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Abstract 
 
 
___________________________________________________________________________________ 
 
 In the first part of this study are presented the synthesis and results of structural investigations 
of mixed metal sulfosalts. Included are the structures of five new lead, bismuth and antimony 
sulfosalts; phase GZ1 (Bi4.39 Pb1.4 Sb3.21 S13), phase GZ2 (Bi1.74 Pb2.62 Sb2.15 S8), phase GZ3 (Bi0.87 Pb1.22 

Sb0.42 S3), phase GZ4 (Sb4.66 Pb3.97 Bi1.37 S13) and phase GZ5 (Sb6 Pb14 S23), and the revaluation of the 
known phases zinckenite (Pb1.49 Sb3.64 S7), stibnite (Sb2 S3), lillianite (Pb3 Bi2 S6) and galenobismutite 
(Pb Bi2 S4). With the exception of stibnite and galenobismutite these phases are characterised by mixed 
occupancies, and the site populations were assigned via a combination of microprobe analyses, 
polyhedral distortion and bond valence analysis results. To this end two FORTRAN programs were 
written, OCCGEN96 and VOLUME96, the former to calculate the occupancy of a site based on the 
bond valence contributions of its constituents, and the latter to calculate its polyhedral volume.  
 
 Phase GZ1 exhibits a monoclinic structure with a central region reminiscent of stibnite, and its 
distribution of occupancies indicate the presence of a supercell produced by ordering. Phases GZ2 and 
GZ3 are hexagonal with features in common with zinckenite. GZ3 possesses the smallest hexagonal 
cell yet found for a sulfosalt and its structure contains three-fold metallic columns, in addition it 
displays a metal coordination environment not previously seen in this type of structure. The positional 
disorder, and partial occupancies (manifest as poorly defined hexagonal channels) exhibited by 
zinckenite and the other hexagonal sulfosalts are here explained for the first time in terms of alternately 
occupied configurations arranged on a superlattice. Phase GZ5 resulted from an attempt to crystallise 
the mineral semseyite whose structure is unknown, but possibly closely related to that of GZ5. The 
poorly defined phases from the literature have all been refined with better discrepancy indices and in 
the case of lillianite the results differ significantly from those previously reported.       
 

Additional investigations of phase GZ1 were carried out using transmission electron 
microscopy, and these lead to the identification of a number of related phases and also revealed the 
presence of disordered and composite structures. 
 
 In the second part of the study diamond inclusions of lower mantle origin are investigated. In 
common with the sulfosalts they are characterised by mixed occupancies, however the distribution of 
metal species within mineral silicates is better understood than in sulfosalts, and they provided a good 
base from which to study the latter. The presented results include the crystal structure of the new 
mineral TAPP (Mg0.76 Fe0.15) (Al1.76 Cr0.16 Mn0.06) (Mg1.88 Fe0.08) Si1 (Si1.92 Al0.08) O12, which is of great 
significance in lower mantle genesis theory; the structures of two novel pyroxenes (Mg0.46 Al0.43 Fe0.06 
Cr0.05) (Mg0.39 Na0.31 Ca0.16 Fe0.06 Mn0.04) (Si1.91 Al0.09) O6 and (Mg0.73 Al0.23 Cr0.03) (Mg0.70 Na0.06 Ca0.03 
Fe0.16 Mn0.04) (Si0.83 Al0.17) SiO6 and the only sapphire (Al1.98Fe0.01Si0.01O3) to be found as a diamond 
inclusion. The structure of TAPP is particularly interesting as it has a garnet composition but is 
tetragonal not cubic. In the past the only non cubic garnets have been so only by a few angstroms at the 
most, while the cell of TAPP has a c parameter nearly three times that of a. 

 
 

M.E. Light 
October 1997 
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Abbreviations  
 

A  Lead, silver or copper 

Å  Angstrom 

a.u.  Atomic units 

B  Arsenic, antimony or bismuth 

BV  Bond valence 

C  Sulfur or selenium 

fper  Ferropericlase (Fe,Mg)O 

(hkl)  Plane or family of planes with indices hkl 

[hkl]  Direction normal to plane (hkl) 

lo  Average bond length 

LZ  Laue zone 

M(1)  Specific metal site 

M1,M2  Designated sites generally given in pyroxenes 

n  Principal atomic quantum number 

Oh  Octahedral 

R  Discrepancy index  

ro  Average bond length used in bond valence calculations 

S  Bond valence or goodness of fit 

SG  Space-group 

SQBP-7 Base bi-capped square based pyramid 

∑ Sum of the bond valence contributions for a specified site 

σ  Standard uncertainty 

T  The tetrahedral sites in silicates, usually silicon. 

TAPP  Tetragonal almandine pyrope phase 

TPRS-8 Square face bi-capped trigonal prism 

TPRS-9 Square face tri-capped trigonal prism 

V  Formal oxidation number 

v.u.  Valence units 

VdW  Van der Waals 

wt%  Weight per cent  
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Chapter 1 

 

Chapter 1 
 
 

 
An Introduction to Crystallography 

 
 

In this chapter the basics of X-ray crystallography are discussed, from the concepts of unit 
cells, lattices and symmetry to structure solution and refinement. A brief account of 
transmission electron microscopy is given, outlining its use, in both diffraction and imaging 
mode, as a complementary technique to X-ray diffraction. A further section is included that 
covers defects, their effect on the diffraction pattern, and strategies for their interpretation. 
 
  

X-rays were discovered in 1895 by Röntgen, but is was Max Von Laue who 

first recognised their electromagnetic properties and postulated on the compatibility 

of their wavelength with inter atomic spacings. This theory was confirmed by the 

discovery of diffraction patterns from crystals of ZnS and CuSO4 by Friedrich and 

Knipping. However, it was W.L. Bragg who, in 1912, correctly interpreted these 

patterns in terms of reflections from planes of atoms, which led to formulation of the 

Bragg equation. He then went on to solve the crystal structures of sodium chloride, 

diamond, fluorospar, wurtzite, iron pyrites, calcite and dolomite. These early 

structures were highly symmetrical with very few parameters, but the first steps had 

been made and the discipline of X-ray crystallography had been born. 

