycled to the maximum

pressure to be used at least three times before experiments are
carried out.

Observation of the sample under a microscope during

the last cycle is useful to ensure that there is an even film present
and also to take note of any visible changes of the sample as pres
sure is applied.

The sample is now correctly loaded in the cell

and ready to be studied.

At the end of each experiment the sample

must be removed and the anvil faces examined to ensure that no sam
ple remains.

It is very important that large pressures are not put upon the anvils
unless a sample is present.

A small hard particle between the anvils
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could set up a small area of infinite pressure and cause a small frac
ture of one or both anvils if pressure is applied.

During pressure studies, where observations are made at a series of
applied pressures, an increasing value of applied pressure is always
followed and has always been found to give a regular shift of absorp
tion bands.

The reason for following this procedure and not the

usual procedure reported, where observations are made at decreasing
values of pressure is because, upon release of pressure from the
hand pump, there is no corresponding fall of pressure on the anvil
faces.

Ultimately when the oil pressure has fallen to zero, a quite

large pressure still remains on the anvil faces.

This pressure is

removed by releasing the screw holding the ram to the body.

The

cause of this effect is friction in the 0-rings within the
hydraulic ram.

Pressure Distribution in the Oonosod Anvil Cell
The greatest disadvantage with the general opposed anvil cell design
is that on application of pressure to a sample, a large pressure gra
dient is formed across the face of the anvils resulting in the sample
experiencing a non-hydrostatic pressure.

This pressure distribution

has been studied in detail by Lippincott and Duecker ^ and some of
its consequences have been reported by Towle and Flecker

The

former authors found that the pressure gradient can be described in
terms of the equation:-

(1 )
where P is the pressure at a distance r from the centre of the anvil,
P„,is the pressure ac the centre of the anvil and r^ is the radius of
tne anvil surface.

In order to obtain this equation Lippincott

and Duecker examined samples of nickel dimethylglyoxime (which has
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a band at 19,000 cra~~ of known pressure sensitivity) using a micro
scope spectrophotometer which allowed very small selected areas of
the sample between the anvils to be examined.

With the knowledge

that the pressure sensitivity of the band is -8 0 cm ^/kbar, pressure
contours were constructed for the solid between the anvils.

For

well-aligned anvils and with the sample diluted with an alkali halide
the pressure contours were circular about the centre of the anvil
and described by the above equation.

For an even film of sample between the anvils obeying the above equation,
it can be quite simply shown that between equal pressure contours
there are equal numbers of molecules.

Let us consider some arbi

trary pressure contours on the face of an anvil of unit radius
(r =1) with a central pressure P .
^ o /
^
m

The area between 3P

m

Let the contours be 3P

m
4

,P > P
m
m
2
4
2

and P (the centre of the anvil) is
m

'*J
From (1)

=

(for ro

1 - P

P
TT|r

=

-

4P,m J

L 4
The area between 3P

!

m

IT

3P.

-rr

= 1)

- Tf

m

and P

m

is

"i-pp

_rT=

<

3P.

T
Similarly the areas between P
m

_ i =
are 1T 1 - p
m
2
4P.

2^

and

<

- 3tf

=

4
-

4

and P
m

and also between P

m

and 0

71

i.e. the area between the equal segments of pressure is the same.

More generally, since P

=

P

I1

;-

P^

"

so

dp
—
dr

or

A P

\

2r'— I =
r 2.j
LoJ
=

~ \ ^2 -j

cr

^0

/

where c is a constant

kAA

Thus for a film of even thickness between two opposed anvils, the
number of molecules at any pressure is the same.

This result has

important consequences for the calibration of the cell.

The pressure gradient has one usefulness in optical microscopic studies
of phase changes occurring under pressure;

several phases may coexist

between the anvils, each appearing as an annulus between the pressures
at which it is stable.

Cell Calibration
There are three commonly quoted ^ ways of calibrating the diamond anvil
cell.
1.

These are:-

Measurement of the compression of the spring (for the Weir cell)

by means of a Dillon force gauge.

With a knowledge of the contact

area of the diamonds, it is possible to calculate the force per unit
area, (or pressure).
2.

Calibration with an internal calibrant i.e. wiuh solids which

undergo phase transformations at known pressures.
kbar;

(e.g. KBr, 18

KCl, 20 kbar).

3.

Calibration with ^^(DMG)^ which shows a known change in spectral
g
properties with pressure .
Other related nickel complexes can also
7

be used

and confer some advantages over ^^(DMG)^, but these com

plexes are difficult of access.

Recently nev; methods of calibrating

the cell, when used in conjunction with gaskets, have been developed;
these will be discussed later.
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Calibration of the +vvo diamond anvil cells used for work in this thesis
was achieved as follows.

The main technique for calibration was by

observation of a scries of compounds which undergo phase changes with
increasing pressure.

A selected compound was loaded in the cell and

cycled to high pressures as described earlier.

The cell was then

placed under a microscope and the interface of the anvils examined.
Pressure was very slowly applied until the phase change was observed
to just begin to occur at the centre of the anvil face;
oil pressure was then noted.

the applied

Pressure was released and then slowly

reapplied to obtain another value of the oil pressure at the start of
the phase change.

This process was repeated several times.

The

sample was then removed from the anvil faces and was replaced by another
sample of the same compound.
second sample.

The procedure was then repeated for this

In all at least four samples of each compound used

were examined, giving at least twenty values of applied pressure, cor
responding to the beginning of the phase change, for each compound.

The compounds used and their reported values of phase transition
are:-

silver iodide (2.9 kbar), thallium bromide (6.5 kbar), mercuric

iodide (1 3 kbar), potassium bromide (18 kbar), potassium chloride (20
kbar), and cuprous bromide (47 kbar).

In some cases the phase change

was accompanied by a colour change and so was easy to detect.

In cases

where there was no accompanying colour change, the Becke line was readily
seen and the phase change located.

A graph was plotted, as shown in Figure 2.9, relating known phase tran
sition pressure (kbar) to the applied oil pressures (psi) causing the
phase transition to occur at the centre of the anvil face.

The spread

of values for applied oil pressure are encompassed in the lines shown
for each compound.

It can be seen from the figure that the average

Values of applied oil nressure for each compound cannot be connected

73

Fi-ure 2.9

Graph relating applied oil pressure (p.s.i.) to the
first indication of the given phase changes (kbar)
beginning at the centre of the anvil faces in the
DAG, for the anvil combination L2 and S4.
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by a straight lino, the two dotted lines (....) indicating the extremes
of the correlation.

The reason for the spread of values obtained lies

in the fact that the compounds used are of different compressibilities,
resulting in some compounds extruding easier than others.

Only com

pounds of similar compressibility would be expected to show a regular
cependence of phase transition against applied pressure, and this is
confirmed by the dependencies found for KCl and KBr.

The solid line

in Figure 2.9 is an approximate mean value correlating the information
on the phase changes.

All values obtained for the phase transitions

lie within - 10% of this line.

The dashed line in the Figure is a theoretical plot, assuming no fric
tion, of pressure applied (psi) against pressure developed at the an
vil face (kbar), obtained by a force/area calculation using the area
of the smaller anvil, the oil pressure applied and the mechanical
advantage of the lever arms.

The fact that this line lies within

the limits of the correlation obtained by phase change observations
is purely coincidental.

The position of the line in this region is

an indication of a large amount of friction within the hydraulic ram,
since in the cell of Weir, where pressure is applied by a screw and
spring, the pressure generated at the centre of the anvils was found
to be about twice that calculated as applied from force/area calcu
lations.

As is clear from Figure 2.9, in the cells using hydraulic

rams, the pressure developed at the centre of the anvils is of a si
milar order to that calculated as applied by force/area calculations.

The correlation obtained by force/area calculations affords a quick
way to calculate the pressure at the centre of the anvils, since the
correlation obtained this way (dashed line) lies 5% above the mean
correlation from phase change data (solid line).

In other words,

for any force/area plot obtained for any pair of anvils e.^p sapphire/
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sapphire, diamond/diamond, diamond/tungsten carbide, e t c ., using the
some hydraulic ram, a y' lowering of this plot, will yield a calibra

tion line, accurate to - 10"', for the pressure at the centre of the
anvil.

For all the results in this thesis only one hydraulic ram

was used.

This enabled the above method to be used to calibrate a

diamond/tungsten carbide arrangement, where observation of phase changes
would be very difficult.

The above calibration is for the pressure at the centre of the anvil
face.

It was shown in the previous section that the pressure gradient

across the anvil face is parabolic and that a consequence of this is
that there are equal numbers of molecules between equal pressure con
tours.

Thus the average pressure being suffered by all of the sample

on the face will be only half that of the central pressure.

For in

stance, from Figure 2.9, it can be seen that an applied pressure of
100 psi yields a central pressure of 40 kbar;

however the average

pressure for all of the sample on the face will be only 20 kbar.
These average pressures are the values used for all pressure results
in this thesis.

If the equation of Lippincott is correct and applies

to the diamond anvils of this work then the error in the average pres
sure values used should be less than - 10%.

This calibration is not considered wholly satisfactory in a quantita
tive sense.

The main reason for this is that, following the above

reasoning, pressure sensitive bands should broaden out under pressure
to give one broad band, the centre of which would correspond to the
shift at the average pressure quoted.

Even allowing for material un

pressurised around the edges of the anvil, giving extra absorption at
the unshifted value of the vibration, the band should still be broad.
However, as will be seen in Chapter V, bands were found (e.g. the sharp
lattice and bending modes of rptCl.i^ ) which, under pressure, showed
L

Cj
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a distinct separation of a quite sharp shifted band from an unshifted
band due to unpressurised material.

This cannot be explained easily

from the data available.

There is in the first instance an error of - lOf!^ in the calibration
for the pressure at the centre of the anvil.

This error should not

be,but probably is,increased in obtaining the average pressure.

Thus

in a quantitative sense the pressure cannot be measured more accurately
than - 10% and may be worse;

however, in a qualitative sense pressure

results of a series of compounds of similar compressibility (e.g. the■
-

^PtCl^

2-

series), may be compared with each other with great accuracy.

Use of Gaskets
Metal gaskets enclosing a small amount of material between the two an
vils, in the opposed anvil design, have been widely used for the study
of liquids at high pressures.

The technique for obtaining and using
g
these gaskets has been reported
.
Basically a strip of metal, of

about 0.25 mm thickness, is cut to fit the area between the two anvil
holders and a hole is drilled in the strip at the position of the ra
dial locating pin.

The coll is then assembled with the metal in place

and a small pressure (about 10 kbar) is applied, causing the smaller
anvil to indent the metal.

The metal strip is then removed and a

hole, smaller tl an the area of the smaller anvil face, is accurately
drilled into the centre of the indentation.
be carried out using a binocular microscope.

This operation should
Any burrs around the

hole must be removed to maximise transmission of radiation.

The

gasket is then put in place upon the fixed anvil, material is placed
in the small hole, and the moving anvil is put into position.

The

material within the gasket can then be studied as pressure is applied.

Many metals have been used as gaskets; molybdenum, platinum, aluminium,
copper, silver, gold, incovar and tantalum have all been reported.
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Kickel, titanium and various stainless steel gaskets have been tested
here and also found to bo usable, but zirconium cannot be used at
this metal tends to stain the faces of the anvils during the inden
tation procedure and the metal stains can only be removed with hydro
fluoric acid.

The use of the gasket technique results in the sample experiencing a
pressure that is almost hydrostatic.

However, until recently, there

has been no way in which to measure this pressure with any degree of
accuracy, as an unknown quantity of the applied pressure is always
adsorbed by the gasket material itself.

Recently there have been several advances in the gasket technique.
9
A A:1 methanol/ethanol mixture inside a gasket has been shown

to

apply almost hydrostatic pressure to any solid samples contained within
it (the liquid) for applied pressures of up to 70 kbar.

A means of

determining the pressure within the gasket, when the assembly is Used
for optical fluorescence or laser Raman studies, has also been recently
developed

.

Very small pieces of ruby are placed in the gasket to

gether with the methanol/ethanol solution and the solid to be studied.
The pressure applied can be followed by measuring the shift of the
very intense R lines of ruby at 692.8 (R2)

and 694.2 (Rl) nm, which

have known dependencies of -0.84 - 0.03 and -0.77 - O.O 3 cm”"" kbar"^,
respectively.

Coupling of Cells and Snectrosconi.c Equinment
1.

ES-720 Interferometer

The coupling between either of the cells and the Beckman RIIC ES-720
Fourier spectrometer is quite simple.
first designed and constructed.

A support for the cells was

The support has two holes drilled

through it and these locate with two tapped holes in the base of the
body of the cell.

Two long screws hold the cell in place.

The
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height of the support was designed such that the diamond anvils were
at the centre of the light path bewween the source and detector.

The

support also contained a vertical steel plate that allowed for a light
pipe to be used in conjunction with the cells if required.

In the

case of the Mark 1 cell, a copper light pipe of length 2-^" and dia3
II
meter 1 / , at the wide end was found to be necessary, giving a 57%
lb
improvement in transmission.

However,the Mark 2 cell design used

without a light pipe, was found to give 11% better transmission than
the Mark 1 cell did with the light pipe.

In fact wnen the light pipe

was used with the new cell it resulted in worse transmission!

This

effect is undoubtedly due to the smooth conical ports in the Mark 2
cell, which replace the stepned ports of the older cell.

The sil

vering of the sides of the conical ports should improve transmission
even further.

After the cell has been placed, on its base, inside the sample compart
ment of the instrument, adjustment of its position is made until the
maximum amount of light is being transmitted (a chart recorder connected
to

the instrument simplifies the proceuure).

is

then screwed to the floor of the sample compartment.

The interferometer has to be
to

The cell base support

evacuated during use and so

a method had

be developed for applying pressure to the cell within

theevacuated

sample compartment.

This was done by simply drilling a hole in tne

side of the compartment and putting in a bulk head connector.

A short

length of nylon high pressure tubing inside the compartment connects
the ram to the bulk head connector.

The latter is then connected

externally via more tubing to the hand pump.

The advantage of the

hydraulic ram over the screw device of V/eir is immediately apparent
with the interferometer tie up.

The hydraulic ram enables the pres

sure of the cell to be varied without needing to break the vacuum in
side the instrument.

80

Apart from the need to use the largest source aperture, all other in
strument settings used were the same as for any 'normal' use of the
instrument.

In fact, the cell has produced ambient pressure spectra

of quality equal or better than corresponding "mull" spectra.

The

cell could well be used as a means of examining samples where there
is insufficient to make up a mull.

The cell seems to produce a film

of material across the anvil faces, on pressurising, of optimum thick
ness for infrared studies with the interferometer.

Using appropriate

beam splitters the spectral range 1 0 -8 0 0 cm ^ can be covered with this
equipment.

Ey the use of a base support for the cell of different dimensions the
cell can also be used, as described above, in the FS-620 interferometer,
Apart from work carried out here and published

there is only one

report in the literature of a coupling between the diamond anvil cell
and an interferometer

.

In that report an FS-520 interferometer

was used, in conjunction with a light pipe.

2.

Coderg T800 and PHI Raman Spectrometers

The general techniques,

for using both diamond anvil cell designs in

conjunction with both of the above Raman spectrometers are similar,
the only major difference being the greatly improved sensitivity of
the

t 800

instrument over the PKl.

However, most of the techniques

were originally developed for the latter instrument and were then ap
plied to the former.

A simple support for the high pressure cell was constructed to fit
the sample area of the optical bench of the PKl instrument.

The

support was of a height such that the anvils in the cell were at the
same height as the incident laser beam.
of the cell was possible with the support.

Minor lateral adjustment
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There are several possible scattering geometries that can be used with
the diamond anvil cell and the Raman instruments.
in the literature

The only reports

prior to this work, of Raman spectra

being studied in the diamond anvil cell, employed the 0^ geometry, in
which the laser is fired straight through the cell in the direction
of the entrance slit of the instrument.

The first technique attempted by the author was the 90° scattering
geometry, firing the laser through holes in the lever arm and body
of the Hark 1 cell shown in Figure 2.4.

It was found impossible to

obtain any meaningful spectra using this technique, since the weak
spectra obtained came from extruded material around the edges of
the anvils and when this was removed no spectra were obtained.

It has been stated

17

that the diamond anvil cell is not generally

suitable for lasor-Raman work because the use of the forward scattering
geometry limits one to experiments with transparent non-ionic solids
with no polaritron effect and with high Raman scattering efficiency.

The 0° scattering geometry was the next attempted here.

A small

plane mirror and a small concave mirror enabled the laser beam to be
directed through and focussed at the centre of the diamond anvils.
Using this geometry tolerable spectra of the red to yellow mercuric
iodide phase transition were observed, in agreement with work in the
literature

Somewhat better spectra were obtained using a

gasketed sample of mercuric iodide.

In addition to the limitations

of the 0° geometry mentioned earlier, it was also found that this
technique led to an undesirably high percentage of exciting line
emission entering the spectrometer.

Despite the tolerable results

for Hgl^, meaningful results could not be obtained for other compounds.

In order to overcome these limitations a 180° scattering geometry was
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attempted.

Poor srectra are produced by this technique if the cell

is used with two diamond anvils but the quality is very considerably
improved if one diamond is replaced by a polished tungsten carbide
anvil.

The set-up used is shown schematically in Figure 2.10, the

same plane mirror and small concave mirror used for the 0° experiments
being employed.

For the initial experiments these mirrors were

mounted on Plasticine.

Alignment of these two nresample mirrors, especially the small con
cave mirror, was very difficult in the confined space of the sample
area.

A large rlane mirror was used to view the diamond anvil, while

the laser beam was positioned onto the centre of the anvil by adjust
ment of the small concave mirror.

It is very important that laser

safety goggles be worn in this part of the procedure.

Once the

alignment has been perfected, there is no need to disturb the setting
of the cell, since pressure is applied by the hydraulic ram system.

It seems that the use of one diamond and one tungsten carbide anvil
builds up Raman intensity partly by allowing the laser to traverse
the sample twice, and partly by acting as a mirror to reflect Raman
scattered light towai'ds the instrument.

V.'ith additional careful a-

lignment of the two presample mirrors the reflected laser beam does
not enter the collection optics.

The l80° technique was used to

obtain the results s'.own in Chapter VI.

It should be possible to

obtain equivalent performance using this geometry with the cell
containing both diamond anvils, provided that the rear anvil is backsilvered to act as a mirror.

The T800 instrument has a very much different sample compartment to
that of the PHI.

This entailed the design of another simple base

support plate for the pressure cells.

Recently a more complex base
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Fi mure 2.10

Diagram of the 180° scattering geometry used for high
pressure Raman studies.
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plate has been made here, by others, which allows for fine mechanical
adjustment of the pre-sample mirrors.

Until recently ordinary silvered pre-sample mirrors were used but now
mirrors coated to reflect very efficiently, a short range of wave
lengths are used.

Tv/o sets are available, one for rod (652.8 nrn)

laser excitation, and one for green (514.5 nm) or blue (4-88.0 nm) ex
citation.

The use of these mirrors helps to reduce the loss of pre-

sample laser power.

Much laser power and Raman intensity is lost

however, by reflection off the surfaces of the diamond anvil, due to
the high reflectivity of the latter,

A 0° scattering geometry using sapphire anvils has been used on the
T800 instrument to obtain reasonable spectra, under pressure, of an
ungasketed sample of Y/(CO)^.

Perkin-Elmer 225 Grating Infrared Instrument
The cell of V/eir has found greatest application in the study of i.r.
spectra under pressure using conventional grating instruments.
expensive 6X beam condenser using off-axis ellipsoid mirrors
always been used in conjunction with this arrangement.

l8

An
has

Since the

cell of V/eir is of only 1.1” thickness there is no problem in fitting
the cell within the condensing system.

However since the two cell

designs in this work are of 1.4" and 1.7” thickness, the use of the
off-axis ellipsoid condensor is precluded.

A much simpler beam

condenser has been designed and test.ed by others in this Department.
Its use, in conjunction with both cell designs and the Perkin-Elmer
225 instrument has been found to give excellent results.

Future Developments
Future developments of the diamond anvil cell design will probably
combine design features of cells developed here and also the Waspaloy
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cell.

The use of the hydraulic ram system to apply pressure has many

advantages over the soring and screw mechanism and must therefore re
main in any future design.

The now capability of lateral movement

of the 'fixed' anvil in the V/asualoy cell removes the need for com
plicated alignment procedures when mounting diamonds, as is necessary
in the Mark 1 and Mark 2 cells.

The use of a hemispherical support

and associated adjustment of the V/aspaloy design also has advantages
over the method of supuort and adjustment used in the Mark 1 and
Mark 2 cell designs, chiefly in nermitting the use of higher pressures.
However, if it is not intended to use a cell to very high pressures
(i.e. greater than 40 kbarX in order to lengthen the diamond anvil
lifetimes, then use of the adjusting screws in the Mark 1 and 2 cells
should be quite adequate.

The method of cooling used in the Mark 2 cell design seems superior
to any other method of cooling reported, especially with regard to
the insulation of the central region from the rest of the cell,

Ey

replacing the Paxolin insert with one of Syndanio asbestos, the central
region can be used to elevated temperatures, with efficient insulation
from the rest of the cell.

The Mark 2 cell design has simplified use of these cells with inter
ferometers, since the use of a light pipe is now unnecessary.

It is

likely that the design has reached its ultimate pattern for use in
these instruments, although the use of lenses before and after the
cell may improve transmission even further, thus allowing gasketed
samples to be examined using interferometers.

However, even if trans

mission was sufficiently improved, it would be very difficult to cal
culate the pressure applied to a gasketed sample in the far-i.r.

In the mid-i.r., work by others in this Department

is continuing on

the deslng of simule beam condensers for use with ordinary gracing
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instruments and use of the cells with such instruments will be geared
to the design of suitable beam condensers.

The present siraolified

design (by others, here) already allows routine use of these cells
in the Perkin-Elmer 22$ and Unicam SP-2C0 instruments.

Use of diamond anvil cells with Raman instruments still requires
advancement, since the technique used here is still quite difficult.
However, use of gasketed samples containing ruby pressure sensors,
in conjunction with type Ilb diamond anvils and more powerful lasers
will probably open up the field considerably.

To this end the Mark

2 cell has very recently been further modified with the insertion of
a second radial locating into the central region of the cell.

This

allows gaskets to be much more accurately located between the diamond
anvils, thus simplifying their use considerably.

The ever-imnroving designs of diamond anvil cell and associated tech
niques, some greatly simplifying use of this cell-type, seem to en
sure a healthy future for high pressure vibrational spectroscopy
using diamond anvil cells.

(uh
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CHAPTER III

ANVIL MATERIALS AND THEIR PROPERTIES

The choice of anvil material to be used in the opposed anvil cell is
very important.

The material must be able to withstand very high

pressures, without fracturing or distorting, and must have good trans
mission properties over as wide a range of wavelengths as possible.
Two materials are discussed, diamond and sapphire.

DIAMOND
Diamond is an obvious choice as anvil material;

its extraordinary

hardness has been known for over three thousand years and it has the
unique number of 10 on the well known Mho's scale of scratch hardness.
A more useful and accurate comparison of the hardness of diamond to
the hardness of other materials is given by the Knoop hardness number;
diamond is given the number 7000 and this can be compared with values
such as 200 for CaF^, 1150 for silicon etc.

The remarkable hardness

of diamond can be understood in terms of its crystal structure.

In

the diamond lattice each carbon atom is tetrahedrally surrounded by
four other carbon atoms at a distance of 1.54 A°.

This structure ex

tends throughout the entire crystal, effectively building up one giant
molecule with all bonds identical and very strong.

As a consequence

of this structure natural diamonds are commonly found in the form of
octahedra, (see Figure 5.1).

Diamond, like all other crystals, has some directional hardness pro
perties and it is known that, with respect to its indentation hardness,
the octahedral (111 ) face of diamond is harder than the cubic (100)
face, (see Figure p.I).

However, diamond manufacturers refer more

often to the abrasive resistance of diamond faces and in this respect
the (100) plane is regarded as being harder than the (ill) plane.
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Figure 3.1

Octahedral form of diamond showing a) the octanedral
(111) face and b) the cubic (100) face.

9:)

c>
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For diamonds v/hich are to be used as anvils, it might, from initial
considerations, appear useful to have the (111) face (having the
highest indentation hardness), cut as the anvil face itself.

This

is not possible, however, as the (111) plane is the cleavage plane of
diamond and cannot be polished.

The economics of using diamond an

vils cut to specific orientations is also prohibitive,

.is a typical

example, four anvils, cut in random directions, have been obtained
from a stone that would have yielded only one anvil cut to any specific
orientation.

As a result of tr.ese facts all anvils used for work in

this thesis have been cut in random directions.

Diamond is cubic and hence optically isotropic.

However, examination

of a series of diamond anvils under the polarising microscope showed
that all contained strain features visible as coloured streaks or
patches.

Most anvils showed a fine cross-hatching which varied from

colourless to grey/green when rotated.
anvil is shown in Figure 3.2a.

An example of this type of

Other anvils, however, showed much

more severe strain features and one of these is shown in Figure 3.2b,
The strain features in this stone appear as brightly coloured streaks
and it was possible to focus upon individual sureaks by focussing the
microscope inside the diamond anvil.

The colour of the streaks

varied between green, yellow,brown and purple upon rotation of the
anvil under the polarising microscope.

Rather surprisingly this an

vil has sustained more use than any other of our anvils for high pres
sure studies.

Although it has had to be repolished it has showed no

indication of fracture despite the fact that two other anvils (of the
finer cross-hatched type) have fractured against it.

It is possible

that the best anvils are those with the most strain features.

Since

failure of a diamond under pressure is presumably due to propagation
of a fault throughout the crystal, this will be more difficult if the
fault is terminated by meeting another which crosses its path.
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Figure 3.2

Photomicrographs of diamond anvils under a polarising
microscope, showing a) an anvil with few strain fea
tures and b) one with much more severe strain feature;
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a)

Sf>.

b)

Diamond can contain impurities which slightly modify its properties.
The best understood of those are nitrogen and boron ^ .

A classi

fication of diamonds has been made depending upon the nature and type
of imnurtiy.

Four classes are defined;

type la, Ib, lia and Ilb.

The best methods for distinguishing these classes are spectroscopic
(i.r., U.V.,

fluorescence).

The distinction between type I and type

II diamonds is based upon nitrogen concentration;
centrations less than 10
II,

17

atoms/cm

3

at nitrogen con-

diamonds are classed as type

Most diamonds are of type I and contain up to 10

of nitrogen.

(Pui-e diamond has 1.77 x 10

23

20

atoms/cm

3

3
carbon atoms/cm ).

It

will be shown later 1:0W type I diamonds have a much greater fluores
cence than type II.

Most natural diamonds are of type la;

these

contain nitrogen in tiny platelets (600-1000 A° across) lying in (100)
planes ^ .
absorption.

These diamonds do not exhibit paramagnetic spin resonance
Most artificial diamonds are of type lb.

tain atomically dispersed nitrogen;

These con

no instance of platelet nitrogen

in artificial diamonds has been recorded.

Dispersed nitrogen may be

detected by paramagnetic spin resonance because of the presence of
its unpaired electron.
is less than 10

17

Diamonds, in which the nitrogen concentration

' atoms/cm

3

(i.e. type II) but in which the boron con-

centration is greater than 10

17

have low electrical resistivity
lib.

3
atoms/cm , show a blue colour and
They have been classed as type

Natural t”pe Ila diamonds contain non-paramagnetic nitrogen

in concentrations less than 10

17

3
atoms/cm .

It is interesting to note that diamond manufacturers usually find that
type II diamonds do not usually come in octahedral form (Figure 3.1)
but rather as large and small cleft pieces.

It is possible that the

conditions under which the diamonds were formed into their non-octalicdral shares, also precluded the presence of a large quantity of
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nitrogen, tl.us leading to the formation of type II diamonds.

Although the mechanical properties of the anvils are of prime im
portance in determining

eir usefulness, of equal importance are

their spectroscopic properties.

It would be pointless, for example,

using an anvil that fluoresced under the excitation of laser radiation
or one that had many features in its infra-red or Raman spectrum.
Due to these possible restrictions the spectroscopic properties of
various classes of diamond, particularly for laser Raman studies
were investigated.

Raman
The first order Raman spectrum of diamond, a single sharp line at
1332-^cm ^ , is well known and has been studied in detail

If

this was the only feature in the Raman spectrum of diamond, it should
be an ideal anvil material for use in Raman spectroscopy at high
pressures.

However, after the first few experiments carried out

using a diamond anvil cell in conjunction with an Ar"^ laser, with •
both 4 8 8 .0 and 3 1 4 . 5 nm excitation, it became apparent that fluores
cence, almost certainly originating from the anvils themselves, v;as
obscuring the weak Raman signals of the compounds being studied.

This

was also the case where a diamond was being used in conjunction with
an anvil of tungsten carbide.

This possible very severe restriction

on the use of the diamond anvil cell initiated a study of the fluores
cence, originating

from laser excitation, of a wide variety of dia-

monds of type la, Ila, and lib

7

.

However, before this detailed ex

amination was made, a much briefer examination of a small number of
diamonds was immediately undertaken and published

8.

Some of the

conclusions drawn there about features of the fluorescence are now
known to require extension.
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Fluorescence
A detailed study of the fluorescence of diamond was made by Dyer
ana Matthews

9

who examined type I, Ila, and lib, diamonds at ambient

and liquid nitrogen temperatures using excitation by the 365.0 nm
group of mercury lines.

They found that although types I and Ila

diamonds always gave emission spectra, no type lib diamond gave any
spectra under any conditions.

They found also that the fluorescence

usually contained one or more "systems" of lines with each system
consisting of a principal line accompanied by a temperature-sensitive
banded ancillary structure.

The two main systems found in type I

diamonds had principal lines at 415.0 nm and 503.2 nm.

A weak system

with principal line at 619.5 nm was found at 80 K in three type I
diamonds.

Although Paman stated in 1944 that type Ila diamonds do

not fluoresce, Dyer and Matthews found both main emission systems in
six of the seven Ila stones they examined, although this v;as about
a hundred times weaker than the type I emission.

They also found

that type Ila diamonds show sevei'al unassociated single lines in their
emission spectra, these being particularly clear at 80 K.

This study v/as considered to be insufficient for the purpose of knowing
the fluorescence characteristics of diamond anvils under the conditions
necessary for high pressure Paman spectroscopy, that is using 4 8 8 .0,
5 1 4 .5

or 6 3 2 .8 nm laser radiation as the exciting sources, since the

more powerful laser radiation is a far more efficient source for ex
citing the emission than the mercury Tamp.

A parallel can be drawn

with the improvement of Raman spectroscopy itself with the replace
ment of mercury lamps by lasers.

The possibility also existed that

the different exciting lines might produce different fluorescence charac
teristics.

A short study of some aspects of photoluminescence of type

I and type lib diamonds using laser excitation has been reported by
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Solin

A total of twenty-six uncut diamonds, varying in size from 0,5 to
3 carats were used for the study.

Fourteen stones of type I, Ila

and lib were obtained on loan from Messrs. Van Mopnes Limited, Basing
stoke and their co-operation is greatly appreciated.

A further twelve

uncut type I stones were l-:indly loaned to us by Professor M C R Symons
and Dr. D A C McNeil and their nelp is also appreciated.

All stones were examined using a Coderg PHI Paman spectrometer in con
junction with a He-Ne laser (632.3 nm excitation), and an Ar
(5 1 4 . 5 and 4 8 8 .0 nm excitation).

Except where otherwise stated the

following standard instrument settings were used.
spectral slit width 3
ple:

cm

_1

laser

6 3 2 .8 nm excitation;

, PM HT 1 000 V, 20 mw laser power at sam

5 1 4 .5 and 4 8 8 .0 nm excitation;

spectral slit width 1

cm

,

PM HT 1 000 V, 45 mw laser power at sample.

Selected diamonds were studied at liquid nitrogen temperatures using
a Coderg "Cryocirc" cryostat.
sample block with Araldite.

The diamonds were fixed to the copper
The position of the diamond in the Raman

instrument v/as completely arbitrary with respect to the axes of the
diamond crystal.

However, since the amount of light falling on the

collection optics depended to a slight extent on the diamond orien
tation, each stone was positioned such that the maximum amount of
scattered light fell upon the collecting lens but such that direct
reflections did not.

The results of the study are best described in tv/o sections, the first
dealing with the gross features of the emission and the second dealing
with the fine structure.
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Gross Features of the Emission
Of the tv/o main features observed by Dyer and Matthews, i.e. those
with principal lines at 4 1 5 .0 nm (the N3 system) and 5 0 3 .2 nm (the
K 3 system), only the latter falls within the range of experiments
carried out here.

Since this feature is actually centred (i.e. the

point of maximum emission at 520 nm, this will be the value used to
describe this feature in the rest of this report.
Figure 3.5 shows emission spectra for five type I and one type Ila
diamonds under stimulation by 514.5 nm light.

Using 514.5 or 488.0

nm excitation, the 520 nm system v/as observed in all type I and type
Ila diamonds;

however, its intensity could vary markedly even for

diamonds of the same type (e.g. compare Figure 3 .3 b and 3 .3 d).
5 1 4 .5

nm excitation may also generate another system, at 665 nm.

The

relative intensities of the latter and the 520 nm system can vary
markedly.

When the 665 nm system is the stronger under 514.5 nm ex

citation it also aopcars in the emission stimulated by 4 8 8 .0 nm exci
tation, but its intensity is then reduced by a factor of at least two.
An example is shown in

Figure 3.4.

It is interesting to note that

when the 665 nm system

is not the stronger under 5 1 4 .5 nm excitation

then it does not appear at all under 4 8 8 .0 nm excitation.

One type I diamond (19) fluoresced so strongly that it actually glowed
red when stimulated by green light (5 1 4 .5 nm);

the emission reached

a maximum at ?80 nm and this v/as very much stronger than either the
520 nm or 665 nm emissions from this stone.

fluoresced similarly but less
Figures 3.5a and 3.5a.

strongly.

One more stone (I8 )
Its emission is shown in

Both of these stones (19 and I8 )are known

to have a very high nitrogen content.
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Fi-ure 3.3

Emission from six diamonds stimulated with 514.5 nm
laser light.
is of type Ila.

(a) to (e) are type I stones, and (f)
(a) shows extremely high fluorescence

and is associated with a large nitrogen content.

(b)

and (c) show concurrent emission from both 665 and 520
nm systems, with differing relative intensities.
520 nm system is the only one in (d) and (e).

The
On the

scale of this figure emission from (f) is too low to
be represented, although it is high relative to Paman
signals.

The sharp line at 1532 Acrn ^ appearing through

out these figures is the Paman-active diamond lattice
phonon.
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Fi'-ure

Emission from one type I diamond when stimulated with
(a) $lt.5 nm, (b) 4 8 8 .0 nm laser light, showing diffe
rent relative intensities of the systems at 520 and 665
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In comparison with typical emission from type I stones, fluorescence
of type Ila diamonds, whether stimulated by

or 488.0 nm ex

citation, is weak (see Figure 3 o ^ ‘) tut this is still significant or
very high in comparison with normal Raman signal levels.

The ap

parent lack of fluorescence from the stone used in Figure 3-3f is
due only to the conditions used;

as the sensitivity of the Raman

instrument was increased, the "normal" 320 nm system appeared.

Figure 3*5 shown the behaviour of the same five typo I and one typo
lia stones in Figure 3*3 but now with 632.8 nm excitation.

Under

these conditions, intensity of the fluorescence for type I stones
is usually two to ten times that for type Ila stones.

However,

three type I stones were found with fluorescence levels comparable
with Ila stones.

This behaviour was exceptional;

an example is

shown in Figure 3.3e.

Although 3 1 4 .5 or 4-88,0 nm excitation generates a broad absorption
at about 663 nm, under 632.8 nm excitation this system appears to have
two components.

Asymmetric features with maximum intensity at either

637 nm or 683 nm are always generated by red excitation.

The 637 nm

sub-system is the only one shown by type Ila and lib stones.

It

is also the system shown by the occasional type I stones which have
very low fluorescence levels under 632.8 nm excitation.

In contrast,

type I stones with higher red emission levels show maximum intensity
in the 683 nrn region.

This is most clearly shown by comparing

Figures 3*5c, d, e, and f.
the 683 nm sub-system.

The two former are type I stones showing

The two latter are a type I of low emission

and a type Ila stone, both showing the 637 nm sub-system.

Using

6 3 2 .8 nm excitation, Raman spectroscopy is possible with type Ila

anvils or those of type I with low rod emissions.

There is a cer-

10?

Fi-ure d.i

The six diamonds of Figure 3 . 3 excited with 632.8 nrn
radiation, showing various levels of fluorescence and
occasional presence of other features.
intense fluorescence.
plus 7 1 1 .0 nm feature.
nm feature.

(a) Extremely

(b) and (c) 683 nm sub-system
(d) 683 nm sub-system with 741

(e) 637 nm sub-system shown by a type I

stone of the low-fluorescence type.
system from a typical type II stone.

(f) 637 nrr. sub
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tain amount of fluorescence buu this is not largo compared with
average Raman signal intensities even allowing for the small amount
of substance used between the anvils in the high pressure experiment.
Type Ila anvils are fairly easily obtainable commercially, although
they are much rarer than type I stones.

A type I stone of reportedly

low emission, a "Cape yellow", was also examined but was found to
have fluorescence levels

similar to other type I stones

with all

exciting lines used.

Natural type lib diamonds prove to be the ideal anvils for Raman
spectroscopy.

The two stones tested showed exceedingly weak emis

sion with all exciting lines used.

Under 632.8 nm excitation the

fluorescence level v/as only one quarter that of the least fluores
cent Ila anvil,

A very weak emission v/as present, probably the

657 nm sub-system.

Using 51A.5'or 488.0 nm excitation a very weak

broad emission, centering somewhere about 550 nm v/as present;

the

intensity of this emission v/as such that its maximum v/as less than
half that of the second order Raman spectrum of the diamond!

The

major disadvantage of type lib diamonds is that they are of rare
occurrence even amongst type II diamonds and hence are exceedingly ex
pensive.

Although not examined in this study, artificial type lib

diamonds are reported to show strong’luminescence

16

Several significant changes in the emission patterns, not always in
agreement with those reported by Dyer and Matthews, wore observed
upon cooling the stones to liquid nitrogen temperature.

As far as the gross features are concerned the results are summarised
in Table 3.1.

With 632.8 nm excitation two type I stones examined

showed decreases of the 685 nm sub-system of 50^ (see Figures 3.7c
and 3.7d), and 25%, but two type Ila stones examined showed increases
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TABLE

3.1

Effect of cooling to liquid•nitrogen temperatures (%
change) on the tv/o fluorescence systems found in diamond,
using vari ous exciting lines.

Tyne I
system nm

665

Tyne II
520

exciting line nm.

520

665
,

4 8 8 .0

appears as
shoulder

- 15 %

not seen

+

20 %

5 1 4 .5

- 5%

- 30 %

0%

-

50%

1

I
6 3 2 .8

- 50^< ^
,

+ 30:': T

1

- 25 % ~

+ 100%

i
1
!

* 685 nm sub-system

x 657 nm sub-system

i

Ill

Figure 3.6

Emission from a type lia diamond stimulated with 4 8 8 .0,
5 1 4 .5 , or 6 3 2 .3 nm radiation at both ambient ((a), (c),

(e)) and liquid nitrogen ((b), (d), (f) temperatures.
The same diamond gave the spectra shown in Figure 3.54
(same exciting line but slits wider (2 cm
3.5f.