 

 

1.1 THE SOLID STATE 

 

 Any substance will form a solid phase if sufficiently cooled, and many form 

crystalline phases in which the ions, atoms or molecules pack together in a regular 

repeating array. 

 

 Perfect crystals, in which every atom is in its correct lattice position and its 

translational periodicity persists to its boundaries, exist only at absolute zero. Above 
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Chapter 1 

this temperature defects are present. Mosacity is a fundamental defect in which small 

internally perfect blocks are slightly misaligned relative to each other. Other types of 

defects are discussed in section 1.9. 

 

 

1.2 LATTICES AND UNIT CELLS 

 

 A crystal consists of a three dimensional translational repetition of a basic 

structural unit or pattern. This basic unit is a parallelepiped known as the unit cell. A 

crystal lattice can be built up by replacing each repeating unit by a single point, such 

that the environment of every point is identical. A network of points is thus produced 

on which the repeating unit can be placed to build up the regular array of the crystal, 

this is shown in figure 1.1(a). 

 

a

b

c

αβ
γ

 
 

                                                   (a)                                                             (b) 
 
Figure 1.1 (a)  Part of a three-dimensional lattice, and (b) its unit cell defined by a, b, c, α, β, γ. 
 

 

 For a given array the choice of unit cell may not be obvious, and it is 

conventional to choose the cell that displays the full symmetry (rotational and 

translational) of the lattice, and whose cell constants are most convenient. The unit 

cell is defined uniquely by the lengths a, b, c measured along the crystallographic 

axes x, y and z, and the inter edge angles α, β, and γ (figure 1.1(b)). The atomic 

positions are defined by fractional distances along the three crystallographic axes, and 

are known as fractional atomic coordinates. Individual “lattice” planes within a 

crystal are defined by their Miller indices (hkl) that are a series of reciprocal fractions 

along a, b, and c with intercepts a/h, b/k and c/l. A particular direction in a crystal is 
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denoted by [uvw] and is the direction parallel to the vector ua + vb + wc, where u, v, 

w are integers and a, b, and c are the base vectors or cell edges defined as cartesian 

coordinates.   

 

 There are 14 unique crystal lattices that fall into the seven crystal systems as 

shown in table 1.1. These were first elucidated in the 19th century by Frakenheimer 

and Bravais, and are named after the latter. 

 

There are two basic types of lattice, centred and non-centred (also known as 

primitive). The non-centred contain one lattice point per cell and are designated P. 

The centred lattices contain additional lattice points and can be body centred I (2 

lattice points), face centred A, B, C, (2 lattice points) or all face centred F (4 lattice 

points).  

 

 

System Bravais lattices Axial lengths and angles Minimum symmetry 
Cubic P I F a = b = c 

α = β = γ = 90° 
4 Triads 

Tetragonal P I a = b ≠ c 
α = β = γ = 90° 

1 Tetrad 

Orthorhombic P I C F a ≠ b ≠ c 
α = β = γ = 90° 

3 Diads 

Rhombohedral R a = b = c 
α = β = γ ≠ 90° 

1 Triad 

Hexagonal P a = b ≠ c 
α = β = 90°, γ = 120° 

1 Hexad 

Monoclinic P C a ≠ b ≠ c 
α = γ = 90° ≠ β > 90° 

1 Diad 

Triclinic P a ≠ b ≠ c 
α ≠ β ≠ γ ≠ 90° 

None 

Table 1.1 The seven crystal classes and their Bravais lattices showing the symmetry constraints and 
minimum symmetry. 
 

 

1.3 SYMMETRY 

 

 Symmetry is one of nature’s defining principles and is of fundamental 

importance in considering any crystalline phase. It is the property of an object that, 

after a specified movement, appears unchanged. This movement is known as a 
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symmetry operation, and the point, axis, or plane about which it occurs is a symmetry 

element. 

 

 Point-symmetry is that possessed by a finite object such as a molecule or a 

crystal, and its action always leaves at least one point unchanged. Translational or 

space-symmetry is applied to infinite arrays of points such as lattices, and has an 

effect on the entirety. The small size of the unit cell compared to the crystal makes the 

lattice essentially infinite, and necessitates the consideration of space-symmetry. 

 

1.3.1 Point-symmetry and point-groups 

 

 The various point-symmetry elements and their effects are described below: 

 

Rotation axis (n), a rotation of 360/n° where n is the order of rotation and due 

to lattice restrictions can only be 1, 2, 3, 4, 6. Individual molecules can adopt other 

local rotation orders such as 5 for a cyclopentane ring, but these will not be a 

requirement of the space group. 

 

Rotatory-inversion axis ( ), this is a compound symmetry operation 

consisting of an inversion through a point (converting x, y, z to -x, -y, -z) followed by 

an n-fold rotation of 1, 2, 3, 4, 6. The case of 

n
_

1 , an inversion through the centre 

followed by a rotation of 360°, is more commonly called a centre of symmetry. The 

overall effect of a centre of symmetry is to convert an object to its mirror image. 

 

Mirror plane (m), the reflection in a plane converting left to right. It is 

equivalent to a 2-fold rotatory inversion axis, and thus 2 is often denoted by m. 

 

 These point-symmetries can be combined into the 32 point groups (table 1.2) 

that are compatible with the 14 lattice types and are known as the 32 crystallographic 

point groups. 
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Crystal system  Point-groups 

Triclinic 1, 1  

Monoclinic 2, m, 2/m 

Orthorhombic 222, mm2, mmm 

Tetragonal 4, 4 , 4/m, 422, 4mm, 4 2m, 4/mmm 

Trigonal 3, 3 , 32, 3m, 3 m 

Hexagonal 6, 6 , 6/m, 622, 6mm, 6 m2, 6/mmm 

Cubic 23, m3, 432, 4 3m, m3m 

Table 1.2 The thirty-two point groups and their distribution within the seven 
crystal systems. 

 

1.3.2 Space-symmetry 

 

 As well as pure translations in a given direction, there exist compound 

operations combining translation and one of the point-symmetries. 

 

Screw axis (nr/n), a rotation of 360/n° followed by a parallel translation by r/n 

of the identity period, examples include 21 32 63. 

 

Glide plane, reflection in a plane followed by a translation parallel to the plane 

along a specified vector. If after two glides a point related by a simple translation is 

reached then the operation can be designated as an a-glide, b-glide, or a c-glide. If it is 

parallel to a face diagonal it is known as an n-glide or d-glide and involves translation 

components of ½ and ¼ respectively. 

 

1.3.3 Space-groups 

 

 By combining the point and space-symmetries there are 230 possible space 

groups compatible with three-dimensional lattices. These are listed in the 

International Tables for X-ray Crystallography, Volume A, Space-Group Symmetry1, 

along with their properties. The example of space-group number 19, P212121 is given 

in figure 1.2. 
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+ +

+ +

1/2+ 1/2+

1/2-

1/2-

1/4

1/4 1/4

1/4

1/4

1/4

-

 

(1) x, y, z    (2) -x + ½, -y,  z + ½    (3) -x, y + ½, -z + ½    (4) x + ½, -y+ ½, -z 

h00: h = 2n,    0k0: k = 2n,   00l: l = 2n 

 
Figure 1.2 The space group diagrams for space group 19  showing the point and lattice symmetries 
along with the symmetry operators and reflection conditions. 
  

This is an orthorhombic space-group with the P denoting a primitive lattice, 

and the 212121 denoting three sets of perpendicular non-intersecting screw axes 

parallel to a, b and c respectively. In the diagram these are shown by a half arrow for 

a screw axis parallel  to the plane, with its fractional coordinate above z = 0, and a 

spiral for an axis perpendicular to the plane. The origin is in the top left of the cell, x 

to the bottom, y to the right and z perpendicular to the plane. The diagram on the left 

shows the point symmetry and that on the right shows the space symmetry. 

 

 Listed are the three equivalent positions produced by the operation of the 

space group on x, y, z. So that the screw axis parallel to c at x = ¼, y = 0 moves an 

atom at x, y, z, to one at x - ½, -y, z + ½.  

 

 

1.4 DIFFRACTION 

 

1.4.1 Generation of X-rays 

 

 X-rays are generated by firing high energy electrons at a metal target. An 

electric current is applied to a tungsten filament causing heating and thermal 

evaporation of electrons. The electrons are then accelerated by a voltage of 40 – 60 

KV applied between the gun, or cathode, and the target, which in this case is a 
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rotating molybdenum anode. The electrons impinging on the target displace electrons 

from the inner most shells and the ‘falling-in’ of electrons from higher energy shells 

causes the emission of X-rays. The resulting beam is white and has a wavelength 

inversely proportional to the atomic number of the target.     

 

 The expelled electron is from the inner s orbital and the two main transitions 

are from the L and M shells to K producing Kα and Kβ  respectively. These spikes in 

the X-ray spectrum are in fact doublets consisting of Kα1 and Kα2, and Kβ1 and Kβ2 

and this can cause splitting of high angle Bragg reflections. The beam is 

monochromated by passing it through a graphite crystal orientated such that it only 

reflects the Kα lines and not the Kβ. 

 

 When X-rays interact with a crystal they are either absorbed or scattered. 

Absorption results in the displacement of electrons from inner orbitals to higher ones 

with the resulting ‘falling-in’ of electrons causing emission of fluorescent X-rays. 

Scattering occurs in one of two ways. Inelastic or incoherent scattering of X-rays 

involves an increase in wavelength caused by energy loss to electrons. Elastic or 

coherent scattering causes the electrons to vibrate and emit X-rays with a wavelength 

identical to that of the incident beam.  

 

1.4.2 Diffraction of X-rays 

 

 Diffraction or diffraction and interference of X-rays by crystals was first 

considered by Max von Laue around 1912 and then by William Bragg and his son 

shortly after. 

 

1.4.3 Laue Equations  

 

Laue investigated diffraction by points on a lattice and considered the 

conditions for constructive interference of the scattered waves. A row of lattice points 

will give diffracted beams that lie on a series of cones with semi-apex angles ranging 

from 0 to 180° centred around the row. Diffracted waves will only be observed when 
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Laue cones centred along the three axes x, y, and z intersect. This can be represented 

mathematically by the three Laue equations. 

 

λ=−⋅=α−α xoon n)()cos(cosa ssa                                  (1.1) 

 

( ) λ=−⋅=β−β yoon n)(coscosb ssb                                  (1.2) 

 

λ=−=γ−γ zoon n).()cos(cosc ssc                                  (1.3) 

 

αn and αo are the angles between the diffracted and incident beams and the x-axis, and 

nx is the order of diffraction. 

So

S

αo

a⋅So

a⋅S

a

αn

 
 

Figure 1.3 The diffraction of X-rays from adjacent lattice points 

 

The term a⋅(s-so) is the path difference expressed in vector notation where s and so are 

vectors along the diffracted and incident beams respectively, and a is the vector lattice 

translation between adjacent lattice points. If all three Laue equations (1.1,1.2,1.3) are 

satisfied a diffracted beam will be observed. 

 

1.4.4 Braggs Law 

 

 Bragg envisaged diffraction as analogous to reflection from planes of atoms 

and this allows the derivation of the simple Bragg equation. 
 