));

and

The spectral slit widths were 2 cm ^ for (a)

to (d) inclusive and 3 cm ^ for (e) and (f).
powers at the sample were:
nm (55 mV/) ;

4 8 8 .0 nm ( 60 mW);

6 3 2 .8 nm (I 5 mV/) .

^aser
514.5
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Figure '5.7

Emission from a type I diamond stimulated with 3 H * 5
or 6 3 2 .8 nm radiation at both ambient ((a) and (c))
and liquid nitrogen ((b) and (d)) temperatures.
Spectral slit widths were 1 cm ^ for 51^!-.3 nm (30 mV/)
and 3 cm ^ for 632.8 nm (18 mhV) excitation with laser
powers at the sannle as shown in narentheses.
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of the 657 nm sub-system peak intensity of lOOi- (see Figure "j>,Ge and
3.6f) and 30 ^.

Using 314.5 nm excitation a type I stone studied

showed decreases in peak intensity for both the 665 nm system (5^j)
and 320 nm system (30“'').

This is shown in Figures 3.7a and 3.7b.

For a type Ila stone the intensity also decreased (see Figures 3.6c
and 3.6d) but only for that part originating in the 520 nm system.
With a 4 8 8 .0 nm excitation a type I stone showed a decrease of 15/o
in peak intensity but a type Ila stone showed an increase In inten
sity of about 20C". (see Figures 3.6a and 3 ,6 b).

Many of the ambient temperature spectra show emission at energies
greater than those of the exciting lines, indicating that lattice
vibrations are providing some of the energy of the emitted photons.
This v/as confirmed by the results of cooling the diamonds to liquid
nitrogen temperature when the high energy "tails" were either much
reduced in intensity or wholly removed.

Fine Structure
Dyer and Matthews have found that for type I and type Ila diamonds
there is a weak relatively broad fine structure not measurable ac
curately at room temperature upon the 320 nm emission system.
However, on cooling to 8 O K these features sharpened dramatically
and peak intensities were found at 303.2, 3 1 1 .9 , 3 2 0 .8 , 328.7, 536.7
and 5 4 6 ,2 nm.

The same fine structure was observed using laser stimulation
(4 8 8 ,0 and 5 1 4 .5 nm) although even here only the line at 3 0 3 .8 nm
is clearly visible at ambient temperatures.

Similar results to those

of Dyer and Matthews were found on cooling the stones to liquid ni
trogen temperatures, see Figure 3 ,6 a and 3 ,6 b, with lines visible at
5 0 3 .8 , 512,0, 5 2 0 ,8 and 529.1 nrn.

The electronic nature of the fine
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structure is clearly demonstrated by the fact that it occurs at the
same absolute frequency for both 488.0 and 514.3 nm exciting lines.

In addition to these regular lines, several unique lines were found
in many stones;

these are summarised in Table 3.2.

Although some

type I stones show a few very weak lines, nearly all type Ila stones
show much unassociated fine structure.

These lines increase their

intensity substantially on cooling and many more new ones appear.
For example, the tyne Ila stone shown in Figure 3.6c has a line at
337 nm which increases its intensity on cooling.

Figure 3.6d ; this

figure also shows the large amount of finer structure appearing at
liquid nitrogen temperature.

Similar behaviour v/as observed with red excitation upon the 637 and
683 nm sub-systems.

There are several weak features of occasional

occurrence but there are tv/o of particular note, at 711.0 and 741.8 nm.
The line at 711.0 nm has not previously been reported.

It v/as ob

served for ten of the eighteen type I stones examined, but not at all
for type Ila stones.

It

sharpens dramatically on cooling (see Figure

3.7c and 3.7d) and is only present

when the 683 nm sub-system is

dominant, but the converse does not hold.

It was not observed with

green or blue excitation,either at 711.0 nm or
cm ^ (711.0 nm = 1732 A cm
line.

from

\)

0

at a shift of 1732 &

= 632.8 nm) from either exciting

It might be argued that the very intense fluorescence centred

at 320 nm would obscure a relatively weak Raman line.
deed be the case;

This would in

however, one stone v/as found that had both low

emission at 320 nm under green excitation (Figure 3.3b) and a very
strong 7 1 1 .0 nm line under red excitation (Figure 3.5b):

this stone

showed no line at Raman shifts of 1732 A cm ^ with blue or green ex
citation.

It was therefore concluded that this feature was electronic

in origin, only occurred in type I stones, and therefore is only pre-
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Table 3»2
Fine structure lines observed on the rross features of the laser-stimulated
fluorescence of various diamonds

liouid nitrogen temnerature

ambient temnerature

632.8

exciting line/nm

514.5

488.0

632.8

314.5

488.0

fine structure
line/nm

800.0
778.0
757.6
741.8
711.0

674.7
662.1
612.0,
595.9^
589.5

13.5
IIA 1
IIA 1
13.5 t
IIA 1, 3
13.5

13, 5,8,9

13,13,14,15
IIA1,2,3,5,
13,4,5,6
7,11,12,13
16,17
19

IIA 1

16

580.0

IIA 1
13.5.16
IIA 1

576.0

.

15 6.16

536.1

IIA 1

ID
IIA 1
IIA 1
IIA 1
13.5
IIA 1
13.5
IIA 1

498.2^
491.4

IIA 1
IIA 1

a)

I = type I; IIA = type IIA.

In each case a serial number follows.

b)

This lino splits into a doublet at 741.3, 744.6 nm at this temperature.

c)

Only 13,5 and IIA

d)

Also seen by Dyer and Mathews.

e)

A unique diamond, Il8, yielded the following lines at ambient temperature
under 632.8 nm excitation, 787.4, 748.2, 702.8, 671.1, 637.2, 649.4 nm. The
lines at 671.1 and 637.2 nm were also stimulated by 314.5 nm excitation.

1,5 were examined at this temperature.
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sent along with the 685

sub-system.

The 7 4 1 .8 nm line was found in several stones of both types and is
sometimes present in addition to the 711.0 nm line in type I stones.
At liquid nitrogen temperatures it increases intensity very dramatically
and splits into a doublet with components at 741.5 and 744.6 nm, see
Figure 5.6e and 3.6f.
nature of this line.

There is direct evidence for the electronic
Under green excitation at room temperature

there is no indication of any line at 741.8 nm;

however, on cooling

to liquid nitrogen temperatures, a very v/eak but perceptible band
appears at approximately 742 nm.
Figures 3.6d and 3.6f.

This can be seen by comparing

There is no evidence for this band being

vibrational in origin.

One type I stone studiea showed some very unusual features.

It

had a broad general emission between 600 and 850 nm and electronic
fine structure with maxima at 649.4, 657.1, 671.1, 702.8, 748.2 and
7 8 7 .4 nm.
3 .2 .

None of these features coincide with any listed in Table

Figure 3 .8 shows this emission under red excitation.

Under

green excitation the broad general emission can be seen but only the
two strongest lines in the fine structure (at 657.1 and 787.4 nm)
are seen, as weak broad lines.

This again demonstrates the elec

tronic nature of both broad emission and fine structure for this
stone.

It would have been very interesting to study this diamond

at liquid nitrogen temperatures but unfortunately it v/as returned
with a batch of stones before it was decided to extend the study to
low temperatures.

The same stone also yielded a complex and as

yet uninterpretable e.s.r. spectrum which is quite unlike any
other diamond studied in these laboratories.
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Fi nire 5.8

Type I diamond showing the unique fine structure on the
emission stimulated with 632.8 nm radiation.
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Discussion
The occurrence and behaviour of the gross features observed may be
accommodated by postulating various defect centres.

It has been sug

gested by Clark and Norris ^^that: the 520 nm system originates from
a defect of monoclinic symmetry involving the presence of nitrogen.

An emission system centred at about 689 nm with a principal line at
6 3 7 .7 nm has been reported by Clark and Norris

It is possible

that this system could be related to the 665 nm system observed in
the present work.

However, since Clark found the 689 nm system in -

only three of a large selection of diamonds and since the 665 nm one
has been observed in all type la and Ila diamonds examined here, this
comparison seems unlikely.

An emission system centred at 685 nm at room temperature and at
742 nm at liquid nitrogen temperature has been reported by Solin

.

His results were obtained using a type I diamond and 632.8 nm laser
excitation.

It does not seem likely that this is the 689 nm system

of Clark, since the latter does not shift on cooling.

Solin has

explained the change of emission on cooling by claiming a reduction
in intensity of the long wavelength tail of the N3 system (which,
he claims, extends out to I .4 0 ev (8 8 6 nm) coupled with an increase
in intensity of the new luminescence at c_a 740 nm.

Reference to

Table 3*1 shows that this does not explain the low temperature results
of the present work, probably because it is a different system that
is being observed.

There seems no simple explanation for the

emission found above 6 OO nm.

The single line observed at 741.8 nm, which splits into a doublet at
7 4 1 .3 and 7 4 4 .6 nm at liquid nitrogen temperatures, is the well known

GRl line of diamond.

It has been stated that this line is only
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observed in diamonds that have been subjected to radiation damage
In this work the GRl line has been detected in both type la and type
Ila diamonds which have been subjected to no such damage.

The line

has also been observed in an unirradiated type Ilb diamond by Solin
The GRl defect is thought to be the neutral vacancy.

Clark

and

V.'alker have shown that it has zero phonon lines at 1 .6 6 5 and 1.673
ev (741.7 and 741.1 nm) which originate in transitions between E, A
and T levels at a centre of tetrahedral symmetry

14

A luminescence associated with the GRl zero phonon line has been
observed by Clark and Norris

the maximum emission v/as at about

800 nm and its intensity increased,on cooling to liquid nitrogen

temperature;

they observed no polarisation of this luminescence.

This luminescence was not detected in the present work although a
very v/eak emission was observed on the low energy side of the GRl
doublet in figure 3.6f.
imposed upon the tail of

Tnis weak emission appeared to be super
the 665 nm system.

The efficiency of excitation of a particular emission system seems
to be related to the frequency of the stimulation used, in other
words the availability of quanta of the right size plays an impor
tant part in determining the strength of a particular fluorescence
centre.

There are several examples of this:

in Figure 3 .4 ,

(a)

the 665 nm system is excited more efficiently with 514.5 nm excitation
than with 4 8 8 .0 nm excitation, but conversely the 520 nm system is
excited more efficiently

with 4 8 8 .0 nm excitation; the 514.5

excitation is presumably

of too low a frequency for

citation.

(b)

nm

efficientex

The next example

shows that the further away from the exciting frequency a line or
emission is, the weaker it becomes.

This is illustrated by the
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different intensities of the 741.8 nm line shown in Figure 3.6d, and
3.6f.

Using standard instrument settings and red excitation the line

is very intense at 80 K , but, under green excitation it is only dis
cernible very weakly at this temperature.

A more precise measure

ment of the latter was made under more sensitive instrument settings
to confirm that it was the 741.8 nm line.
ample

(c)

A final ex

involves the stone that possessed the unusual fluorescence,

as shown in Figure 3-8.
with 6 3 2 .8 nm excitation;

Its unique fine structure is only intense
more distant lines fail to excite it with

any degree of efficiency.

Concurrently witli the laser-stimulated emission studies, the e.s.r,
spectra of the same set of stones have been studied by McNeil and
Symons

the communication of their results prior to publication

is greatly appreciated.

The two type I diamonds which showed the

most intense fluorescence also showed the most intense e.s.r. sig
nals, due to a defect centre involving nitrogen, but this is different
from the more common type of nitrogen defect and may also involve
oxygen.

Other type I diamonds showed e.s.r. signals corresponding

to nitrogen (only) and to silicon impurities.

Type lib diamonds

gave a single e.s.r. line of undetermined origin, but certainly not
due to nitrogen.

This would support Clark's

suggestion that

the 520 nm system is connected with the presence of nitrogen, as
this system was not observed in the type lib stones.

However, type

Ila stones were found to have e.s.r. signals corresponding to a more
complex defect centre (than type lib) and this probably also not due
to nitrogen.

Since type Ila stones did show the 320 nm system, these

two pieces of evidence seem in conflict as to whether the 320 nm sys
tem is connected with the presence of nitrogen, as suggested by Clark.
It is possible that the e.s.r. experiment has not picked up a very
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weak signal duo to nitrogen and that the much weaker fluorescence of
type Ila diamonds at ca, 520 nm is from a very low nitrogen concen
tration.

This would then fit in with Clark's suggestion.

The

presence of the 711.0 nm line correlates with the presence of an
e.s.r. signal due to defects involving silicon, although here the
fluorescence and e.s.r. intensities do not correlate well.

The com-

oination of these tv/o techniques seems well suited to the study of
defects in diamonds and should continue to prove useful.

Second-order Raman Srectrum
Since the type Tib stones examined in the previous section were to be
cut and used as anvils, it was decided to investigate their secondorder spectra.

No analysis of the spectra was to be made since only

a knowledge of the extent of any possible interference by the secondorder Raman emission was needed.

Figure 3*9 shows the second-order

spectrum of one of the type lib stones, in random orientation, ex
cited by 514.5 nm excitation.

It was confirmed as a Raman spectrum

by also using 483.0 nm excitation.

For the region 2100 - 2 7 0 0 cm ^ ,

the spectrum is similar to that obtained in the z(xx)y spectrum ob
served by Solin and Ramdas

They also noted the weaker feature

at 1820 4k cm ^ , together with another weaker feature at about 2030 A cm ^
but the latter was not observed in the diamond studied for Figure 3*9.
One interesting feature of the spectrum is the sharp cut-off at 26674Scm
This is to be expected for the second-order spectrum as it has been
established by neutro.i spectroscopy that the zone centre optical
phonon corresponding to the 1332 Acra

first-order line is the one

which has the maximum energy in the Brillouin zone.

Although the second-order spectrum is some four hundred and fifty
times weaker than the first-order line, it could still pose a problem
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Fi-’ure 5.Q

The second-order Raman spectrum of a typo lib dia
Instrument settings of the Codcrg T 8 OO spec

mond.

trometer were:
3 cm

;

P.M. H.T.750 V;

spectral slit width

5 1 4 .5 nm excitation, 170 mw at the sample.
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when examining weak Daman signals in the region 2200-2700 A cm
This is yet to be verified but since there are not many vibrations
that occur in this region it is unlikely to be a problem.

The- in

terference would still be very small compared with the fluorescence
levels of type Ila diamonds under similar instrument conditions.

T n frared
The only region of the infrared exploited in this work was 10-400 cm
(i.e. the range usually covered by interferometers).

-1

All diamonds

are known to be transparent in this range and so no background pro
blems were anticipated.
lib diamonds;

This was confirmed for both type Ila and

type I anvils were not investigated.

The absorption properties of diamond anvils in the mid- and near
i.r., was reported by Weir _et _al
of the diamond anviZ cell.

ly

in the first report of the use

The main point of note is that type II

diamonds absorb in the range l800-2600 cm

only, while type I

diamonds absorb in this range and also in the range 900-1400 cm
Thus type I diamonds will be of little use in the infrared.
Ib diamonds are reported

l8

_1

Type

to show a characteristic absorption at

1130 cm ^ and type lib diamonds one at 2800 cm

SAPPHIRE
Although sapphire (a-Al^O^) does not possess the extraordinary hard
ness of diamond, it is nonetheless a hard material,having a Knoop
hardness number of 1570, and can withstand pressures of up to 12 kbar.
This pressure range is much loss than that available with diamond
anvils but, to offset against this, it must be remembered that the
cost of sapphire arr^ils is less than one twentieth that of diamond.
In experiments where the pressure range required is less than 12 kbar,
it would therefore be worth using sapphire as the anvil material.
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Another possible advantage is that sapphire might not have the pro
hibitive level 01 fluorescence that the more common type Ila diamonds
possess in the Raman, when using 314.5 or 4-88.0 nm laser excitation.
For this reason a Raman study was made of a single crystal of arti
ficial sapphire, 39 x 12 x 2 mm, using 6 3 2 .8 , 5 1 4 .5 and 4 8 8 .0 nm
laser excitation.

No infrared studies were made of the sapphire.

Using 6 3 2 .8 nm excitation v/ith the crystal in random orientation a
spectrum v/as obtained as shown in Figure 3.10.

The very strong

emission at about 693 nm proved to be an electronic emission of
sapphire (the R1 and R2 lines) at 694.3 and 692.9 nm.

These very

strong lines have been well utilised 19 as _in situ pressure sensors
for gasketed samples under pressure in the opposed anvil cell.

Figure

3 .1 0 also shows the complex fluorescence found to be associated with

these electronic lines.

The level of fluorescence is much too

high for sapphire to be useful as anvils in conjunction with 632.8 nm
excitation, inaeed, only two of the Raman lines of sanphire itself
show above the fluorescence.

Further study showed that the R1 and

R 2 lines and associated fluorescence had pronounced orientational
de pendenc e .

V/ith both 51 ^1.5 and 4 8 8 .0 nm excitation the normal Raman spectrum of
sapphire, consisting of 7 linos in the region 0-8C0 A.crn ^ was observed.
This is shown in Figure 3 .11.

Polarisation studies were carried

out and the results are shown in Figure 3.12.

The results are in

good agreement with those found by Porto and Krishnan

It is evident from these results that in cutting the sapphire anvils,
the orientation used should be selected in view of the problem to
be studied.

In using the lcO° excitation mode with an opposed

tungsten carbiae anvil, the principal tensor component,excited will
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Fi-'ure 5.10

Fluorescence and Raman emission of a sapphire single
crystal in random orientation.
were:

P.M. H.T. 900 V;

at sample;

Instrument settings

632.8 nm excitation, ca. 30 mw

spectral slit width, a) 3 cm

-1

, b) 0 .2 3 cm

-j
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Raman cpoctrurn oi‘ a cinglo crystal of sapphire- In
random orientation.
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Jirure 3.12

Single crystal polarised spectra of sapphire.
strument settings were:

P.M. H.T. 1000 V;

excitation, jca. 73 nv/ at sample;

3 cm

-1

.

In

488.0 nrn

spectral slit width
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/1750
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380

800
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500
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be (x::) or (zz) according to the cut of crystal selected.

Since

the (zz) spoctrun is simjler it would be advisable to have sapphire
anvils cut with the crystal c-axis parallel to the anvil face, and
ti.at it be mounted with the axis parallel to the plane of polarisation
of the laser beam.

For some purposes it could be desirable to re-

Guce the intensity of the 645 A cm

line in (zz);

this could be

achieved by rotation of the anvil by 45 ^ to spread the intensity
into other tensor components.

In practice, because of scatter from

the sample, emission from the anvil shows all of the stronger lines
of sapphire to some extent.

With 5 1 4 .5 nm excitation the fluorescence system of sapphire, shown
in Figure 3.10, does not begin until shifts of 2000 A cm

are reached

and with 4 8 8 .0 nm excitation the fluorescence is not seen until shifts
of 3 0 0 0 A c m

Thus apart from interference by the Raman lines of

sanphire, this material has very good transmission properties for
use in high pressure Raman spectroscopy with an Ar"*" laser.

Summary
The main aim of this work was to investigate the usefulness of anvil
materials, especially with regard to their transmission properties,
for far-infrared and Raman spectroscopy at high pressures.

The

limits of the transmission properties of the various types of diamonds
and sapphire, together with their 1975 costs, are summarised in Table
3 .3 .

Type lib anvils are the ideal material for use in Raman spec

troscopy but these are expensive and the use of sapphire anvils for
routine work using an Ar"^ laser must not be overlooked.

Type I stones

are of no use for Raman work but type Ila anvils may be used with
6 3 2 .8

nm excitation.

Neither type Ila anvils nor type lib anvils

showed absorptions in the far-infrared.
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Table b p
Summary of usefulness of diamond and sanphire
anvils for far-infrored and Raman snectroscony

1

j
1

t

1

excitation

■
j

Ran^e O- 4 OO
cm~-^ clear

Range 0-400
cm“-^ clear

i

j1
■
I
;
|

s a p p h i r e
....

not investigated

'
[

!
Fluorescence j v/cak fluorestoo strong for |
cence but
any Raman use 1 usable over
j entire range

1

6 3 2 .8 nm laser

Diamond
1

not investigated

Far-I.r.