Using figure 1.4, the path difference between two waves scattered by atoms 

lying in the plane hkl is given by AB+BC which is equal to 2dhklsinθ (if AB = BC). So 

for constructive interference Braggs Law must be satisfied; 
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θλ sin2 hkldn =                                                (1.4) 

 

where n is an integer equal to the order of diffraction, in other words the path 

difference must be a whole number of wavelengths. 

 

dhkl

θ
A

B

C

 
 

Figure 1.4 Braggs law as expressed by reflection of X-rays by consecutive planes of atoms. 

 

1.4.5 The Reciprocal Lattice and Ewald Sphere 

 

 The reciprocal lattice provides a geometrical basis for the interpretation of X-

ray and electron diffraction patterns and is constructed from the projection of 

reflecting plane normals. Every unit cell in direct space a, b, c, α, β, γ, has its 

counterpart in reciprocal space a*, b*, c*, α*, β*, γ*. 

  

A

B

O

Diffracted Beam

Reflecting Plane

Direct Beam

hkl

d*hkl

 
 

Figure 1.5 Construction of a section of the Ewald sphere for one reciprocal lattice vector d*
hkl , this can 

be extended to all planes and an entire sphere. 
  

Diffraction can be considered as reflection from families of planes and 

reciprocal lattice vectors are the normals to these planes with a magnitude equal to the 
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reciprocal of the d spacing. The reciprocal lattice is that produced by the intersection 

of these vectors and each reciprocal lattice point represents a series of planes. It thus 

allows the interpretation of diffraction patterns in terms of Braggs law were 1/d 

(reciprocal of the interplanar spacing) is proportional to sinθ (the diffraction angle). 

 

It was P.P. Ewald who first developed the application of reciprocal space to 

diffraction using the Ewald or reflecting sphere. The Ewald sphere consists of a 

sphere with radius 1/λ with the crystal at its centre. Using figure 1.5, with Braggs law 

satisfied, the vector OB (the point of exit from the sphere of the direct beam to that of 

the reflected beam) is equal to d*
hkl. If the origin of the reciprocal lattice is moved 

from the centre of the sphere A to the point of exit of the direct beam O, the reciprocal 

lattice vector falls on the surface of the reflecting sphere. Thus for Braggs law to be 

satisfied and a reflection observed the reciprocal lattice vector must lie on the surface 

of the sphere. 

 

1.4.6 Atomic Scattering 

 

 The arguments of Laue and Bragg are based on scattering by points of 

unspecified power, so whilst giving the direction of the diffracted beam they give no 

information on its intensity. 

 

 Scattering of X-rays is primarily by electrons and scattering from one part of 

an atom interferes with that from another for all angles of 2θ other than 0 (at this 

value the waves are all in phase and the scattering power is equal to the atomic 

number). The amplitude scattered by an atom is called the atomic scattering factor f 

and decreases with increasing sinθ/λ and thermal motion. This has the effect of 

smearing out the electron density. 

 

 The scattering by a unit cell in the direction of a diffraction maxima is the sum 

of the scattering by the atoms and is represented as the structure factor F(hkl). It is a 

vector quantity measured relative to the scattering by one electron and is essentially 

the Fourier transform of the scattering density sampled at a point hkl in the reciprocal 

lattice.  
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)()()( hkliBhklAhklF +=                                      (1.5) 

 

A and B are the orthogonal components of the waves vector and for a known structure 

can be calculated by; 

 

)(2cos)( lzjkyjhxjfhklA j
j

++=Σ π                                 (1.6) 

 

)(2sin)( lzjkyjhxjfhklB j
j

++=Σ π                                 (1.7) 

 

which is a summation of the atomic scattering amplitudes fj for atoms at xyz in the 

direction of the reciprocal lattice point hkl. 

 

The intensity of scattered radiation is proportional to the square of the 

structure factor amplitude corrected for various effects and can be represented by 

equation 1.8. 

 

)/sin2exp())(/( 2222 λθisonovibcorr BFKFKLpAbsII −===                (1.8) 

 

 

Abs is the absorption factor, Lp is a combination of the Lorentz and polarisation 

corrections that take into account the time spent by the crystal in a diffracting position 

and the effect of polarisation of the incident beam during scattering. These corrections 

can be made with no knowledge of the structure, and the absorption factor can be 

estimated from the shape, orientation and composition of the crystal. Fnovib is the 

value of F for a structure whose atoms are not vibrating, thus it is possible to obtain a 

value for the temperature factor Biso and also an approximation of the scale factor K 

from the experimental measurements. 
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1.4.7 Anomalous Dispersion 

 

 The absorption coefficient for an atom in terms of X-rays, shows 

discontinuities, known as “absorption edges”, when plotted as a function of incident 

X-radiation wavelength. At wavelengths at or below (but close to) the absorption 

edge, the X-rays will excite an electron in the strongly absorbing atom to a higher 

quantum level, or eject it completely. This effects the phase change on scattering, and 

the normal scattering factor f has to be replaced by equation 1.9.  

 
"'

iiii fff ∆+∆+                                              (1.9) 

 

where ' and vary with wavelength. So if an atom in the structure absorbs the 

incident beam a phase change will result between X-rays scattered by the absorbing 

atom and the rest of the structure. This has the effect of changing the diffracted 

intensities. From analysis of the intensities of Friedel opposites it is possible to assign 

absolute configuration, and this was first achieved by Koster, Knol and Prins in 1930 

for ZnS. 

if∆
"

if∆

 

 Anomalous dispersion can also be used in the distinguishing of isoelectronic 

elements in mixed occupancy sites2. With the use of a synchrotron source the 

wavelength of the incident beam can be tuned to close to the absorption edge of one 

of the elements. This means the scattering factors, that are normally near identical, 

become easily distinguishable. However, due to the very small number of synchrotron 

sources this method is not routinely possible and was not used in this thesis.  