1

Type Ila
Diamond

Type la
Diamond

I

Very v/eak
fluorescence
but usable
over entire

|
Fluorésj
; cence too
strong for
|
Raman use

;
n

3 1 4 .5 nm laser
1

excitation

II

It

II

11

It

Usable over
entire range

Fluorescence
too strong
for Raman use

j

■

I:

I

'

■
.1

"
11

I

!

■

It

"
II

!

I

Cost
^
per anvil

1
* 1973 prices

1

,

:

II

:

II

1

_ ;

ca. 2350

!

Range ac| cessible 0! 2000 A crn"^
'

ca. 2350

j 3000 cm-1 iI
I! 215
I
;
A

i

!

1.

I
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More work, especially paying attention to polarisation directions
is necessary before full delineation of the defects mentioned in the
fluorescence section is attempted.
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CHAPTER IV

A "HYDROS''A^IC" CELT DEE IC" ED FOR USE. IN HIGH PRESSURE RAMAH SPECTROSCOPY
The main disadvantage of the opposed an^il cell design is the pres
sure gradient that exists across the face of the anvils.
of this gradient v/as discussed in Chapter Tv/o.

The nature

To overcome this pro

blem a coll v/as designed, for use in Raman spectroscouy, in which the
sample would be subjected to as near a hydrostatic pressure as possible,
A general design of cell in which hydrostatic pressure is applied to
samnles is that of Drickamer, in which an alkali halide, usually sodium
chloride, is used as the pressure transmitting medium ^ .
type designed oy Sherman

2

A cell of this

, for use in the infra-red, was used as the

basis for the design of cell reported here.

This design type is par

ticularly attractive for Raman use since sodium chloride has no firstorder spectrum.

Figure 4.1 shows the high pressure cell (shown in detail later) within
the hydraulic intensifier.

The apparatus basically consists of a low

pressure large area hydraulic ram pushing up a high nressure small area
tungsten carbide piston into the sample space, which is filled with the
alkali halide transmitting fluid.

The hydraulic intensifier, designed and made elsewhere to our specifi
cations, was constructed to fit the sample compartment of the Coderg
T800 Raman instrument.

Adjusting screws allow a height variation of

up to 18 mm and holes in the casing allow passage of laser light and
scattered emission to and from the sample, respectively.

The Tufnol

insulation within the large area pistons is to allow the intensifier
to be used with any future cooled-cell design.

Figures 4.2 and 4 .3 show cross-sections of the assembled high pressure
cell;

note that the cell is inverted when inside the intensifier (I’d-
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Figure 4.1

The 'hydrostatic' cell in place in the intensifier
system on the t 800 optical bench.
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Steel EN8

Steel EN21

Steel EN56

High Pressure
Cell
^
Tungsten
Carbide

Tufnol
Cast Iron

Levelling Screw

T800 Optical
Bench

Return
Mechanism

i

14:

Fi^:uro

L.?

Cross-section through the centre of the high pres
sure cell in the plane of pressure eransmittance.
Parts labelled are:

A, Cuide support;

G, Central insert of cell;
E, Base support;

3, Guide;

D, Outer casing of cell;

1 and H, Sapphire supports;

L,

Poles for laser bean;

S, Sapphire;

sapphire if required;

X, Moving tungsten carbiue

piston;

SB, Space for

Y and Z, Stationary tungsten carbide.

Sur

faces marked G are accurately grounu for alignment pur
poses.
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Fleure

CroGG-sGction through the centre of the high pressure
cell across the plane of pressure transmittance.
labelled are:

A, Guide support;

insert of cell;

D, Outer casing of cell;

port;

F and h , Sapphire supports;

beam;

S, Sapphire;

G, Central
E, Ease sup

L, Holes for laser

S R , Space for sapphire if required;

A, Moving tungsten carbide piston;
tungsten carbide.

B, Guide;

Parts

Y and Z, Stationary

Surfaces marked G are accurately ground

for alignment purposes.
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0-070 DiAM.
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cure 4.1).

All steel ports were made of KS 896 steel and were heat

treated to Rockwell hardness 55.

As with the Sherman cell

2

, the

alignment of the various narts was achieved by having relatively slack
threads (standard brass, commercial fit) pull precision ground cylinders
down close fitting bores onto flat surfaces ground accurately perpen
dicular to the bores.

The surfaces which have been ground for those

purposes are shown as (G) in the figures.

Only the top piston (X)

moves and in order to ensure that the diameters of parts (A) and (3)
should be accurately coaxial both diameters of each part are ground
without changing the setting of Lhe part in the grinder.

The entrance ports for the laser beam are shown as (L),the diameter of
these being 0.040" both for the central insert (C ) and the sapphire
support screws (K).

It is unlikely that extrusion of the alkali halide

along these ports in the central insert will occur at pressures of up
to 30 kbar at room temperature.

Drickamer found that 0.028" ports

could retain pO kbar at pOO K without appreciable excrusion of sodium
chloride.

The sodium chloride thus acts as its own window as well as

being the transmitting fluid.

If extrusion is found not to occur then

It will -obviously not bo necessary to use sapphires as supports for
these two holes.

Space has been allowed in the design, however, (shown

as (SB) in the figures) for the use of sapphire support windows should
this prove necessary.

The larger port in the central insert, perpendicular to those above, is
the outlet for the 90° scattered light.

The diameter of this hole is

0.070" and the use of sapphire as a support window is required.

The

sanphire support screw (F) has a tapered conical hole in its centre to
allow the maximum

amount of scattered light, coming from the 0.070" port

of the central insert, to roacn the collection optics of the Raman instru
ment,

No extrusion along the 0.030" diameter bleed ports is anticipated.
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Many other simoler, but nonetheless essential, pieces of equipment must
be designed and made before this typo of coll can be used for high pres
sure studies.

A bench support is essential during the loading proce

dure and various extracting devices are also necessary.

A piston and

guide is needed when packing out the ports of the central insert.

Vori'ou;

attachments arc also needed to allow for the cell and the interior of
the intensifier to be evacuated during the initial packing out of the
cell.

All parts of the cell, together with the sodium chloride, are

stored in dessicator or an oven at 40-pO°C, when not in use.

The procedure to be followed when assembling the coll, packing out with
sodium chloride, and inserting the sample to be studied is now described.
Before commencing with this procedure, the port holes of the central
insert should be thoroughly cleaned with strands of cloth.

This pre

vents the sodium chloride, when packed into the ports, becoming stained
with oxides of iron.

The base support (E) is screwed into the outer casing (D) and the cen
tral insert (C) is then put into place and aligned by rotation and by
adjustment of the base support.

The guide support (A) together with

guide (B) is then screwed into the casing and a tight fitting

dia

meter steel rod is pushed into the central highpressure region.
Blanking screws, with thick 0-rings to seal against the outside of the
outer casing are screwed into each of the side holes (i.e. those holes
that take the sapphire supnort screws (K).

The bleed ports are blocked

off and the diameter of the outer casing is sealed at each end by
small caps with 0-ring seals.

These caps have arms which allow the

area inside the cell to be evacuated.

The assembly is then placed

on a bench support blocx, which has a hemispherical groove of radius
equal to that of the outer casing of the cell.
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Pieces of cleaved sodium chloride are heated to 500°C and are then
.-'laced in

the 0.070" port hole and in

between the central insert and
supnort.
tweezers.

thearea surrounding this hole

the ultimate position of the sapphire

The sodium chloride pieces
A guide, which has a side

areplaced in position with
armto allow evacuation of the

cell and an C-ring seal against the cell body,is then screwed into the
window support thread above the sodium chloride.

A y-" diameter steel

piston is inserted, the cell interior evacuated, and a pressure of
3-4000 lbs is apnliod using a Khr press.

If the cell is to be used

above 40 kbar, a similar procedure must be followed for packing out
the smaller ports.

The piston and guide, the caps and the blanking pieces for the smaller
ports, are then removed.

The edges of the salt pressed into the

sapphire region are then scraped down and a sanphire (S) inserted.
A thin cellulose film is placed upon the sapphire before the sapphire
support screw (F) is screwed into place.

The cellulose film is to

take up any uneveness on the face of the support screw.

The two

screws (K) with 0.070" port holes are inserted to allow easier align
ment of the laser beam;

they would also act as sapphire supports if

the regions (SB) contained sapphires.

The steel rod is removed and the base support tungsten carbide (z),
together with the small piece (Y) are put into ulace.

Sodium chloride,

heated to 500°C is then placed into the high pressure region and the
Lungsten carbide piston (X) put into position.

The assembly is then

placed in the intensifier, as shown in Figure 4.1.

A cap with an

0-ring seal is placed over the top of the intensifier, the holes in
the latter are sealed, and the interior of the intensifier containing
the cell is evacuated.
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Pressure is then anpiied to piston (X) via the intensifier.

This pro

cess is repeated v/ith more pieces of all:ali halide being added to the
higii pressure region until the cell is fully packed and there is good
transmission through it.

The coll is then removed from the intensifier and the high pressure
piston (X) removed.

A hole of diameter O.OSC" is drilled into the

centre of the alkali halide in the high pressure region.

The sample

to be studied is then placed in the hole, the piston (X)replaced, the
assembly put back into the intensifier and a pressure applied to re
sinter

the contents of the high pressure region.

The sample can then

bo studied at high pressures.

It is necessary only to drill or oush out the central

diameter core

of sodium chloride, and then to carry out the loading procedure from
the point of repacking this region with sodium chloride, in order to
study another sample. Only if sodium chloride in the ports becomes
contaminated with samnle material is there any need to carry out the
entire loading procedure.

Unfortunately, mainly due to the unanticipated need of extra equip
ment found necessary and delays in the manufacture of the cell parts,
the performance of this cell has not yet been tested, although it is
noped to do so in the not too far distant future.

of the design will include facilities
temperatures.

Future development

for cooling to liquid nitrogen

A cell of this type for Raman work with 90° excitation

capable oi working in the range of 77-500 K, has recently been described
by Nicol and co-workers ^

but it is probable that the same end can be

achieved more simply using a modification of the cell described above.
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CHAPTER V
FAR-IEEPAEEE SPECTRA OF COMPOUNDS OF THE TYPE A^ MX, A? HIGH PRESSURES
------------------------------------------------ 2
D
There has been very little systematic study devoted to the effects of
high pressure on the vibrational spectra of inorganic complexes.
Compounds of the type A.^MX,, where
Tl, hSt , etc.,) and Tk x ,I^
4
Lb-»

a "^

is a univalent cation (e . . K,

is a hexahalogenometallate anion,form

an ideal series for investigation since their spectra are simple and
well characterized.

They have three well separated (for X = Cl)

i.r.-active T^^ modes in the factor group 0^;
b(M-X);

and

a lattice mode \/^ .

V(H-X);

The separation of the bands from each

other in general allows accuratedetermination of their
pressure.

Conversely,

shifts under

for compounds which have bands close together

or overlapping, accurate determination of their shifts under pressure,
using a BAG, is not easy because of the presence of the pressure gra
dient across the anvil faces.

The only published high-pressure studies on these compounds, prior to
work reported from the results obtained here ^ , is Ferraro's work on
X PtCl, and K PdCl/^.
2
o
2
b

In this Chanter considerably more comnounds

p
are examined than in the latter “ report and the results are, to some
extent, in conflict with Ferraro's conclusions;

as well as being of

higher quality.

Experimental

Far-i.r. high-pressure spectra were obtained using the Mark 1 diamond
anvil cell in conjunction with a Beckman-RIIC FS72.0 interferometer.
A light pipe, of length 2^" and diameter lfl6

at che wide end, was

used in conjunction with the cell but no other instrument modification
was necessary.

Details of the cell design, the link wiuh the inter

ferometer and the loading procedure followed for each sample were
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detailed in Chapter II.

The calibration of the cell v/as also des

cribed in that Chapter.
r-

Compounds were prepared by standard methods.

— 2 —

The iJ^'tCl^

salts

were prepared by mixing quantitative amounts of H^PtCl^ and ACl
(where A = X, Cs, hli^, etc.) in water, but for Tl^PtCl^, TINO_ was
used.

The compounds were washed thoroughly and dried;

light yellow powders.

The other transition metal hexahalides,

K_MX,, were obtained commercially.
2

all were

o

—
2 —
The tSnCl,i
salts were orcL

bj

pared by dissolving SnO^ in c. hCl and then adding a quantitative
amount of ACl (A = K , E b , Cs,
washed and dried as above.
j~PbCl,j^

salts in this way.

etc .) .

The white compounds were

A similar method was used to prepare
|CnEr^j ^

salts were prepared by di

ssolving SnBr^ in c. KBr and then adding a solution of the required
bromide ABr (A = K, Cs, NH^) in water.

The complexes were pale

yellow powders.

Results and Discussion

The data are collected in Tables 5.1 and 5.2;

the results have been

separated into transition-metal complexes and non-transition metal com
plexes.

It should be noted here that the compounds Eb^TeCl, and

Cs^TeClg were also studied;

however, unusual results were found for

them and this initiated a much larger study of similar compounds, where
the central metal possesses a lone pair of electrons and these are all
discussed in Chapter VII.

Although only values of shifted banas at average pressures of 20 kbar
(central pressure 40 kbar) are given in the Tables, in general a series
o f spectra at increasing pressure were obtained and those showed pro
gressive changes.

After each experiment, pressure on the sample was

released and a final spectrum recorded;

in every case the latter was

155

Table 5.3

I.r. fronuenclos/cm ^ at ambient pressure, and pressure-sonsitivitic;
in cm

-1

-1

kbar ~ for some transition metal complex hexahalides.

Y_

A V

^

AP

V,

il V

V

A?

Ù

V

A P

K^PtCl.

345

0.40

187

0.80

88

0.90

Rb^PtCl^

342

0.40

187

1.00

78

1.00

Cs^PtCl^

332

0.35

186

1.10

70

0.90

Tl^PtCl^

335

0.65

?8l

0.50

49

0.60

(NH^i^PtCl^

340

0.50

201

1.70

135

0.85

K^PtBr^

2h4

0.95

K_PtI^
2
O

184

0.05

95

1,00

2

b

357

K^PdCl,

0.60^

82^

0.65

b

K^ReCl^

330

0.50

177

O.3O

86

0.70

K^OsCl^

329

0.65

178

0.60

85

1.00

K^IrCl^

336

0.45

184

0.40

88

0.85

a
“

Probably v, and v. .
4
n

b
-

Not observed.
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Tabl e 5 .2

I.r. frequohcies/crr.
in cm

kbar

at ambicn t pressure, and pres sure-sensitivitie
fo:r some complex hexahalides of d° ions.

Z. V
A_P

V

"5
K^SnCl,
2
D

320

1.00

Rb^SnCl,
2
o

515

CsmSnCl,
2
D

A V

ZLV
A?

i.

172

0.70

81

1.30

0.60

172

0.35

68

1.1 5

308

0.60

171

0.55

67

1.25

(KHp2Sr.Clg

517

0.40

180

1 .0 0

125

0.35

(NEt, ),SnCl,
4 2
b

295

0.65

162

1.60

K^SnBr^^ -

224

0.45

120

1.00 -

78,55

£

Cs.SnBr,
^
b

218

0.65

117

0.65

58

0.85

(NH,)_SnBr,
4 2
b

222

0.50

132

1.60

101

d

Rb^PbCl.
2
b

281

1.00

140

0.65

60

1 .0 5

(KHy^P'oClg

_e

(üEty^CcClg

262

0.70

121

1.00 -

(KEt, ),ZrCl.
4 2
6

3G4

0 .4 0

152

0 .9 0

(NZt, )_HfCl,

274

0.55

145

1.0 0 -

4 2

a

5

_e

zip

_e

76

This compound is tetragonal under ambient conditions.
an extra band in its i.r. spectrum, at 286 cm

0.40

It had

, which did not

shift at elevated pre csures but may have lost intensity.
b

The band splits into several, components at increased pressur-es,
the figure quoted is for the' sensitivity of the band centre at
half-height.
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The lattice mode region showed two main absorptions but
others may be present.

Under pressure the individual peaks

moved irregularly but the overall band position did not
change.
Band loses intensity with increasing pressure without
shifting appreciably.
Very broad envelope, see text.
At an average pressure of 20 kbar this band is considerably
shifted and broadened.
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ident'cal. with the irrltial ambient eressure spectrum of the compound,
within experimental error.

Measurement of band shifts under pressure was not always simple.
For bands which are sharp at ambient pressure and undergo large shifts
there is no ambiguity, as a pressure shifted band moves steadily away
from a residual, ambient pressure.band, due to unpressurised material
lying around the edge of the smaller anvil.

It was found very di

fficult to avoid seeing a residual band although its size could be
minimised by a careful loading procedure.

A typical band showing

the above behaviour is the V, bending mode of Cs.PtCl,, shown in
4
c.
o
Figure 5.1.

For such clearly resolved bands, plots of pressure a-

gainst band frequency were approximately linear.

In the case of

narrow bands which arc not very sensitive or for broad bands which
may or may not be sensitive, the residual band is often not resolved
from the pressure shifted band.

In such cases the band frequency

at half height was measured but this almost certainly leads to an under
estimate of the shift.

All of the compounds examined in this Chapter are cubic with the
exceptions of K,SnBr^ (tetragonal)^ and K_PtI, (nossibly oruhorhombic)^ .
d o
d o *
The pressure results found for all of the compounds shown in Tables

5.1 and 5.2 reveal no major trends, but each series of compounds will
be discussed in turn.

1.

Alkali-metal Salts

a.

fptCl -~j ^

series

The K, R b , and Cs salts of the hexachloroplatinate anion all show very
similar ambient pressure spectra, the only noticeable differences being
the lowering of frequency and half band width of the lattice mode with
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increasing size of cation.

Under pressure V, and V, (for the Cs
4
n

salt) arc sufficiently sensitive to split away from 'residual' peaks;
however

is far less sensitive and docs not split at the pressures

applied.

The possibility that there is a splitting of the triply

degenerate

band under pressure, due to a lowering of symmetry, is

discounted since the size of the residual band varied depending on
the care taken in loading samples.

Figure 5.1 shows the effect of

eressure on the i.r.-active vibrations of Cs_PtCl^.
2
o

The splitting

of a pressure shifted band from a residual band is seen clearly for
both V

4

and V_ in this Firure.
L

A comparison of the pressure-dependencies of the three modes for these
salts shows that

XJ

and V, do not differ greatly but are both conif

siderably larger (by a factor of at least two) than
of

The values

for all three salts lie within experimental error (10^) of each

other, but the sensitivity of

changes in the order C s > R b > K and

since the band positions of V, can be measured accurately under prcssure, this gradual increase must lie outside experimental error.
However, a regular change in the sensitivity of the

mode in alkali

halide salts of other complex anions was not observed.

The pressure dependencies obtained here for K PtCl, are at variance
2
Cl
with those reported by Ferraro

2

.

His reported values of pressure

ceuendence ,dV/dP (cm ^ kbar "), arc; 0,62 (V ), 0.60
5

(v,), and
4

0.76 (Vf),
n

From this result Ferraro drew the general conclusion that lattice modes
are more pressure sensitive than internal modes (v_ or V ).
b
4

Reference

to Table 5.1 shows that the pressure dependencies found here for
K^PtCl^ were;

0.55 (V^), 0 . 8 0 (v^), and 0.90 (v^), showing

of similar sensitivity to

(and not to

as found by Ferraro).

Table 5.1 also s'-owe that in the case of Cs.PtCl, v
2

sensitive than V .

to be

6

4

is more nressurc
-
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Figure 5-1

Far-i.r. suectra or Cs_PtCl< at high pressures;
ambient pressure;

b) 10 kbar;

c) 15 kbar;

The pressures quoted are average pressures.

a)

d) 20 kbar.
There doub

lets arc sho'.vn, th.e lower component is the residual due
to material at ambient pressure.
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Ambient

O
u)
n

Ib kb
m !

c

rü !

20 kb

r\

4 0 0
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V/hen the shifts are expressed as a percentage of the ambient pres
sure frequency, viz. lOfAV/v,
dependence is V,) v, )v_.
-S
4
b

then the invariable order of pressure

The unexpectedly large sensitivity of V
'
•
4

can be understood in terms of a simule model.
c Q u nd s l i k e h„?tCl^ can be d e s c r i b e d as tha t
o
o

one K

The structure of com1 2-

r

o f a |PtCl.
L
6j

i o n wit h

located over each triangular face and along the C^-axes, as

shown in Figure p.2.

Upon compressing the lattice each cation will

try to force the three nearest neighbour chlorines apart;
of course, happen symmetrically on each face.
be to increase the constraint on the

this will,

The net result will

bending mode more rapidly than

on the stretching mode.

The ambient pressure spectrum ofTl^PtCl^ is very similar to those
of the alkali-metal salts discussed above, since it shows three sharp
bands two of which (V
nressure.

and V ) split away from residual bands under

4

L

I-

-, 2 -

Tl^PtCl, does differ from the alkali-metal salts of l?tCl,|
2

b

L

QJ

in that it shows similar pressure dependencies for all three modes.
Compared to K PtCl,, V_ has become more sensitive butV_ and V

2

fo

become less sensitive.

3

h

4

have

TlpPtCl^ is the most likely of the salts studied

in this section to show unusual behaviour or to undergo any possible
phase transition, since the cation, Tl-(I)'*', possesses a lone pair of
electrons which could lead to distortions of the structure.

In this

respect the phase change found for Til, at 4.3 kbar, is noted
Since

lies very close to the cut-off at 40 cm

(using 23G beam

splitter material), its pressure-sensitivity was confirmed by also
studying the compound using a lOOG beam-splitter, which covers the
range 10-100 cm

b.

K.PtBrv and K_PtI,
— 2---- 6------ 2--- fo

Although n.q.r. evidence shows that K^PtEr^ is cubic at ambient tern-

Firure '3.2

The structure of compounds A~?tol^ depicted as octa’
nedra
(anions) and spheres (cations).

3 64

pcrature, similar evidence shows that K^Ptl^ certainly is not, its
structure probably being orthorhor.bic at room temperature

The

pressure dependencies of these compounds wore examined to enable a
comparison to be made with K„PtClg and so determine whether the pres
sure dependence of an internal vibration (such as
to its initial frequency.
5

is simply related

The pressure dependence of the very sharp

mode in K.PtEr, fits in with this possibility being more than twice
2
b

the value found for

in K^PtCl^;

however,

for K^Ptl^ showed al

most no change in position (apart from some slight broadening)
applied average pressures of up to 20 kbar.

for

The very low sensitivity

of this mode could be connected with the distorted structure of X,PtI,.
2
6
Values for

and

of K^Ptl^ are not quoted since the low frequency

region of the i.r. spectrum of this compound showed several we ale bands
of unknown assignment.

Although a value of the shift of

is given

for KgPtBr^, the accuracy of this value is in doubt since the band
observed at 80 cm

c.

at ambient pressure is probably

+ V_.

K-PdCl.

—2

6

This compound is unusual in the sense that the V, bending vibration is
4

not seen under ambient conditions.

At elevated pressures

to show a similar pressure dependence to V in K PtCl. but
xj
2
D
sensitive in the latter than in the title compound.
dv/dp found were;

v_(0.63) and V (1.00).
b
h

the values found by Ferraro;

was found
b

was less

The values of

These can be compared with

V (0.43) and V^(0.69).
b
m

Although both

sets of results differ in an absolute sense, it should be noted that
the ratio of the dependencies dV^/dP : dV /dP is almost similar for
both sets of figures;

1.6 for Ferraro's results and 1.5 for the re

sults obtained here.

d

.

Other Third

Roy/

Transition Metal Complexes

The pressure-dependencies of the bands in the far-i.r. spectra of
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K^RoCl,, K_CsCl, and I' IrCl, wore investigated to test for any 'series'
2
6
2
o
2
b
effect

across

the third row t r a n s i t i o n m e t a l s Re,

Os,

the compounds show the normal thr^e band spectrum;
of the a m b i e n t pr e s s u r e

s p e c t r a is that

from K_PeCl, to K^PtCl,.
2
b
2
b

The

derstood

theory.

from ligand

field

Ir a n d Pt.

All

one noticeable trend

becomes progressively weaker

c h ange in the b a n d i n t e n s i t y

can bo un-

The m e t a l s i n v o l v e d are all in a

formal oxidation state of ('•IV) and so the number of d electrons on the
metals are;
I^MCl^J ^

Po(d^), Os(d^), Ir(d^), and PL(d^).

arc all low-spin and

'T'he complex anions

so going from Re to Pt,

o r b i t a l s arc b e c o m i n g i n c r e a s i n g l y

filled.

the t^^ set of

P o p u l a t i o n of these o r b i t a l s

places charge concentration between the M-X bonds and hence will hinder
the motion of the atoms in the v^ vibration;

it is reasonable that,

as these orbitals become increasingly filled, the V

4

vibration will be-

come progressively weaker.

Reference to Table 5.1 shows that no regular trends for the pressure
dependencies of the modes were found for these compounds.

The only

features of note are that all of the modes in K.OsCl, are more sen2

b

sitive than others in the series, and that for all compounds

is the

most pressure-sensitive vibration.

e.

r

—I 2 —

iSnClrl
L
OJ

series
'

The pressure-dependencies found for the alkali-metal salts of the
hexachlorostannate series are shown in Table 5.2.

All three complexes

are cubic at ambient temperature and show the normal three i.r.-active
vibrations;

for Rb^SnCl, and Cs„SnCl. the lattice vibration
^
O
D

ticularly sharp.

Under pressure

jj

is par-

is the most sensitive mode for all

three salts, shifting from between 23 to 26 cm ^ at average pressures
of 20 kbar.

This rate of shift is greater than that found for the

hexachloroplatinate (IV) salts.

The stretching vibration,

much more sensitive for the 'gnCl 1 ^
L
6]

, is also

salts than for the TptClv''’’ salts,
I

o;

'

particularly for K^SnCl^ where a shift of 20 cn
sure of 20 kbar was found;

at an average pres

this was the largest snift found for

in all of the compounds studied.

was the least pressure sensitive

vibration for all three coir.olexes although when exnressed as a per
centage of the initial frequency the order of pressure-sensitivity is
still V > V > '1 .

L

i\

^

/

Unlike other compounds studied, the lattice mode,

, of these salts

tended to lose intensity, as well as shift, as pressure was applied;
initial intensity was restored on release of nressure.

Spectra of

K^SnCl^ and Cs.SnCl^ at ambient pressure and at an average applied
pressure of 20 kbar are snewn in Figure 5.3.

f.

Rb^PbCl^

2 ------ D

—

This compound has pressure-dependencies very similar to those found
for K^SnCl,.

2

g.

-

6

T

2-

ISnBrvI
series
L
'li
The potassium and caesium salts only were examined at high pressures.
Although the caesium salt has the normal cubic structure, K^SnBr^ is
known to be tetragonal at ambient temperature
sition to a cubic structure at 126.5°C

showing a phase tran
This phase transition

has recently been followed by Raman spectroscopy;

all extra lines

found in the room temperature spectrum disappeared at ca. 140°C ^ ,

The ambient temperature i.r. spectrum of K^SnBr^ is shown in Figure 3.4a,
Apart from a slight shoulder on the high frequency side of
this mode and Ÿ

J

seem quite normal;

^

both

, however, seems quite complex

consisting of at least two vibrations at 78 cm ^ and 33 cm~^ and
possibly many more.

In addition to these vibrations another weak

absorption at 286 cm ^ was uresent.

The effect of pressure on these vibrations in K SnBr, was not simnle
2

6

-

16?

j.i.'-urG 3. 3

Far-i.r. cpcctra of, a) Cs^GnCl^ and b) K^GnCl^, at
ambient pressure and at average pressures of 20 kbar,

_Q
O
Csl

o
-o

O
Q

o

- 8 Ï

o

lO

O
O

<r

o
CSi
O
O
O

I

03

o
03Ul?U!ULiSUPJ_L

1

Far-i.r. soectra o: K„SnBr^ a% high pressures.
2
Ü

The

spectra shov/n are at ambient pressure, 5 kbar, 10 kbar,
Ip kbar, 20 kbar, and at ambient pressure after comple
tion of the experiment.
rage pressures.

The pressures stated are ave

5kbar

I

1
0kbar

1
5kbar

20kbar

0
0
0
1kbar
(
a
f
t
e
r
)

i

L

200

c.vr’

400
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Althou-h

V..

appeared co c/.lil sr/ioothly from 224 to 233 cm ^ at an average

pressure of 20 kbar,

shifted discontinuously and, as shown in Figure

5.4, there appeared

to be several shifted

irregular shift can

be contrasted to the smooth shift found for the

...ode of Cs^Sr.Fr^, shown in Figure 5.5.

components at 20 kbar.

This

The complex lattice mode re

gion of K Snbr. showed no overall change in position of the band half
c
O
heignt up to average pressures of 20 kbar, although the peak positions
of the various components moved about irregularly as pressure was in
creased.

The ex-Ta bano at 286 cm ^ did not change position as pres

sure was increased although it appeared to be losing intensity, at 20
kbar the band began

to disappear into the

Much more work on this

shifting

absorption.

material is needed before an explanation'ofthe

ambient temperature and pressure spectrum and of the effect of increased
pressure on the spectrum is put forward.

I.r. spectra of the compound

at liquid nitrogen and at elevated temperatures are needed to complement
the Raman work rerorted

7

.

At elevated pressures the material must oe

studied under 'hydrostatic' conditions for both its i.r. and Raman
spectra, only in this way will it be possible to determine what is
happening to

, to the extra band at 286 cm ^ , and also to the complex

lattice mode region.

Although, as yet, there is little or no evidence

the possibility that the compound will become cubic at elevated pres
sure, as well as temperatures, cannot be overlooked.
appearance of the extra band at 286 cm

The gradual dis

might indicate that the struc

ture is becoming more symmetrical at higher pressures, although the
picture is complicated by the presence of the pressure gradient across
the anvil faces, resulting in the band not disappearing 'cleanly' at
a transition pressure.

In contrast to

K.SnBr,, Cs.SnBr^ showed the 'cleanest' snectra of
2
b
2
o

all the compounds studied,in this Chapter, at high pressures.

At ambient

Figure

5«P

Far-i.r. spectra of Cs.SnBr^ at high pressures.

The

spectra shown arc at ambient pressure, 5 kbar, 10 kbar,
15 kbar, 20 kbar, and at ambient pressure after comple

tion of the experiment.
rage pressures.

The pressures stated are ave

17 i

0-OOi Koa

5 koar

10 kbar

15 kbar

20 kbar

O'OOl koar

400
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pressure its i.r. s 'cctrun c o n s i s t s of the t h r e e e x p e c t e d modes,
a l l are very sharp.
shirts were

5.2.

2.

The

found

but

elevated pressures very s m o o t h and regular

At

for the v i b r a t i o n s ;

the r e s u l t s

are s h e w n in T a b l e

effect of p r e s s u r e on C s ^ S n h r ^ is si.own in F i g u r e 5.5.

Ammonium Salts

Four a m mo n i u m

sa l t s of the

these were the salts of

type

(h H w e r e

FPtCl/l ^

L

!~SnClJ ^

ÇJ ' u

^

examined
fSnBivI

' L

w h i c h s h o w e d one very b r o a d

) Pb C l ^
n 2
o

u n d e r pressure;
and[pbCl^^

e n v e l o p e of a b s o r p -

Apa r t

from (FT

tior,

probably c o n t a i n i n g all t h r e e i . r . - a c t i v e v i b r a t i o n s ,

th e s e c o m 

p ounds show

the no r m a l three vibrations under a m b i e n t c o n d i t i o n s .

o n e unusua l

feature

V^,

of t h e i r spectra,

is at a m u c h h i g h e r

however,

f r e q u e n c y than w o u l d

The

is t h a t the l a t t i c e

o r d i n a r i l y be

w h i c h may bo a t t r i o u t e d to h y d r o g e n - b o n d i n g b e t w e e n

.

L

mode,

expected

c a t i o n and

the

h a l c g e n a t c m s of the anion.

Under increased pressure

these compounds

not seen in the a l k a l i - m e t a l
pre s s u r e d e p e n d e n c e
Tables

salts;

s h o w one o u t s t a n d i n g

thi s is

the e x c e p t i o n a l l y l a r g e

for the b e n d i n g v i b r a t i o n ,

p.l and p.2 s h o w s

feature,

v^ .

the o b s e r v e d dependencies;

Reference to
for (TsH,) „ P t C l ^ ,
4 2
D

-1
a shift of 34 cm
shift

found

at an a v e r a g e p r e s s u r e

for any m o d e in any of the c o m p o u n d s s t u d i e d in thi s C h a p t e r

T h e effect of p r e s s u r e

on the bending vibration and l a t t i c e m o d e of

(Ifrl, ) „PtCl^ is s h o w n in F i g u r e 3 .6 .
42

in

(FU

of 20 k b a r is the l a r g e s t

o

) SnClf and
4 2
G

(TUI. ) SnBr^ are,
4 2
o

i n all of these c o m p o u n d s ,

the

The

pressure
‘

sim i l a r l y ,

pressure

hexahalides

An

u

e x c e p t i o n a l l y large,

d e p e n d e n c i e s of V, and v

s

o f normal or s m a l l e r t h a n n o r m a l m a g n i t u d e s .
s i t i v i t i e s of

dependencies of V,

3

Exceptionally large

but,

are
sen

were a l s o found in the a m m o n i u m s a l t s of the i n e r t pai r

d i s c u s s e d in C h a n t e r V I I I .

explanation

for the b e h a v i o u r of

u n d e r pressure is b a s e d on

the
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Figure 3.6

Far-i.r
modes

s n e c t r a o f the b o n d i n g

of (IT

4

(V,)

4

and l a t t i c e

).^ptCl, at h i g h p r e s s u r e s .

o

s h o w n are at a m b i e n t

pressure,

3 kbar,

The

(V _ )

-L.

spectra

10 kbar,

15 kbar,

20 kbar, and at a m b i e n t p r e s s u r e a f t e r c o m p l e t i o n of the
experiment.

The

pressures

s t a t e d are a v e r a g e nressures,

ly;

0001 kbar

5 kbar

10 k bar

C
o

15 kbar

if)

LI

20 kbar

0-001 kbar
(after)

300

100
/I 1
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idea

in a pr e v i o u s s e c t i o n to a c c o u n t

pi;t for w a r d

large

pressure

where

d e p e n d e n c e v a l u e s of

is an a l k a l i - m e u a l

the a m m o n i u m
of X a t o m s

L

I\ - H bond)

As

into

the preson+

In

as l o c a t e d

case w h e r e

ove r a t r i a n g u l a r

one of the H a t o m s

on tne C ^ - s x i s

pressure

the t r i a n g l e

alkali-metal

for the s a l t s A^PtCl^,
= NH,^ ,

face

(and n e c e s s a r i l y

the

dJ

located

of X atoms.
insert

halide.

ion can be e n v i s a g e d

( o f : M X . ,^ ) with

found

for the moderately

cation,

and

is a p p l i e d

at

the c e n t r e of the t r i a n g l e

to the compound,

of X a t o m s m u c h m o r e

and

thus put a m u c h

the h a t o m s will

effectively

than,

say,

g r e a t e r c o n s t r a i n t on

an

the

b e n d i n g vi b r a t i o n .

3.

Tetraethylammoniur S a l t s
sa l t s of

Four tetraethylammonium
for M = Z.r, Hf,

Sn and Ce.

in T a b l e

Although

3*2.

c o m p o u n d s under a m b i e n t
tion due

w e r e e x a m i n e d u n d e r pressure

jjtCl^j^

The pressure-denendencies

V_

and V^ wore

readily observed

conditions, there w a s l i t t l e

to a l a t t i c e m o d e

-

for the

e x cent

found

jZrCl^l

L

2-

oj

are sh o w n

for all

four

e v i d e n c e of a b s o r p salt w n i c h

show e d

-1
a b r o a d and

o d d l y s h a p e d b and

at c_a. 7o cm

b a b l y a s s o c i a t e d w i t h d i s o r d e r of c a t i o n
of s t a t e s d i s t r i b u t i o n
significant

exceptional

pressure

A b s e n c e of V

l a t t i c e mode.

s e n s i t i v i t y of the

s a l t s increasing pr e s s u r e

band

not be m e a s u r e d

that

the

s hift

c ould

The only

found for these

dependencies

the case of the H f and Ce

is p r o 

g i v i n g a density

arrangement,

r a t h e r tha n a d i s c r e t e

o b s e r v a t i o n on the p r e s s u r e

s a l t s is the

.

vibrat i o n ;
so b r o a d e n e d

in

the

accurately.

Summary
Although
compounds

observed.

no o v e r a l l

pattern e m e r g e d from the p r e s s u r e s t u d i e s on the

e x a m i n e d in this Chapt e r ,
In all

two

gen e r a l

p o i n t s w ere

c a s e s blue s h i f t s of bands w e r e o b s e r v e d

e x p r e s s e d as a n e r c e n t a g e
o r d e r of p r e s s u r e

one or

of the o r i g i n a l

frequency

sensitivity was a l w a y s V , > V , > V .

n

A

3

(i.e.
The

and,

when

lOOziv/y)

pressure

the

1-/8

dependencies, dv/dP,

of the lattice m o d e s w e r e not a l w a y s g r e a t e r than

the dependencies found for the in t e r n a l modes, in conflict with F e r r a r o ' s
conclusion.

F o r all a m m o n i u m

tio n a l l y p r e s s u r e sensitive.

salts e x a m i n e d

wa s

found to be

excep

.1.73
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Svumet-Y Snecies to Prcssure-sensitivi ty.

Although there is an ever-increasing number of high-pressure studies
upon the i.r. spectra of inorganic solids using the diamond anvil
cell (DAC),
attempted.

uhe equivalent Raman experiments have not yet been
As described in Chapter I, prior to work carried out

here the only Raman oxuerlmonts reported in this area were two ccncordant studies of the red

yellow phase change in Hgl^

1 2
’ , and re

ports on single crystals of bromine and carbon disulphi.de ^ isolated
and contained within gaskets.

In all three .reports a 0°, or straight-

through, geometry was used, although this is not a methoa of general
apclicability.

It was shown in Chapter II that a l80° back-

scattering geometry can be used to give spectra of good quality.
This technique was used to obtain the results described in this Chapter.

One of the principal aims in this field is to attempt to establish
relationships between the observed pressure dependercies of vibrational
moces and their symmetry species, with the eventual aim of using the
pressure technique to establish assignments (to symmetry species) for
compounds which present difficulties in respect of their usual means
of assignment.

As an example, it would not be possible to determine

the symmetry of a mode by the Raman polarisation technique if the
material was insoluble;

however, if there existed a body of reliable

prcssure-symmetry correlations, then a simple pressure study of the
spectrum could well yield the desired information.

Some progress has been made in this direction by Ferraro, Lippincott
and co-workers who have shown that in the i.r. spectra of complexes
such as |_ZnCl (terpyridyl^j

^

and cis- |^PtBr (Me^S)

^ the symmetric

K-I'ol stretching vibration is more pressure sensitive than the anti
symmetric M-ral stretching vibration, although in botn cases the sen
sitive band lost intensity rather than shifted.

This observation

has also been found to apply to symmetric and anti-symmetric H-N
stretching vibrations

No equivalent Raman work has yet been

attempted and no systematic study has been made to seek relations
between symmetry type and pressure-sensitivity.

The materials examined here were the isomorphous cubic compounds of
the series

PtCl^

(A' = K, Rb, Cs, IŒ , or Tl).