 

1.4.8 Thermal Motion 

 

 The extent of the atomic vibrations within a crystal can be measured and 

represented by a set of exponential parameters known as temperature factors. 

However, before this is done it is essential that the data is corrected for all the other 
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factors that effect the diffracted intensities, such as absorption, and consideration of 

static disorder is essential.  

 

 In the simplest form thermal motion can be considered as isotropic or 

spherical. Thus the resultant decrease in scattering depends only on the diffraction 

angle 2θ. From this the scattering factor for an atom at rest (f) can be replaced by 

equation 1.10. 

 

]/)[(sinBiso
e

22

f λθ−
                                        (1.10) 

 

Biso can then be related to the average of the square of the vibrational amplitude 〈U2〉, 

by equation 1.11. 

 
222 798 UUBiso ≅π=                                     (1.11) 

 

The effect of temperature on thermal motion can be gauged from the observed 

decrease in B values by a factor of 2 to 3 when the temperature is reduced from 298K 

to 100K.  

 

 Due to atom environments being far from isotropic the spherical model needs 

to be elaborated on. This is achieved by modelling the motion as ellipsoidal, with six 

parameters to describe it, three define the lengths of the mutually perpendicular axes 

of the ellipsoid and the other three define the orientation of these axes to the crystal 

axes. These values can be incorporated into an equation similar in form to (1.10) by 

means of anisotropic vibrational parameters, bij, as multipliers of the indices for 

reflections hkl as in equation 1.12. 

 

( )hlbklbhkblbkbhbe 312312
2

33
2

22
2

11 +++++−
                              (1.12) 

 

More commonly, these vibrational parameters are given as components of a 

symmetric tensor, U. 
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)(4/ **2 jiaabU jiijij ≠π=                                  (1.13) 

 

The mean square vibrational amplitude can be specified by the cosines, l, of the 

angles made between the reciprocal lattice and the direction of vibration, this is 

shown in equation 1.14. 

 

133132232112
2

333
2

222
2

111
2 222 llUllUllUlUlUlUU +++++=                (1.14) 

 

This model strikes a good balance between ease of computation and realism, and is 

that generally applied.  

 

 

1.5 STRUCTURE SOLUTION 

 

 The aim in crystallography is to produce a three dimensional representation of 

the electron density within the unit cell known as an electron density map. This 

requires information about the unit cell, from the diffraction geometry, and the 

calculation of the structure factors, derived from the intensities. The construction of 

the map is achieved by a Fourier summation of all the structure factors, the 

mathematical equivalent of a microscope imaging lens. Thus the electron density ρ at 

a point xyz can be given by equation 1.15. 

 

[ απρ −++= ΣΣΣ )(2cos1)( lzkyhxF
V

xyz
hklc

]                        (1.15)  

 

Where Vc is the volume of the cell and F(hkl) is the structure factor. The problem is 

the phase angle α that can not be measured during data collection. However, it can be 

computed from approximate “trial structures” or by analytical methods.  

 

1.5.1 Space-group Determination 

 

 14



Chapter 1 

 The first stage of structure solution is to determine the space group, generally 

from examination of the diffraction pattern and identification of systematically absent 

reflections. These absent reflections are caused by the translational components of the 

space group. In the example of a crystal with a two-fold screw axis parallel to a, every 

atom at x has a counterpart at x + ½. In terms of the h00 reflection a = a/2 = 2a*, thus 

reflections will only be observed for values of h that are even. This can also be 

demonstrated in equations 1.6 and 1.7 if they are summed for atoms at x and ½ x (kl = 

0), then for h being odd the terms A and B are equal to zero and thus the intensity is 

zero. 

 

Ambiguities can occur in the determination of space groups that posses the 

same translational symmetry elements and thus the same extinctions, such as P63 and 

P63/m. In these cases it is necessary to look at other information, such as optical 

characteristics, and the quality of the refinement. 

 

1.5.2 Derivation of Trial Structures 

 

 A trial structure is an approximate idea of most atomic positions in the unit 

cell, and must be close enough to the true structure to enable smooth refinement to a 

good fit with the experimental data. The earliest method was the “trial and error 

method” where an initial structure was proposed using all available knowledge of the 

compound. 

 

1.5.3 Direct Methods 

 

 Direct methods3 is an analytical technique for obtaining an approximate set of 

phases from which an initial electron density map can be calculated. The case of 

centrosymmetric structures is greatly simplified and is considered below. 

 

 When a structure contains a centre of symmetry, the value of the phase angle 

will be either 0 or 180°. This makes cosα  = +1 or -1 and sinα = 0. It thus follows that 

F cosα = F = + F  or - F . For N reflections there are 2N possible electron density 

maps (all possible combinations of signs) of which one is correct. Initially only the 
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largest values of the structure factors are used in the approximation. This still leaves a 

large number of possible maps, but relations between different reflection phases can 

be derived. They are based on the fact that the electron density must not be negative 

and is close to zero with the exception of spherical peaks at the atomic positions. So 

in the case of centrosymmetric structures we need to look at the relationships between 

the signs of the structure factors. This can be expressed as; 

 

( ) ( ) ( )212121222111 ,,,,, llkkhhslkhslkhs +++≈                        (1.16) 

 

where s represents the sign of, and h1,k1,l1 h2,k1+k2,l1+l2 are the strong reflections. In 

practice these relations are worked on normalised structure factors E , in which a 

correction has been made to account for fall-off in individual scattering factors with 

increasing 2θ. 

 

An analysis of the “distribution of E values” will show whether or not the 

structure is centro- or noncentrosymmetric (mean E for centro = 0.798, noncentro = 

0.886). It is the very strong and very weak reflections that contain information on the 

significant structural features. These are distributed differently in centro- and 

noncentrosymmetric structures, with there being a higher proportion of low intensities 

in centrosymmetric structures. 

 

 From a ranked table of E values the strongest ten per cent are usually taken 

and grouped so that they satisfy the relations in equation 1.16. These groups are 

known as triple products and are selected by computer on a statistical basis. Due to 

the values of E being high the product of their signs is likely to be positive and is 

known as the ∑2 listing, ∑1 relations only involve pairs of reflections and are thus 

simpler. These relations are not exact and the probability aspects are very important, 

for ∑(hkl) to be positive, the probability P is given by; 

 

2/1
KHK

K
H N/EEEtanh

2
1

2
1P 








+=+ −∑                         (1.17) 
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 The initial choice of sign for three reflections in many centrosymmetric space 

groups will determine the choice of the unit cell origin. These origin-fixing reflections 

need to be chosen carefully and should not be a triple product.  

 

 From the list of triple products a set of signs, with a high probability of being 

correct, can be assigned. In some cases this may require the re-choosing of the initial 

origin defining reflections, or the use of symbolic signs that can be deduced later on 

(symbolic addition4). 

 

 An Emap (an electron density map calculated using E values not F values) can 

now be constructed. From this at least part of the structure should be apparent and the 

rest can be found from difference electron density maps. 

 

 In the case of noncentrosymmetric structures an additional formula is used in 

the derivation of the phase angles; 

 

KKKHH Φ+−Φ≈Φ                                      (1.18) 

 

H≡h,k,l,  K≡h1,k1,l1, φ is the phase angle, and 〈〉 refer to an average over all values of 

k, where H=(k)+(H-K). As both these methods are probabilistic they rely on a sensible 

initial choice of phases and origin-fixing reflections. 

 

1.5.4 Patterson Methods 

 

 The intensity of a diffracted beam is dependant on the relative position of the 

atomic scatters and until the mid 1960’s the most effective way to study this was to 

use a Patterson 2F - map5. This method is still extremely useful in the study of 

macromolecules and those containing heavy atoms. 

 

 The Patterson function (equation 1.19) is an evaluation of the Fourier series 

that requires only the indices and 2F  value (independent of phase), which are 

obtainable from the diffraction experiment. 
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(∑ ∑ ∑ ++π=
lhallhc

lwkvhuF
V

wvuP
,,

2 2cos1),,( )                      (1.19) 

 

Every crystal structure has a unique Patterson function that is known as its 

vector map. The function is evaluated at each point uvw in the unit cell, and can be 

envisaged as the sum of the appearances of the structure viewed from each atom in 

turn. This can also be achieved by multiplying the electron density at xyz with that at 

x+u, y+v, z+w and adding the products for all values of xyz. This Puvw is the 

convolution of the electron density at all points xyz and that at x+u, y+v, z+w within 

the unit cell. Two atoms separated by the vector uvw will cause a peak in the 

Patterson map at uvw. So the Patterson map will exhibit a representation of every 

interatomic vector in the structure. The heights of the peaks are approximately 

proportional to the sum of the atomic numbers at either end of the vector, and hence 

the method works best for small structures that contain atoms of non-identical atomic 

number.  

  

The complexity of the Patterson map arises from their being N 2 interatomic 

vector peaks for a cell containing N independent atoms. If the map has a centre of 

symmetry the number of vectors is reduced, but even for relatively small molecules 

there is still a high peak overlap. Groups such as benzene rings can be located by 

calculating their vector map and superimposing it on the Patterson map. This can be 

best achieved using a computer search method, and once the group has been correctly 

located a search for groups in symmetry related positions can be carried out. 

 

There are several methods for obtaining the structure from the corresponding 

Patterson map by transcribing P(u,v,w) onto its self using different origins, but keeping 

the same orientation. One method involves calculating, for an atom of known 

position, a vector superposition map. The origin is then put in turn at each of the 

symmetry related position of the known atoms, then the values of P(uvw) are noted at 

all points in the unit cell. The minimum function distribution is then calculated from 

the lowest value of P in the superposed Patterson maps for each point. This should, in 

principle, isolate the vectors associated with the atoms of known position. The other 
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atoms present will then be represented by peaks in the minimum function, 

corresponding to the peak in each Patterson map at this position as the origin was 

moved. This method is greatly improved if the position of further atoms is known. 

 

1.5.5 Heavy – Atom Method 

 

 As heavy atoms dominate the scattering from the structure the phase angle for 

the structure will be close to that of the single heavy atom. Thus it is usually quite 

straightforward to locate the heavy atoms from a Patterson map. It is then possible to 

approximate the remaining phase angles from that of the heavy atom. 

 

1.5.6 Isomorphous Replacement  

 

 This method is very useful when a series of isomorphous compounds such as 

the alums, can be found and has been used extensively for determination of protein 

structures. In the case of proteins its is possible to infuse heavy atoms from solution 

into the crystals.  

 

 

1.6 STRUCTURE REFINEMENT 

 

 Once an approximate position for most of the atoms has been obtained, the 

structure can be refined. This involves varying the parameters so as to get the best fit 

between observed and calculated structure factors. This is an iterative process 

continued until the parameter shifts between cycles are negligible with respect to their 

estimated standard deviations. There are two basic approaches to refinement, Fourier 

methods and least squares methods. The later is the one most commonly applied and 

will be briefly discussed below. 

 

 During refinement difference maps are used, these differ from normal electron 

density maps by using the coefficient ( )FcFo −  and the phase angles computed from 

the trial structure. Thus peaks and troughs in this map represent positions of too much 
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and too little assigned electron density. At the end of the refinement this difference 

map should be flat. 

 

1.6.1 Least Squares 

 

 The method of least squares refinement was pioneered by Legendre in 1806 

and is commonly used to find the best fit between data and model when an excess of 

data exists. It works on the basis of minimising the sum of the squares of the 

deviations between observed and model derived parameters. If the accuracy of the 

data is known then it can be weighted in a manor inversely proportional to the square 

of the estimated deviation. 