The optically-

active modes for the unimolocular coll of factor group 0,^ are:-

v(Pt-Cl)
v(Pt-Cl)
T'2 ^

^(Pt-Cl)

T_
2g

Lattice mode

T]^
*2

T]^
T^^

v(Pt-Cl)
&(Pt-Cl)
Lattice mode

where the g-modes are Raman-active and the u-modes are i.r.-active.

These compounds thus form an ideal series for study, having simple
spectra, the frequencies and assignments of which have been reliably
established for some years, and also having optically-active modes
of various symmetries in the combined i.r. and Raman spectra.

Exnerimental
The compounds used were the same as those used for the i.r. studies
in the previous Chapter, being prepared by mixing solutions of
stoichiometric quantities of H^PtCl^ and the appropriate halide A^Cl.
The yellow powders obtained were washed throughly with water before
being dried.

The procedure used to load the samples into the DAC

was described in Chapter II.

The technique used to obtain the Raman .

18-

spectra, in the l8 0 ^ back-scattcring mode, was also described in t..at
Chapter.

S .ec:ra were recorded using a Coderg ?:'l Raman spectrometer

and a I-o-Nc laser (ÔJ2.3 nm excitation).
snectral slit width 3 cm

Conditions used were:-

, P.M. li.T. 1000 V, _ca. 20 mw laser power

at the sample.

Results and Discussion
The results obtained for the Raman studies are summarised in Table
6.1 and are combined with the equivalent i.r. data for the compounds,
from Chapter V .

Typical spectra observed for these compounds in the

i.r. pressure studieswere shown in Figures 3.1
and (KH^^gPtCl^, resnectively.

and 3.6

for Cs^PtCl^

Typical Raman spectra are shown in

Figure 6.1 for K.PtCl, and Tl PtCl,.
2
c
2
d

The slightly sloping background

upon which the Raman bands lie is due to weak fluorescence of the type
Ila diamond used for the experiments.

Marker 'pips' have been left on

the spectra to aid visual assessment of the shift of the bands;

the

'pips' are at 298 and 3^8 A cm ‘ in the stretching vibration region, and
at l/iSAcm. ^ in the benaing mode region.

The intense line in the

bending mode region is a olasma line (discussed later).

The absence

of unshifted bands due to residual material around the anvil edges in
the Raman spectra, is because the laser beam can be focussed at the
centre of the diamond anvil and thus scattered light from pressurised
material only is observed.

In the i.r. experiments of the previous

Chapter, the incident radiation passed through the entire diamond region,
causing bands to be observed due to extruded material around the edges
of the anvils.

Figures 6.2 and 6.3 show typical plots of band frequencies versus
pressure for the anion internal modes.
obtain the

These plots were used to

v^/A p values given in Table 6.1.

Regular shifts were

generally observed, with the major exception of Tl PtCl^, where a
2
b
change in the slope of the V^ vs. p plot for

and

a"! about

.84

6.1
Vibrational frenuenoiea/cni ~ at ambient pressure, and pressuresensitivities in cm

-1

I
for solids A-,?tCl..

kbar

2

D

Raman
AV
AP

AV

Ay

AP

AkP

K^PtCl,

331

0.83

320

Rb^PtCl^
2
D

343

1.43

/±b

Cs_PtCl.

337

0.8

311

0.3

1.13

316

rs o

1.6

317

1.1

2

6

2

D

(%P4)2PtCl,
Tl^PtClg

347

0.7
1.03

1.2

163

I.r,

AV

AV

A1

3

AP

4

AP

AP

K^PtCl.
2
6

343

0.4

187

0.8

88

0.9

Rb^PtCl^
2
o

342

0.4

187

1.0

78

1.0

Cs^PtCl,
2
o

332

0.33

186

1.1

70

0.9

(NH,)_PtCl^

340

0.3

201

1.7

133

0.83

Tl^PtCl^
2
Ü

333

0.63

181

0.3

49

0,6

4 2

6

183

Figure 6.1

Raman spectra of a) K^PiOl^ and b) Tl^PiCl^ at high pres
sures.

The pressures shown are average pressures using

one diamond anvil and one tungsten carbide anvil in the
1 8 0 ° scattering geometry shown in Figure 2.1C.

The

highest frequency stretching vibration is, in each ca.se,
Vl (A^^) and the lower is

(E^J.

The bending vibration

is only seen at low pressures for Tl^PtCl^.

18C
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A , , A ''
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Pressure dependence of the anion internal rnoce froqucncies/cm * for a) K^PtCl, and b) Tl^PuCl^.
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nay indicate a phase change but it is desirable that this

be coiifirmea by X-ray n.othods.

The change of slope was observed

even in sor.e preliminary exnoriments, not shown on Figure 6.2,
where a larger val ue h.v _./AP value was observed for both modes, as
the material
of

had not been pressure cycled,

A ci.ange in the slope

was not aete^tcd, this is probably due to

the much smaller

sensitivity of the mode, complicated by the presence of a residual
band.

The three Pt-Cl strecching frequencies ail fall within a narrow
frequency interval and so it is realistic to compare their shifts
directly.

For all five compounds the invariable order of pres

sure-sensitivity is V (A
i

i

)> V (E^)> V (T ,),
g

£ - g

A

However, the values

i u

of ( hi V ./AP) vary considerably within the series;
J
the order is Cs<K<hIi^< Rb < Tl ,
followed by

for both V.^ and

The same order is probably

but here the frequency shifts are smaller and the

accuracy of their measurement is lower owing to the problem of
overlap with residuals from unpressurised material.

Although the absolute values of the observed shifts cannot, as yet,
be rationalised, a simple Qualitative explanation holds for the ob
served order of V(Pt-Cl) sensitivities.

Figure 6,1 shows, dia-

granatlcally, the atom displacements for the three stretching vi
brations,

Since V^ is a volume pulsation mode it should be the

most highly pressure sensitive.

In the

mode there is partial

compensation of volume during the vibration but the net effect is
still a volume pulsation, although less than for
motion of the three atoms on the
tirely self-compensated.

,

If only the

- axis is considered,

is en

The order of volume increase during one

cycle of vibration if thus
observed order of pressure shifts.

in accordance with the
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î

Q
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o
V

Al

■g

: ?

Figure 6.4

Approximate forms of the

(V^), E^CV^), and

modes of an octahedral complex.

internal

1

193

The Earnan-acti ve

in-plane bending vibration v;ao seen clearly for

only the Tl"^ salt

due to the presence of a very intense plasma line

in this region o: the spectrum.

For the T1

salt,

v/as found to

be very pressure sensitive, shifting rapidly and becoming obscured
by the plasma lino, as shown in Figure 6.1.
of the

The large sensitivity

bending mode can bo qualitatively understood in a similar

way to that used to explain the large sensitivity of the

i.r.-active

bending vibration in the previous Chanter.

The Tl'*' salt, besides having a possible phase transition, also shows
the most unusual relative pressure dependencies of its optically-active
vibrations;
the

all three stretching vibrations are relatively large but

benaing mode and i.r. active lattice mode both have relatively

low sensitivities.

The absolute accuracy of pressure measurement is - 10% (see- Chapter II)
It is certain that the error in comparison of either the Raman or the
i.r. results only is less than this, although in comparing Raman
results with those of the i.r.

it is possible that the error may

be larger than - 10% due mainly to the uncertain area of sample under
pressure being observed in the Raman cxneriments.

A comparison of the ratio A V^/ A P :A.V„/AP : A V ^ / i1? is snov/n in
Table 6.2, together with Pauling's values of ionic radii and some
more recent experimental values of ionic radii.

A

v ^ / A ? is taken

as unity in each case in order to follow the very accurate comparison
with A v^/A P;

the comparison of these values with

may not

be quite so accurate.

From a comparison of the ratio Av^/A.P :A
that the

P , it can be seen

node is becoming relatively more pressure sensitive

(to V^) as the size of the cation increases (using either set of ionic

194

Table 6.2

Comparison of the ratio AV../AP : A

A

P :

v/ith values of

ionic radii for t/.o cation.
Ionic radius of cation
cm " kbar ^

AV^/A?

A v^ /A P

AV^/AP

K^PtCl^

].21

1.00

0.37

(kr^)2?t01,

1.2Ü

1.00

Pb^ptci^

1.36

1.00

0.38

Tl^ptci^

1.43

1.00

0.39

1.49

Cs^PtCl^

1.6o

1.00

0.7

1.63

'

(Pauling)

(Experimental)

1.49

0.36

1.49

1.63

1.88

IV 3

radii values).

From this observation together with the fact that

the absolute shift of V, (or V„) does not s;.ow a simole linear de_L

A

penaence upon cation size it is deduced that the simple mechanism
used above to account for the observed pressure dependencies

is

nrobably not the sole mechanism in operation;if this was the case
the ratio
of cation.

? : A V ^ / A P would not be expected to vary with change

1
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SOME THEORETICAL ASPECTS 0? THE EFFECT OF PRESSURE ON CRYSTALS

298

CHAPTER VIT

SOME THEORETICAL ASPF'TS OH THE EFFECT C? PRESSURE ON CRYSTALS

Changes in phonon frequencies,60 ,(1^), with pressure and temperature are
due to the sum of a number of complex contributions;

the object of this

Chapter is to give a brief outline of the many factors involve^.

Some

understanding of anharmonicity is first essential.

Anharmonicity

When a bond is distorted by an amount
energy, o

, may be expressed in terms of a Taylor series:
r

5 (c<) =

from equilibrium the potential

O (o )

-

- -,

-

-

+
2 :!

—o

L

dfx.

i

Jo

3 ! ; dcx?

L.

!

o

where the subscripted zero implies that the derivatives be evaluated
wnen cC = 0

(i.e. at equilibrium), ^(o) may be set at zero since v/e

are not concerned with the absolute energy, and ^ (d ) = 0 by definition
If the third and higher terms are neglected, then

where k is a harmonic force constant.
The Schrodinger equation is therefore

V,

E - yk(A ) y

=0

rhich has the solution

E(n)

v/nere

uj

0

/k\?
= .—
\m

=

w (n +
0

y

)

and m is the reauced mass.

(1 )
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Ilcnce £ simple harmonic oscillator will ha/e equally spaced energy
levels described by equation (1).
In practice the simple harmonic approximation does noc adequately
express the known facts and higher terms in
these are the enharmonic terns.

must be included;

The energy levels corresponding to

an enharmonic potential energy curve can be expressed as a power
series in (n •- -y) , i.e.

E(n)

= hco (n + -j)
0

-

GO

(n + ^9^

+ n uj y (n
0 0

-r

where x^ is the cubic anharmonicity constant and y^ is the quartic
anharmonicity constant etc.
Some of the effects of anharmonicity observed are : (i)

Vibrations

of large amplitude will cause dissociation, whereas this is not acc
ounted for on the simple harmonic model, (ii)

The simple harmonic

selection rule allows only fundamentals, but anharmonicity allows
overtones, (ill)
levels.

Anharmonicity alters the spacing of the energy

Group theory illustrates (ii) rather well, o (o',) must be

totally symmetric unocr any operation R of the molecular (point) or
crystal (factor) group since it describes the equilibrium situation,
therefore

o (x) and every term in it must be the basis for the totally
-r

symmetric representation of the group.

The effect of

the mixing of energy levels now becomes clear.
states

in

o (oc)

upon

The mixing of two

1 and m depends upon whether or not the integral <(^ / T* (oi)"'/

transforms as the totally symmetric representation of the group:
*7" /

(x )

does, and so if the whole integral is also to have this pro

perty, then i (1)
symmetry.

r (m) , i.e. 1 and m must be states of the same

In other words the effecc of

2 ((k)'" is to allow appear

ance of overtones, and of combinations of modes of the same symmetry
species.
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The Grunclson Equation
V;hen the volume of a crystal is altered, the elastic energy increases
by.

for a change AV, where

U,

A ll!

=

2KV

K , the compressibility, is defined as
AV

=

- VAPK

The free energy of the crystal, in the high temperature approximation,
is then given by
G

=

k^T )

/rtwXk)\
In I
\
1{_T
\

I

^

(AV)
2KV

and a more complex expression applies at the general temperature,
/"LG \
At equilibrium, [
i

A L

=

.

0

. K k_T%

^

Putting

b" .(k)

and hence

"A .

=

-

( - r r l \

H Q h V

/Q bu^(k) \

V

j

d / In W..(k) /

the volume strain becomes

V

The values

V

pk
J

Ô ..(k)
)

bi\.(k) are known as the Gruneisen parameters,

201

Konco the coefficient of volume expansion

' ''

dT

^

'

V /

V

V

>

k

C„Ck) r,(k)
.

'J

where G.(k) is the concribution of a mode to the specific heat.
J

If the volume dependence of all frequencies j is the same, wo
write

%^(k) = X and hence obtain the Gruneisen relation.

/C

= K % c

where C is the specific heat of unit volume.
Some authors tend to use

= p , % = H , and

_Y

- C ,, giving tne

V
equation for the Gruneisen relation as,

Various useful relations emerge from the definition of the Gruneisen
parameters and of the Gruneisen equation
If 60^(k)

1

were purely a function of volume, one may write

V

u.(k)'

kjfk)

I

3 T
^ W j(k ) ’

and

V

^ .(k)

A h '

I

/t
3w,(k)^

K

hh)

y

3?

2U2

The pressure and temperature dependencies of lh(k) are, in principle,
accessible experimentally but the above equations make clear the need
for knowledge of comrresslbilitii's (K) and coefficients of thermal expan
sion v/') if individual mode GrU^eiscn parameters, X^(k)> are to be ob
tained.

This illustrates the need for ancilliary effort in high pres

sure research, towards X-ray methcas etc., capable of obtaining K and
values.

%_.(o) values have been calculated on the basis of tne Born and Huang
theory of long wavelength optical modes in ionic crystals and appears
to give results in tolerable agreement witli experimental values for
materials with lattices such as rock salt and fluorite.

However, an alternative approach has been used oy Cochran
for highly covalent lattices such as diamond, Ge, and Si.

2

ana others
A harmonic

potential function b (c»:) of simple form is taken and w. (^) is calculated
for a particular separation (i.e. volume).
separations and thus although

This is repeated for other

docs not appear in the harmonic model,

it can be calculated as if it does.

Unfortunately, the materials studied in this thesis do not belong to
either of the above types (:' .e . simple ionic or simple highly covalent

lattices) anti also there are no values of \{ available for them.

Hence

we are reduced to using qualitative descriptions of pressure sensitivities,
similar to those used in Chapter VI.

Phonon Frequency Shifts Due to External Stresses
On a harmonic model ÛJ^(k ) has no volume dependence but anharmonicity causes
a volume dependence which, analytically, is of complex appearance.
Karadudin

has shown that considering only cubic anharmonicity {o'") and

simplifying to the special case of a monatomic face-centred-cubic lattice

v.'Lth C F 7 p a i r p o t e n t i a l s
pressure,

P,

the shift

induced

by a p p l i c a t i o n of a h y d r o s t a t i c

is

[

where

It

r

o

is

fol l o w s

the i n t e r a t o m i c

from (2)

that

distance

the

p o s i t i v e if

y

ii)

proportional

to the a p p l i e d

i'll)

greater,

heletion
At

in n a t u r e

are

aga i n s t

s h i f t is:
^

force
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constant
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temperature induced

temperature affects

the i m p o r t a n c e

if band shifts

plotted

term,

pressure,

the a b o v e o u t l i n e s

rise in
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of this,

) the h a r m o n i c
0

is.

Induced Shifts

However,

because

1
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shifts.

(r
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Firu-e 7.1

Comparison of the pressure dependence and the tempera
ture uepenaencc of the optically-active TO mode of Li F
(from reference 4).

CN
O
X

TemDerature
D0 nici Jn

Pressur?
Domain

tT" o

313

Anharrp.onic
Shift

LC3,_(^)

•o

X

10
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(the

slope of the line in t’
r.e p r e s s u r e

er err v shif t s

frcrr. the p u r e l y v o l u n e

dorr.ain)

and

s h i f t s of

also

to s e p a r a t e

sell

f r e q u e n c i e s at i n c r e a s e d

temper a t u r e s .

It

sho u l d bo no t e d that a l t h o u g h

the p h e n o m e n o n of t h e r m a l

s e l f o c c u r s as a result of a n h a r m o n i c i t y ,
frequencies

5

volume
lattice

.

through

the h a r m o n i c

force cons t a n t ,

Th.is is r e a d i l y seen as

with one atom in the unit

Ç;(r) w h i c h

it a f f e c t s

2
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:

expansion it 
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may change
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potential

f r e q u e n c i e s are
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1
,/2 p " ( r

=

I

V
where

n

I

\.(k)

-

r^ i s the d i s t a n c e b e t w e e n n e a r e s t

e q u a t i o n into the d e f i n i t i o n
we

)\ï

neighbours.

op
^

=
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X
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-
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FAP-I.P. SPECTRA OF INERT PAIR KEXAHALOGHRO COMPLEXES AT HIGH PRESSURE

20V

VIT:

SP'^GTRA 0 ^ yypRT p ; : R

RSXAHALOGEPO COMPLEXES A? HIGH PRESSURE

In the general study of the effects of high pressure on tne far-i.r,
spectra of a wide range of hexahalogeno complexes discussed in Chapter
V and reported ", the comnounds Rb^TeCl^ and Cs^TeCl^ were also studied
2
b
2
d
and, when compared to salts of ‘P tCl^^
show unusual effects.

and iSnCl.j'"

were found to

Specifically, V,(T_ ,o(TeC])) is absent from
4 zU

room pressure spectra but arrears, and suffers a substantial blue
shift, with increase of pressure;

this exceptional behaviour was

attributed to the presence of an inert pair on tellurium

In this

Chapter a much wider range of inert pair hexahalogeno complexes, of
the type j^SoX^J ^

and jTeX^j^ , are investigated and the occurrence

and origin of the unusual effects is discussed.

Structures of the Complexes Used
Not all of the complexes studied have cubic structures.

The main

reason for the onpoarance of lower symmetry variants, either at ambient
or at lower temperatures, seems to be thesize of the
to that of the complex anion. Thus,

Rb'

cation relative

and Cs^ salts are apparently
2 5

always cubic at all temperatures for which X-ray data are available

.

N .G .r . evidence sunrorts this view for CsiTeX^, (X = 3r, I), showing
d
o
4
2
+
only a single resonance .
Brown has shown
that for K salts more
efficient packing than in a cubic lattice is achieved if there is a
slight re-nrientation of thelTeCl^j

L

sequently K

2

ToCl . is monoclinic.
J

q1

and

L

So also

TeEr,;“

octahedra.

qJ

Con-

is K_TeBry, see Figure 8.1,
2
o

and its n.q.r. spectrum accordingly shows a triplet
triclinic ^ and also exhibits an n.o.r. triplet

L

;

X^Tel^ is just

(NH )^TeEr^ is cubic
4 c:
o

at room temperature but changes to lower symmetry below 221 K; ■ the
n.q.r. spectrum shows a triolet below this temnerature and a singlet
above it

Similarly, n.q.r. evidence^ shows that (NH^Ï^SeCl,,

210

(2.)
a

0

:Z X Î< N

b)

Figure 8.1

The arrangement of cations (open circles) and
anions (octahedra) in a) K^PtCl^ and b) K^TeBr^,
as viewed down the c-axis.

(From Reference 2.)

2lx

Cs^Serr,. . and
^
u'

b

are cubic down to liquid nitrogen temperature

but :•' SoHr, changes from cubic to lower symmetry below 240 K.
2
c
Far-i.^

.?rec f>ue at Am b i e r t F ''•es su r e

These structural differences arc reflected in the room temperature
far-i.r. suectra, particularly in the lattice mode region.

Factor

group analysis of the bimoleculor P2^y^ cell of K^T&Br^ shows that none
of the rotatory modes are i.r.-active but that 5A
modes (all i.r.-active) are ernocted.