 

 In terms of diffraction intensities the best parameters of the assumed structural 

model correspond to the minimum quantity Q in equation 1.20. 

 

( ) ( )[ ]2hklFhklwQ ∆∑=                                       (1.20) 

 

where FcFoF −=∆ , is the standard deviation of ( )[ ] 2/1hklw ( )hklFo  summed over 

all independent reflections.  

 

 The minimised parameters usually include, an overall scale factor for the 

experimental observations, atomic positional parameters x,y,z and vibrational 

parameters, numbering up to six, for each atom. In some cases further parameters 

such as occupancy factors may also be refined. 

 

 Due to the number of refined parameters, the uncertainty in the data, and the 

non-linear nature of the derived parameters, a ratio of the data  to parameters of 10:1 

or better is required for a reliable result. As convergence is reached the linear 

approximation of least squares becomes less significant. 

 

 In some cases the number of parameters can be reduced by applying 

constraints, usually geometrical, to the model (e.g. approximating a benzene ring to 
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be a regular hexagon). The correctness of the structure can be judged by looking at 

the discrepancy indices R (defined in section 1.7.2), and assessing the chemical 

validity of the model. 

 

1.6.2 SHELX Refinement 

 

 The structure solutions and refinements in this thesis were carried out using 

the SHELX suite of programs, these include SHELXS-866, SXS967 for structure 

solution and SHELXL-938, SHELX969 for refinement.  The structure solution uses 

either direct methods or the Patterson function 

 

Refinement is based on F2 and in the case of the structures described in this 

thesis was subjected to the constraints described in section 1.11.  

 

 

SHELX merges the reflections and the agreement factors are defined as: 

  

[ ]∑∑ −= 222 /)((int) oFmeanFFR oo                                 (1.21) 

 

where summations include all input reflections for which more than one symmetry 

equivalent is averaged, for all reflections in the merged list10. 
 

[ ] [ ]∑∑= 22 /)()( oo FFsigmaR σ                                       (1.22) 

 

The discrepancy indices are a measure of the difference between the observed and 

calculated structure factors and are defined in equations 1.23 and 1.24. The quantity 

actually minimised is wR2 but R1 is quoted for comparison, and has the advantage 

that it is less sensitive to weighting schemes. 

 

∑ ∑−= oco FFFR1 /                                              (1.23) 

 

[ ] [ ][ ] 2/122222 )(/)(2 ∑ ∑−= FowFcFowwR                            (1.24) 
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Where w is the weighting scheme suggested by the program in order to produce a flat 

variance analysis, as defined in equation 1.25. 

 

( ) ( )[ ]gPxPFow ++= 222/1 σ                                   (1.25) 

 

( ) ( )[ ] 3/20,max 22 FcFoP +=                                  (1.26) 

 

It is possible for the experimentally measured value of Fo2 to be negative due to 

background effects and so in the calculation of P, non-positive values are taken as 

zero. 

 

The goodness-of-fit (S) is based on F2 where n is the number of reflections and p is 

the total number of refined parameters, ideally it should be close to unity: 
 

[ ][ ] 2/1)22 )/((
2

∑ −−= pnFcFowS                                   (1.27) 

 
 
1.7 EXPERIMENTAL 

 

 The instrument used for all data collections presented in this thesis was a Delft 

Instruments four circle diffractometer, mounted at the window of a rotating anode 

generator, with a FAST11 TV area detector (Fast scanning Area Sensitive Television).   

 

1.7.1 Construction 

 

 The detector consists of a Gd2O2S phosphor layer deposited on a fibre optics 

faceplate with an effective area of 62.4 x 46.8 mm. The diffracted X-ray beam hits the 

faceplate where it produces a phosphor glow, this is amplified by an image intensifier 

that is in turn coupled to a Silicon Intensifier Target (SIT) camera tube via a de-

magnifying fibre optic cone. The camera converts the optical image into an electrical 

charge distribution that is stored in an array of diodes known as the target. The data is 

then read from the target at a rate of 25 times per second by a scanning beam. This 
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discharging of the diodes produces a video signal which is amplified and digitised by 

an analogue to digital converter, producing an 8 bit data output. 
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Figure 1.6 Diagrammatic representation of the Fast TV area detector.  

 

This signal (512 x 512 pixels) is sent to an interface where it is accumulated in a 512 

x 512 x 18 bit mass store (memory). The detector is air-cooled.  

 

 The raw data in the form of counts per second is then converted into integrated 

reflection intensities. This is done by taking a series of frames (single slices of 

reciprocal space) together, known as a shoe box, that contain complete reflections, 

and fitting an ellipsoid to the shape of the intensity distribution.  

 

1.7.2 Collection Strategy 

 

 The advantage of the FAST TV area detector over standard counters is that it 

can measure several Bragg angles, and thus reflections, at the same time. This enables 

the collection time to be reduced to between four and eight hours depending on the 

collection parameters.  The exposure time is the length of time each frame is exposed 

to the X-ray beam, and is generally between eight and twenty seconds per frame. The 

angular range or increment is the amount the crystal is rotated each time and ranges 

between 0.1 - 0.3 °. Other factors that affect the collection time are the intensity 

diffracted by the crystal. If some reflections are too strong (overflows) then they are 

re-measured with the detector set on a lower gain. Negative reflections occur where, 

due to statistical fluctuations, the background is higher than the peak, giving it a 

negative intensity. Both the negative and overflow reflections are used in the structure 
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solution. The background is measured every hundred frames and is effectively a 

shutter closed image.  

 

 The detector is positioned at about 50mm from the crystal and offset from the 

primary beam by an angle of 20°.  
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Figure 1.7 The geometry of the four circle goniometer and its rotation axes.  

 

 The diffractometer is run by MADNES (Munich Area Detector New EEC 

Software) which deals with the procedures from cell refinement to data collection. 