+ 45

translatory

In addition, as shown by the

following correlation scheme, V, (inactive in a cubic lattice) is now
allowed.
X 2
Ç. (site) — :— >

0.
V
5

T

V,

4

Tcu

^

V.
b

-p
2U

i
!

(factor group)

1
j
1
(

lu

Far-i.r. spectra of K^TeRr^ show two broad regions of absorption below
120 cm

at room temperature from which the components listed in Table

8.1 are more clearly resolved by 120 K, in accord with the n.q.r. evi
dence which shows that no chase change occurs in this range.

An un

ambiguous assignment of these bands is impossible (single-crystal spec
tra would not help as the symmetry is too low) but it is noted that the
complexity far exceeds what is found for cubic compounds.

Comparison

with earlier work ° , which included calculations of V, using a Ureyb
Bradley force fiele

shows (a)

associated mainly with

that the 52 cm

, and (b )

that

band is most probably

cannot be as high as 100 cm

Hence the prominent and highly temperature- and pressure-sensitive bands
ca. ICO cm
of thorn.

-1

are due to V, or to lattice modes, or to some admixture
4

The correlation shows that

shoula become a triplet;

the

spectra show evidence of structure in this region but none is clearly

212

Tnclo

Frequencies

wavcnurnbors/cm

pair hexahaliaes,

8.1

of the i.r.-active modes of some inert

, at room temperature and at c_a. lOOIv.

A
K^TeBr,
2
D

CanTeBr,
2
o

2

o

Rb Be3r^
2
o

4 2

6

500K

199

10 5^

76, 55-

10 On

205

115-

7 8 , 55

pOGn

200

54

lOOX

205

56

50 OK

251

82

lOOK

254

58 , 86 , 112

50 OK

251

104

64

lOOK

255

106

66

500K

225

152

97

lOOK

251

150

97

£

Possibly may be a lattice mode of the distorted structure - see text,

b

Band also loses intensity.

c_ Further bands may be present.

21:

resolved even st 120 Î'.

K^SeEr^ is reported to be cubic at room temperature ^ and in accord
shows a single lattice mode although this is unusually broad.

By

120 K several components can bo resolved from it, (see Table 8.1), as
a consequence^a nhase change to lower symmetry at 210 K.

The effect

of cooling to _ca. 120 V. on other compounds in this series studied at
low temperatures are shown in Table 8.1.

As is well known, the i.r.

(but not the Raman) srectra of most of the salts M_TeX^ ana I! SeX, are
2
o
2
b
peculiar in having

bands of exceptional breadth and very weak or

vanishingly weak V . A few, however, (Rb OeCl. and Cs^SeCl^) show
4
2
b
2
o
a fairly normal

.

From the above X-ray, n.q.r., and vibrational

evidence, it appears that

is absent or very weak only for compounds

having the cubic structure, with the execution of Rb SeCl^ and Cs.SoCl,
2
d
2
b
which it is presumed are cubic in the absence of any X-ray or n.q.r.
evidence.

In connection with the

ficauion is necessary:

r
-1 2SeCl.i
salts an important oualiL
-

all are unstable both in air and ^

vacuo,

especially the potassium salt whose decomposition can be followed easily

by Raman spectrescopy over two or three hours end which eventually
yields a surprisingly

complex spectrum;

in c o m p a r i s o n wkth spectra of a)

K^SeCl^.
tak e s

this is shown in Figure 8.2

pure and b)

c)

partially decomposed

The node of decomposition appears to depend upon whether it

dace

in air or in vacuo .

T h e decomposition of
-----------------------

salts is most readily

all of

monitored by a band at _ca. 924 cm

which is both i.r. and Raman-active,

ISeClJl^

(V(Se = 0))

Figure 8.3 shows far-i.r. spectra

of CSgSeCl^ freshly prepared and aged.

Far-i.r. spectra of K^ScCl^

free from decomnosition products could not be obtained.

At roo m
cubic
lowest

temperature

and p r e s s u r e

In their
appears

far-i.r.

all of the a m m o n i u m

s p e c t r a all

to be largely due

to

•

sa l t s

s t u d i e d are

s h o w th r e e b a n d s and
The

considerable

the

d r o p in v.

LDJ

214

Firure 8.2

Ramon spectra of (a) pure K.ScCl^, (b) partially de
composed K^ScCl^, (c) R^SeCl^ fully decomposed by lea
ving in a dessicator.

21?

a)

V

/\ :
c :v r’

216

ri r-'ure 8. 5

Far-i.r. spectra of (a) freshly prcrsroa, and (b)
partially decorr.posea Cs^SeCl^.

21V

C

o
m

r-.
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free ;MCI .1

to IMBr,

L 6 ]

to ,KI ^ ,

L o J

hydrogen bonding.

L

caltc is attributes to v/eake:

0 _,

An equivalent effect is notec for

7
- Pd or Ft, X = Cl or 5r) .

Fer-i.r. Spectra at Kl^h Pressures
The results are shorn in Table 8.2 and in Figures 8.4 to 8,8.

(a)

Cubic Crystals with A = Mor.ator.ic Cation

As mentioned above Rb,SeCl, and Cs.SeCl, shor a prominent V band at
d o
^
0
4
room pressure, but the others of this group (viz. K^SoBr^, Rb^TeCl^,

Cs,TeCl,, , Rb_Tc5r, ana Cs„?eBr.) show a vanishingly weak
^
o
2
D
2
o

V,

4

, cxceut

for Fb^CeBr, and Cs_SoBr, which have two very weak bands in positions
2
o
2
D
consistent with V, .

:i.t elevated pressures two kinds of behaviour are

4

exhibited, which correlate well with the room pressure spectroscopic
classification.

(i)

Taking Cs^TeBr^ as typical of its group, be

haviour was observed as shown in Figure 8.4.
band spectrum

hi

ana V_), both suffered blue shifts with A
/&.P
A
•
r

of 0.9 and G.p cm “kbar
region (1 0 3 cm
A V V ’A P

= 1.2.

Starting with a two

respectively;

a new band appeared in the

at 10 kbar) and shifted rapidly with pressure with
At the highest pressure used (40 kbar at the anvil

centres) the spectrum was similar to that exhibited bv' non-inert-pair
hexahalides such as K.PtCl,. .
2
Ü

(ii)

For Eb SoCl, and Cs.5cCl,,the
2
6
2
b

latter is shown in Figure 8.3, the prominent
withincrease of pressure but shifted
most

very

of the intensity remaining at 40 kbar

surised material at tne anvil edges.

rapidly lost intensity

little in frequency:
is due to resiaual unpres

It is concluded that V, vanishes
4

at low applied pressures, after which the spectrum looks like that of
Cs^ToHr^ at room pressure.

and

show normal blue shifts.

I;b„ocBiv and Cs SeBr, a up ear also to belong to this class.
2

0

2

o

two weak bands in the

V

region which cannot both be due to V

They show
(if,

219

Table

TABLE 2

V * “ 6“
«V*Cl6
(HH^jgTeClg
(RBu^igTeClg

8.2

Pres sure-denendencles of the i .r.-active vibrations of some inert pair hexahalides,

O.OOlkbar

kOkbar^

4w/Apb'

197

206

0.55

262

278

0 .8 0

kOkbar^

O.OOlkbar

-

-

1.00

82

0 .6 0
1.00

78

d

d

-

O.kO

85

130

-

208

65
66

178^

255

-

110

135
151

200

-

2.70

0.k5
0 .5 0
0.2 5

-

l.k5

265
265

0.30

Aw/Ap!

1.10

255

2kl

-

kOkbar^

159

256

261

''l

f
O.OOlkbar

Ik8^

I6k

236

Av/AP—

-

-

-

-

-

-

105^

125^

2.00

77,53

f

-

RbgTeBrg

201

212

0.55

107-

115

0 .8 0

5k

72

0 .9 0

C.gTeBrg

200

210

0.50

103^

115

1.20

55

73

0 .9 0

(HHj^jgTeBrg

195

205

0.50

125

lk7&

l.kO

62

91Ê

0 .6 0

-

-

63

d

i

-

60

1

d

1.30

63

d

d

O.kO

k5

(HEt^jgTeBrg

176

l6k

O.kO

(PyHlgTeBrg

17k

179

0 .2 5

-

V'^6-

l6o

165

0 .2 5

98^
66

. 111-

159

167

O.kO

158

166

0.50

-

(NEt^^gTelg

157^

16k

0.35

100

107

0.35

55

66

0.55

(PyH)gTelg

lk7

151

0.20

103

109^

1.20

50

57Ê

0.k5

RbgSeClg

285

296

0.55

157

i

i

75

98

1.15

C«2^C1^

276

265

0.35

152

d

1

73

9k

1 .0 5

B

132

152

1.00

1.00

62

98

0 .6 0

1

63

80

0 .6 5

1

63

77

0.70

97

108

0 .5 5

C^Telg

(NH^^)gSeCl^
KgSeBrg

5
231 .

Kb„SeBr,

(HH^jgSeBrg

239

B

96
-

%
K

O.kO

132^

232

2k3

0.55

103,1 87^

225

232

0.35

102,1 87I

227

235

0.35

133

lk7
1
1
1 8k

-

2 .5 0

•
-

58^

0 .8 5

-

-

]
\
the centre of the anvil face.

b

Calculated from the value of the average press-re across
the anvil face.

£

At central pressure of 20 kbar.

^

This band lost intensity under pressure vithout shifting
appreciably.

£

Possibly a lattice mode of the distorted structure
see text.

2

Shifts could not be measured accurately.

£

At central

pressure of 30 kbar.

h

V is a triplet; position and shift of the band at half
height are given.

A

At central

pressure of 10 kbar.

k

Monoclinic at room temperature and pressure.

m

At ambient pressure v and
are mergedinto
one
broad band, v is a shoulder ; at elevatedpressure
intensity in the region of
drops but the merged
band shifts rapidly and v separates clearly.

Very veak absorptions vhich disappear with increasing
pressure.
1_ Just triclinic at room temperature.

220

ri.'~urG 8.4

Far-i.r, snocura of Cs^ToBr^ az (a) ambient pres
sure (b) 10 kbar;

(c) Ip kbar;

(d) 20 kbar.

pressures given are average pressures.

The

V/heru doub

lets are shown, the lower component is the residual
cue to material at ambient orcssure.

222

-irure o .7

Far-i.r. Groctra of Cr^Sc-Cl^ ar (a) ambient pres
sure ;

(b) 'y kbar;

(e) 20 kbar;

(ci) 15 kbar;

(f) ambient pressure after completion

of the ex-erirnent,
pressures.

(c) 10 kbar;

The pressures given are average

Where doublets are shown, the lower com

ponent is the residual cue to material at ambient
oressure.

22

O

’u)
U)

400

V
-1

224

il.-':ccd, either is),

;Vh3 cover their origin, these v/enk bends disappear

quickly upon application of pressure, leaving V

L

and V

p

v/hich show nor-

mal blue shifts.
(iii)

A final member of this set is Cs_TeI^.
2.
o

No structural information

is available for this compound and an X-ray powder photograph was not
taken as the kind of minor distortion shown by K^Tel^ would not be
detectable otl.cr than by careful single-crystal study.

However, if

this were not cubic it would be the only non-cubic caesium salt iii
this series,
and

Cs_TeI^ shows a normal three band srectrum:
2
o
'

, V,
j' 4

ard all show normal blue shifts with no significant loss of in

tensity under increased pressure.

(b)

hen-cubic Crystals with A - Monatomic
makes a link with, section (a)

(ii).

It shows a normal tnree band

spectrum typical of a cubic hexanalide, although in fact it is only
just triclinic (y. = 90.0, /3 = 90, p, y = 9 1 .0 °),

shows a normal

blue shift but the middle band, which is probably V , loses intensity
4
and shifts very raridly, and v_ behaves similarly but shifts less.
40 kbar (at the anvil rentres)

A.t

is too broad to be measured but there

is clearly still absorption present.

The spectrum at high pressure

therefore bears a suoerficial resemblance to those of the cubic materials
at room pressure.

K^TeBr^ is-rnonocl inic ;

under elevated pressure the most prominent

—1
feature is the very high pressure-sensitivity of the 105 cm “ band which
behaves like the 93 cm
valuep.

band in K^Tel^, and has a very high zhv/zb. P

The band ac 55 cm " suffers a blue shift which brings it so

close to the band at 80 cm

(room pressure) that it is not possible

to say whether it continues to shift, or loses intensity.

Spectra

of this material unieu increased pressures are shown"in Figure 8,6.

225

•uro 0.6

Far-i.r. spec 1rs oi K^TeEr^ at (a) ambient pres
sure;

(b) 5 kbar;

(e) 20 kbar.
sures .

(c) 10 kgbr;

(d) 15 kbar;

The pressures given are average pres

226

'
c,

c
rü

0

200

22?

K-TeCl,, as Is well known, shows a V.. band of enormous width;
2
o
P

this

width is unchanged un to LJ kbar but there is a slight overall blue
shift of cr . 10 cm

(c )

_i

.

No sign of V, or

was detected.

Ammonium Salts

h.c.r. evidence shows that (NH,)„TeCl^, (NH,)„TeBr,, and (NH )_Se9r.
4 z
c
4 2
6
If 2
o
are cubic st room temnerature, but that (HH,)_TeI. is not
h 2
Ü

No in-

formation is available for (NK,)_SoCl^ but it is reasonable to oresume
4 2
o
that it also is cubic.

The chlorides and bromides are consistent in showing three-band spectra
(V_, V and V_) :n which V, has intensity normal in comnarison with nons
4
5
4
inert-pair hexahalides.

The effect of pressure was to impart a very

substantial blue shift to V, which results in it becoming entangled with
4
the low frequency wing of V ;
3
blue shifts.

v and V.. show more modest and normal
h
3

v^ appears not to lose intensity significantly, although

it is difficult to be sure.

The high sensitivity of

for ammonium

salts was similar to that founa in the compounds studied in Chapter V.
The effect of pressure on the far-i.r. spectra of (HR,) SeBr^ and
r

(NH,)„TeCl^ is shown in Figure 8.7.
4 2

D

an asymmetric

2

O

(KH,)„TeI^ is non-cubic and shows
4 2

D

band which might well resolve at lower temperatures.

If V, is present, it is very weak and broad, and is certainly absent
under high pressure, see Figure 8.8.

(d )

.Salts of Organic Cations

No structural data are available for these compounds.

Their room

pressure spectra all shewed a strong V_ band but this is narrower than
v_ for the same anion combined with monatomic cations.
3

For (NR,)_TeX,

a lattice mode was found for R = Me or Et but not for R = 3 u .

If 2

o

The

modes for these complexes wore very little affected by pressure, having
ü. v/M. ? Pi 0.4 cm

kbar

or less, implying that the organic cation at-

22i

fi/'urG 8.7

Far-i.r. ^r.ecura of CNH, ),,rjoBr^ (a, b , c) and (FH.) ToCl,c.
Kj
4 d
b
(d, e, f) at ambient pressure (a and d), 10 nbar
(b and c), and 20 kbar (c and f).
given are average pressures.

The pressures

The spectra of ( ) ^ToCl^

arc i^nratiooa from the background and hence tr e 73 cm
baj-.d is dui; to po] ycti.yuene.
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M,mure 8.8

rar-i.r. spectra Oi (r.ïi

at ambient pressure (a)

and nt an a"orage pressure of 20 kbar (b).
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C;;

1
/

;

V
O

I'
■

en

:
*s

s i
?

0

100

200
C

o-

soi’oed r.ioiit o : the applied pressure by conformational adjustments.
In uho V, region seme oi these compounds shov/ed very weak bands (sec
Table 6.2) but none of them gained or lost intensity v;ith change of
pressure.

Discussion
1
From the initial study of Fb^TeCl^ and Cs^TeCl^ “(part of the work of
Chapter V, but not discussed there), it seemed that the appearance of
with increase of pressure was a characteristic of inert pair systems.
The results here show tnat the situation is more complex and, as men
tioned earlier, further complicated by the occurrence of non-cubic structures.

The Daman snectra of these materials are normal in comparison with those
of other complex halides
V. .
m

, and so is the i.r.-active lattice mode

It is V_, and V which are abnormal in their behaviour and since
y
4

these modes arc distinguished from all other optically active modes in
involving movement of the central metal atom (Te or Se) the inert pair
is clearly implicated.

It is therefore important to identify the or-

bitalls) which it occupies.

The X-ray and n.cj.r. evidence is consistent in showing regular octa
hedral geometry at Te or se;

accordingly it has been suggested that

the inert pair occupies a totally symmetric orbital on the metal
Absence of quadrupole splitting in the tellurium-125 Küssbauor spectra
shows tnat these electrons exert no directional effect;

q

hence they

may be either in an s-orbital or may contribute symmetrically to or
bitals of directional character.

It would be of particular interest to know how
solution at botn ambient and elevated pressures.

ard

behave in

For various practical

reasons this experiment cannot be done directly but a very good approxi
mation is to take salts of large organic cations.

Goggin & Mink

233

have recently shown that for a series of square-planar anions the fre
quencies of the TBu .NI^ salts are essentially the same as those of their
^
L if J
solutions in oolar solvents.
moderate width

(Bu N) ToCl^ shows only a v_. band of

k

75 cm

d

O

J
‘

with no sign of either

or V^.

Absence of V. is not unexpected as there is a precedent in the fari.r. spectra of various tetrahalo-metal] aies with organic cations
but absence of V

A

suggests that the structure of

^peCl^'j^'
L
oj

,

in this

salt is comparable with that in the Kb"^ and Cs"^ salts at ambient pres
sure.

Under increased pressure V, does not appear, implying that what4-

ever mechanism is responsible for its development in the i-cb"^ and Cs"*"
salts cannot operate with fSu^Nj
within a hydrofuarhon sheath.

which effectively Isolates each anion
Behaviour of the other organic cation

salts broadly supports this view:

is either absent and fails to

appear with applied pressure, or is weak and remains of approximately
the same intensity under pressure, although for the smaller cations
well-defined bands,

Taking

this e v i d e n c e

the o b s e r v a t i o n

, are also shown.

and

that

from the e f f e c t s of p r e s s u r e

that the v_ h a l f b a n d

d e p e n d e n t u p o n choi c e of m o n a t o m i c
A^S e X ^ ,
2

s hows

cation

and p r e s s u r e s h i f t s are

for the s a l t s

that the entire l a t t i c e m u s t be

and

c o n s i d e r e d in

s e e k i n g an

D

explanation

for the d i s t i n c t i v e b e h a v i o u r of

cation-anion interaction
d epend e n t )

proportion

a d e s c r i p t i o n in
In

widths

t o g e t h e r wit h

the a b s e n c e

limited

must

of q u a n t i t a t i v e

to a q u a l i t a t i v e

.

Since

any such

(but c a t i o n to couch

t h e o r y in the ti g h t b i n d i n g a p p r o x i m a t i o n .
c a l c u l a t i o n s of energy l e v e l s we are

explanation,

the i n e r t

the e s s e n t i a l

feat u r e o f w h i c h

p a i r on Te or Se w i t h

s u b s e q u e n t m o d i f i c a t i o n by the a p p l i c a t i o n

The

o - b o n d s of

the cations,

of p r e s s u r e .

-.2-

{TeX^

t

place via the s m a l l

its

-

and

of c o v a l e n t bonding it is a p p r o p r i a t e

terms of band

is a means, of c o u p l i n g

take

3

?
ion s are

constructed using

%

( 5d) *"( 5t) "( ns)

p

and

2P-r

hybrids;

if the inert pair is to participate (as it must) n will bo 5,

but n = 6 may also be mixed in as there is no symmetry disqu'-lificatlcn.
These hybrids overlap with (_s + c^p-hybrids on X (_% is talcen as the
Te-X direction) in appronriate combinations of A. , a
■^

'

Ig

g

and

lu

symmetry:

the (s - o ) components arc available for overlap with cation ns levels
to form a conduction band.

Since the XWssbauer evidence is also con

sistent with an even distribution of inert pair density among direc
tional orbitals wo must also consider the possibility of Te(^^, ) - X(£^^. )
overlap as a means of transmitting the inert nair to the exterior of
the anion since hybrids of this type can also combine with cation (n s)orbitals.

The extent of inerw pair delocalisation into a conduction

band by these means will clearly vary witn the relative energies of
the orbitals, depending upon tao particular A, M(Te or Se), X combi
nation.

Since the effect of pressure upon electronic levels is to

decrease the energy spread of the manifold of levels
of inert pair delocalisation will also be altered.

12

, the extent

For a few com

pounds (e.g. Cs^TeBr.jCs^SoBr^), this was reflected in a slight darke
ning of the material under pressure (observed through a microscope)
but for most there was no detectable change of colour.

The problem is no v to link the behaviour of v
electronic structure.

with these changes in

Two apparently contradictory types of behaviour

wore revealed in the pressure studies:

(i)

v

was very weak or absent

at ambient but developed intensity at elevatea pressure (e.g. Eb^TeCl,,
Cs 2 TeCl^,K^SoErg);

(ii)

was present at ambient pressure but rapidly

vanished with aopiled stress (e.g. Rb SeCl,, Cs.SeCl^).
b
2
o
The intensity of an i.r. absorption band is proportional to the square
of the transition dipole moment between initial and final states.
v_ and

(both of T^^^

For

symmetry) the forms of the first vibrationally

excited states of the normal modes are well known and alone account for
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the magnitudes of the transition dipole moments (since v = o has
symmetry'.

Tf V
4

is vanishingly weak the implication o.s that the di-

pole moment associated with the v = 1 level o: V

4

is zero:

the atom

displacements are such that they inevitably require development of a
dipole nosent, but, since one is not present overall, this moment must
be balanced by an equal and opposite moment which comes from dynamic
rehybridisation involving the inert pair.
of

The very high sensitivity

to pressure, and the considerable widths of

, both show that

the lattice dynamics are highly anharmonic since both the pressuredepcnder.ce of phonons and oscillator damping are absent from harmonic
theory;

indeed the quadrupolar nature attributed to these modes fur

ther assists coupling to the lattice.

A high degree of uelocalisation of the inert pair into the conduction
levels removes the means of balancing the

mode atom-displacement

dipole by an electronic one, and hence allows development of normal
intensity.

Accordingly the above classes of behaviour (i) and (ii)

are accounted for as follows.

(i)

There is little délocalisation of

the inert pair in the ambient pressure structure, but with increased
pressure, the conduction band is lowered relative to the valence band
thereby allowing greater délocalisation and hence development of inten
sity in V^.

(ii)

Exactly the reverse argument applies.

The ultimate

cause for this reversal of behaviour for some of the selenium complexes

lies in the different relative energies of the A, Ze and X orbitals.

It follows from the above argument that an isolated inert pair complex
ion should not show much intensity in
sent for (Bu N)_TeCl,.
U 2
D

;

it is noted that

Similar behaviour is shown by XeFb
b

was ab
its

electronic and spatial structures are still a matter for debate but
it bears close resemblance to our situation.

Xenon has a nonbonding

pair of electrons, gnd the i.r. srectrum shows no v^.
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In the salts with non-cubic structures it is reasonable to assume that
anion-cation electronic coupling will be slightlv modified, but that
the above mechanism will be broadly applicable.

Experimental
Far-i.r. spectra were recorded under pressure using the Mark 1 diamond
anvil cell described in Chepter II in conjunction with a Beckmann-FIIC
FS-720 interferometer.

ho instrumental modification was necessary but

a light pipe of length 2-|.-'' and diameter 1 ^ 6 " at the wide end was placed
in front of the eiamend anvil cell.

The method of calibration of the

cell was also described in Chapter II.

Compounds were, in general, prepared by standard methods.
paration of iTeX^I^
L

In the pre

salts, the starting material was TcO , which was
2

Pj

dissolved in the appropriate halo-acid;

addition of a solution of the

appropriate halide AX, caused immediate precipitation of the required
complex.

Compounds of the type A^SeRr^ were prepared in a similar way;

SeO^ was

dissolved in FBr and addition of a solution of the appropriate bromide
APr caused immediate precipitation of the complexes,

Hexachloroselenate

complexes were, however, found to be much more difficult to prepare pure;
the above method could not be used.

The method used was to dissolve SeC^

in water or dilute HCl and then to bubble HCl gas through the solution;
a solution of the appropriate chloride ACl was then added and HCl gas
passed through the mixed solutions for about one hour.

After lengths

of time which varied for each cation, a yellow oroduct A^SeCL was iso2
O
lated.

It was most important that the compounds were dried by passing

a stream of dry HCl over them;

drying in a dessicator or in: vacuo, or

in an oven resulted in partial decomposition, especially for H^SeCl^.
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IX

VIBPATIOWAL SPZCCDA OF SOME HEXAMMIKE COBALT AND NICKEL HALIDES AT

HIGH PRESSURES
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CHAPPED IX

VIBRATIONAL SPECTRA OF SQKP PEXAMMTNE COBALT AND NICKEL HALIDES AT
HICr PRECCIP'FP

There have been no previous high pressure studies on ammine complexes.
The aim of the v/nrk (started) in this Chapter is to see whether Hetal-N
bonus show the same effects as octahedral, M-X (X = halogen) species
under high pressures, or whether the presence of the
affected the situation in any way.
rCoCdPj,! X, and [ri(NHy)Jx^,
L
3 oj 3
L
ej 2

groups has

Six complexes wore examined;

for X = Cl, Br, and I.

Structures of tl.a Co'" nlexos
All three nickel (II) complexes are known to have tne fluorite struc
ture (face-centred cubic) at room temperature.
perature (T^;

76 K for X = Cl;

43 K for X = Br;

Below a critical tem
20 K for X = I)

there is a non-magnetic phase change which is associated with the re
moval of the rotational freedom of the NH_ groups ^ .

Bates and Stevens

concluded that the resultant structure retains the C ^ -axes of the faceICo(Nik)^jCl_ and [ c o ( NH,)^|Br, are monoL
9 bj 3
L
3 Dj 3
5
the iodide, however, is cubic, 0^, with Z = 4 (i.e. one formula

centred cubic structure
dinic;

unit per primitive cell)

and has the (NB^)^AlF^ structure, shown in

Figure 9.1.

The i.r. spectra at room ternnerature of these materials have been as
signed previously to v (v(M-N)), v,(&(M-N)), and vt
Only the region
3
4
L
-I
below 400 cm
v/as examined here, and, although this included the v/hole
skeletal spectrum for the Ni(II) complexes, it omits

for the Co(III)

comnloxes.

Results and Discussion
The results of both the high pressure and low tempei-ature spectra of
the chlorides and iodides are shown in Figures 9.2 to 9.5.

The low
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Figure 9.1

The (NH,),A1F. structure
4 ^
b

- O

Kr.,

o
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ter.pnrfiturc renul ts arc summarised in Table 9 .I and the high nrcssure
results in Table 9-2.

Firuros 9 .2 a) and c) shov; ambient temperature and pressure spectra
of

Ki(h’H^) J I ^,
J) bj C

n) is a sample in the DAC and c) is a mull spectra

_

between pelytl.eno plates.

The complex shows the normal three-band

spectrum predicted on the basis of its structure, in which the NPy
grouos are essentially in free rotation.

Under pressure

splits,

V broadens and V broadens considerably, possibly splitting;
j>
L
Figure 9.2 b).

see

The splitting only becomes noticeable at pressures

of 20 kbar (at the anvil centre) and the sizes 01 both the split banes
of

show that the lower frequency component is more intense than

can be accounted for by 'residual' material around the anvil edges.

In order to see whether one of the new low frequency bands could be
due to ammonia torsion motion

the spectrum was recoraed at

ambient pressure and 77 K using a cloced-circuit liquid helium cryo
stat, shown in Figure 9.2 d).

Apart from the removal of hot bands,

the chief new feature is the appearance of a strong
tred at £a. 150 cm

;

broad band cen

its unusual breadth in comparison with the other

bands suggests that it is aue to T

However, the fact that it

appears much above the known transition point (20 K) raises interesting
questions which cannot, as yet, be resolved, but it is notable that
the v_., V

and V, bands are very share and give no sign of originating

from an environment of reduced symmetry.

The band at c_a. 252 cm ^ in

the spectrum of the complex at 40 kbar (Figure 9.2 b)) is therefore
unlikely to be due toT’(NH^).

The probable explanation of the high

pressure results is that there is a change of phase in which the sy
mmetry is lowered such that the

bands split into doublets;

pically a rhombohedral group such as D
+

components would be reasonable.

7

or D

in which T

ty

—> A . .
lu
2 cu )

Structurally each I

is located
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^APLF 9.1
Vibrational frequencies, below 400 cm
and

= Cl or I), at arabient temperature and at 77 K.

)^^3'

290 K

1

i

Ni(NP=).
3 0 4

a

Co(NH_).
3 0 --3

1

CoCNH;)^ 4

!

^4

"3

219 -

344

219

329

94sh,156-

269,333

_d

8 8 ,109 ^

320

d

'4
113

21b

333

go

213

322

1 A8-

331

100

313

'
1

120
83

d

i
1

^

j

^

Approximate value only, the band in this region at 77 K consists
of

b

77 K

1

1

1
I
...... i
=4

for the complexes fNi( NH^)

+T(F}'U), see text.

A very broad, strong absorption appears between

and

at ca.

150 cm ^ , it is attributed toT(rlK^), see text.

_c

Very broad.

d

Hot examined in these exoeriments.

_e

More components are probably present.

_f

A weak broad absorption, probably T(
see text and Figure 9.4_d.

) , appears at c_a. 200 cm

-1
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9.2
Vibrational frequencies, below 400 cm
and

iCo( N;;^)

, for the complexes {l\i(

(X - Cl, Fr, or I) at ambient pressure and at 40 kbar

(at the anvil centres).

I

Ni(NP )^

40 kbar

0. 001 kbar

i

\

V,

4

"3

4

^3

138

226

342,370-

115

216

336

NiCüH^)^ Br^

91

218

329

107

225,265

334,368

KiCXF^)^

82

215

322

100^

217,258

332

Co(NTy)^

150

354

£

175

341

£

Co(XP\), Br^
o

118

320

-

144

325

£

Co(NHj^^

102^

319

£

112,140

330

£

1

a

Approximate value only, not very well resolved,

b

Very broad.

c

Not examined in these experiments.

d

Doublet with components at (estimated) 86 cm
text.

and 106 cm ^ , see
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Figure 9.2

r
Far-_.r. sncctra oi !Ni( KH
L

D eraturc

^

-t
,iI. :

QJ

2

ane pressure in the BAC;

a, at ambient te:.;-

-

_b, at ambient tem-

ne rature and 40 kbar (au ti.e anvil centre) in the BAC;
c_, at ambient temperature and pressure as a rnull between
polythene plates;

_d, at 7? K and ambient pressure as

a mull between polytnene plates.

24^

o
O
U

-:§u
. (N

----- UOISSIUJSU'CJ

o

IS

h

uo:cs:LLsu'3j

§ 6
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F-i \>re V .5

Far-i.r spectra of Uji (NK ^

Cl^ :

perature and pressure in the DAC;

a, at an.biont tem
b, at ambient tem

perature and 40 kbar (at the anvil centre) in tne DAC;

c_, at ambient temperature and pressure as a mull between
polythene plates; d, at 77 K and ambient pressure as a
mull between polythene plates.
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<J

o
o

o
O

Ovi

uo:cciLUsu;2J'

Fi pure 9./i

Far-i.r. spectra of i Co (N H _)

I_ ; £, at aTr.oiont tem

pérature end pressure in the DAC;

b , at a...b‘e;.t tem

perature and 40 kbar (at the anvil centre) in the DAC;
_c, at ambient temperature and pressure as a mull bctueei
polythene plates;

_c, at 7? K and ambient pressure as a

mull between rolythene plates.

249

|o O
-o
:CM

UOiSSIUUüüUJ!

o
o

250

Fi'-'ure ^ .5

Far-i.r. rnecura cf !Co(I:H.J Cl_ : _a, at ambient terr.i_
> Cj
peraturc sad pressure in the DAC;

_h, at ambient tem

perature and i\0 kbar (at the anvij. centre) in uhe DAC;
_c, an ambient ter -erature and pressure as a mull betv/ecn
polythene plates;

d,

at 77 K and ambient pressure as a

mull between nolythene elates.

o
o

es.

J

o
o

•sr

o
o
CN

4
LviCSJUJSuOJ;
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along a normal to a triangular octahedral face of jKi(îdî^)^
the fact that the largest sensitivity was found for V

and so

can be explained
4

in a similar v/ay to that described in Chapter V to account for the sen
sitivity of the

V,

vibration in K^PtCl^.

tSimilar results at nigh pressures were found for |Ni(NH ), Br and
L
J oj d
r
1
'hi(NH_), C1-.
In the case of the former compound, V and V split
L
3 bj 2
4
^
into components at elevated pressures.

For both bands the low fre

quency component v/as more intense than the shifted component (more
than could be accounted for by a 'residual' band) and was also not
at the frequency of the ambient pressure vibration (both were slightly
raised in frequency),
bo splitting.

shifted considerably but did not appear to

Similar results were found for the

rNi(FF_) 1 Cl_, see Figure 9.3 b);
L
3oi 2

vibration of

at 40 kbar the nressure shifted

component v/as considerably smaller than the lower frequency compo
nent, the latter not being at exactly the ambient pressure frequency
of y,.
jj

V and V of the chloride shifted considerably, although whether
L
4

the latter vibration may have split is difficult to say.

Figures 9.3 c)

and 9.3 d) show bho effect of cooling to 77 K on the chloride complex.
sharpens considerably and almost certainly

has done also;

the

odd shape and breadth of this band on the low frequency side is al
most certainly due to the appearance -of T (NF^) in a similar v/ay to that
found for the iodide (Figures 9*2 c) and d)).

"’he breadth of

at

77 K indicates a complexity that is yet to be elucidated.

The sites of the atoms for [coCKK ).|J , (F 3 s of , Z = 4) , are
L
3 bj 3
mm
_n
incorrectly in V/yckoff

shown

Site symmetry of the cation is known to

be 0, and hence Co is on sites la or lb v/ith N atoms on either (^d or
6_e:

the latter is correct in predicting the observed Roman spectrum,

whereas 6^ does not,

I atoms can only be on sites 1^/b + 2_c. .

Factor

group analysis of the complex, si.own in Table 9.3, shows that the i.r.
spectrum of the complex (only T^^ modes are i.r. active) should con-
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TABLK 9 .'5

Factor group analysis of jCo(NH J 1 I (ignoring hydrogen atoms)
L
3 bj 3

4,

°h

E
8

Is

^2u

"as

^lu

"2 ,

Co on %b

0

0

0

0

Û

0

0

0

1

0

N on _6e

1

0

1

1

1

0

0

0

2

1

I on la/b

0

0

Ü

0

0

0

0

0

1

0

I on 2s.

0

Ü

0

0

1

0

0

0

1

0

1

0

1

1

2

0

0

0

3

1

c

0

0

0

0

0

0

Û

1

0

T

c

0

0

0

1

Ü

0

0

2

0

R

0

0

0

1

0

0

0

0

0

0

1

0

1

0

1

0

0

0

2

1

total

A

internal

only

modes are i.r., active:

vibrations (v^ and

therefore we expect two interns

and two latti ce modes.
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s 1st of V. , V , and 2 lattice vibrations, v_ .
P

4

and pressure, Figures 9.4 a) and c), V
comparison to

At room temporoture

B

is clearly quite broad in

and at 77 K, Figure 9.4 d), has clearly resolved into

the expected doublet, whilst

simply sharpens,as required by theory.

Comparison of Figures 9,4 c) and d) also indicates a weak, broad ab
sorption centred at about 200 cm ^ , appearing at liquid nitrogen tem
perature.

It is possibly aT(NH^) mode.

At elevated pressures,

broadens selectively

on the high frequency

side rather than splits, see Figure 9.4 b), but two bands are clearly
seen in the

region.

Once again it is clear that th.e lower fre

quency band is not from 'residual' material, since its position is
different from that of the ambient pressure spectrum and also because
of its large intensity relative to the higher frequency band.

In

the case of this compound the explanation lies in the fact that
in fact a doublet.

is

Estimating the room temperature values of the

severely overlapping bands as 86 cm

and 106 cm \

we find shifts of

26 and 3A cm ^ , respectively at 40 kbar (at the anvil centres).

This

is slightly larger than shifts usually found for lattice vibrations,
e.g. the K^PtCl^ types.

Both fCo(NH )7jci and rCo(NH ) 7] Br are known to be monoclinic
L
V W
3
L
3 bj 3
no other structural details are available.
Co(N)^ cannot be higher than

but

The site symmetry of

and will probably be C_. .

In either

case the T^^ vibrations should srlit to give 3 i.r. active components
and so

and

of these complexes should be very broad or indeed split

In the case of the v^ vibration the latter is indeed observed for both
of the above complexes^, and reference to Figures 9.5 a) or c) shows
that v^ is broad at ambient temperature and pressure.

The effect of

the lower symmetry on the lattice mode region of these complexes should
be to result in the aonearance of extra bands.

This is reflected in
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the enormous breadth of V, at room temperature and pressure.

L.

The effect of cooling the chloride complex to 77 K is shown in Figure
9 . 3 d),

Vt shows clear evidence of structure although this is mostly

unresolved.

A new band also appears at

2o9 cm ^ and this is regarded

as being a component of the original

since it is of too

high

a frequency to be due toT(NH^).

At elevated pressures all that we can expect to see from such a com
plex

region, which it is known from theory to contain six trans

lator}' lattice modes plus a split

(inactive in 0^), is a general

blue shift and this is indeed what is found,

see Figure 9.3 D).

A

similar effect is found for V, .
4
Work is at present in progress on studying all of these compounds down
to liquid helium temperatures and it is soon hoped to study them at
liquid nitrogen temperatures and simultaneously at elevated pressures.

Fxnerimental
Far-i.r. spectra at high pressure were obtained by using the Mark 1
diamond anvil cell in conjunction with a Beckmann-RIIC Fg-720 inter
ferometer.

Details of the procedure adopted were given in Chapter II.

The low temperature spectra were obtained as nujol mulls using a closedcircuit liquid-helium cryostat.
dard methods.

The complexes were prepared by stan
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ABSTRACT
V In R A T l S D A L S P E C T R O S C O P Y

AT HIGH

PRESSURES

A review with 135 References of the application of vibrational spec
troscopy at high pressures to the study of solids is given.

Two new

designs of diamond anvil cell (DAC) are described and compared with
designs of others.

The use of the DAC in combination with various

spectroscopic instruments is described and the calibration of the cell,
taking into account the pressure gradient present across the anvil faces,
is reported.

The spectroscopic and physical properties of tv/o anvil

materials, diamond and sapphire, are described with particular atten
tion being paid to the fluorescence properties of various types of dia
mond under laser excitation.

Another design of high pressure cell,

which applies hydrostatic pressure to samples, is reported for use in
Raman spectroscopy.

The main area of compounds investigated at high pressures using the
DAC were complexes of the typo

I

(A = monatomic cation, X = halogen),

A wide range of those materials were studied in the far-i.r. and mem
bers of the series A^PtCl^ were also examined in the Raman.

For the

latter compounds symmetry species were related to observed pressure
sensitivities of vibrations.

Unusual behaviour of the v^ bending mode

at elevated pressures was found for complexes where M possessed a lone
pair of electrons.

Possible mechanisms to account for the behaviour

of the mode are discussed.

Some hexammine salts of cobalt and nickel

halides were also examined both at liquid nitrogen temperature and at
high pressure respectively.

The appearance of an ammonia torsion mode-

at liquid nitrogen temperature is shown.

An attempt to obtain quanti

tative results from the observed pressure dependencies was not possible
owing to the nature of the complexes examined.
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