The crystal is mounted on a glass fibre pip with araldite or silicon grease and centred 

in the middle of the primary beam. A set of images ranging from 0 to 10° in φ is 

collected at 0.2° increments and 10 sec’s exposure time, using the FIND12 algorithm. 

The resulting frames are searched for peaks that are converted to integrated 

reflections. The first 50 reflections are auto indexed and from their positions an initial 

triclinic cell and orientation matrix is suggested. If the cell exhibits higher symmetry 

it can then be transformed. A second algorithm then refines this cell along with the 

effective mosaic spread and detector and beam geometry, using 250 reflections. The 

software then predicts the hkl, Yms/Zms, and Rot (change in crystal rotation axis) 

ranges for every reflection based on the refined cell. Images are collected based on the 

predicted location of the reflections, and the orientation matrix and detector alignment 

are continually refined and updated. 
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There are two collection modes which MADNES runs, on-line evaluates the 

images for integrated reflection intensities during measurement, and off-line stores all 

the images on disk for evaluation at a later date. 

 

 To obtain an adequate set of reflections a hemisphere of data is collected, and 

to bring all the reflections that are in the limiting sphere into a diffracting position, 

four  sets of data are collected, main1 and main2 are collected with kappa (chi) equal 

to 0, by 100° rotations about φ, this accesses the torroidal shaped region shown in 

figure 1.8. To locate the data in the shaded area the crystal is rotated to χ equals 90° 

(kappa in figure 1.8) and then rotated around φ by 72°. These two  χ rotations are 

known as cusp1 and cusp2. 
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Figure 1.8 The range of data collected by rotation about phi at kappa equals 0 and 90° 

 

 On completion of data collection the data are processed. This involves several 

stages. MADNES will already have extracted reflections from the images and written 

them to a file, these reflections are then corrected for Lorentz and polarisation effects. 

The program ABSURD then creates the necessary SHELX format files and produces 

merging statistics. The actual merging is not done at this stage but is undertaken by 

SHELX. 
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1.8 TRANSMISSION ELECTRON MICROSCOPY 

 

 Electron microscopes operate on the same principles as optical microscopes 

with electromagnetic lenses and an electron beam replacing light and glass lenses. 

The short wavelength of the electron beam enables much higher resolution in imaging 

mode and the generation of diffraction patterns from very small areas of sample. The 

difficulties in electron microscope construction arise from the susceptibility of the 

lenses to astigmatism and spherical and chromatic aberration. 

 

1.8.1 Construction 

 

 The electron beam is first collimated and focused onto the specimen with 

which it interacts. The scattered electrons then pass through an objective lens and a 

series of projector lenses that focus and enlarge the image. When in imaging mode the 

intermediate and projector lenses magnify a small section of the image formed by the 

objective lens at its image plane. In diffraction mode the lenses enlarge the diffraction 

pattern formed by the objective lens at its back focal plane.  

 

 The electron microscope used in this study was a Jeol JEM 200CX equipped 

with a lanthanum borate filament operating at 200 KV giving a relativistically 

corrected wavelength of 0.0251Å  

 

1.8.2 Resolving Power 

 

 The resolving power of any microscope is a measure of the image quality and 

can be defined as the shortest distance between two points producing two separate 

images. For an electron microscope it is given by the Rayleigh formula. 

 

α
λ

=
61.0R                                                   (1.28) 
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Where R is the size of the resolved object, λ is the wavelength of the electron beam, 

and α has a value effectively equal to the size of the objective lens aperture. In 

practice this ideal value is never reached due to the distortion present in the lenses.  

 

 Astigmatism causes a focal length that is dependant on the plane of the 

electron beam path, and is corrected by a small magnetic field produced by a 

stigmator. Chromatic aberration is due to the spread of energies of the electron beam, 

caused mainly by energy loss of electrons as they pass through the sample. 

 

1.8.3 Electron Interactions with Crystals 

 

 When electrons impinge on the sample surface they are either transmitted, 

backscattered or absorbed. Absorbed electrons may result in secondary radiations 

such as secondary electrons, Auger electrons, X-rays, and cathodoluminescence. 

 

                  

Backscattered electrons

Incident electron beam

X-rays Secondary electrons

Crystal

Transmitted electrons

 
Figure 1.9 The various forms of electron beam sample interaction. It is the transmitted electrons that 
are utilised in selected area diffraction and high resolution imaging. 
 

Transmitted electrons may be directly propagated through the sample with no 

change in direction or wavelength or they may be scattered. Inelastically scattered 

electrons undergo a directional change and lose energy to the atoms of the sample. 

Elastically scattered electrons undergo a change in direction but no loss in energy. 
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1.8.4 Application of Ewalds Sphere to Electron Diffraction 

 

 The number of reflections lying on the sphere is dependent on the reciprocal 

lattice geometry and the wavelength of the incident radiation. In electron diffraction 

the λ of the beam is determined by the accelerating voltage, and for a value of 200 

KV is 0.0251 Å. This is very much smaller than that used in X-ray diffraction 

(0.71069 Å) and results in an Ewald sphere that, close to the reciprocal lattice origin, 

can be considered planar. So instead of a reciprocal lattice point being intersected a 

section of a single reciprocal lattice plane is intersected. This is shown in figure 1.10 

where the centre of the sphere is far to the left and the electron beam is directed along 

the a* axis. 

 

Reflected Beams Direct Beam

Zero Order
Laue Zone

Zero Order
Laue Zone

First Order
Laue Zone

First Order
Laue Zone

00l10l20l

003

002

001

000

00-1

00-2

00-3

107

108

10-7

10-

Ewald Sphere

 
Figure 1.10 Construction of a section of the Ewald sphere for an electron diffraction experiment 
showing a cubic lattice with its a* reciprocal lattice vector parallel to the electron beam. The centre of 
the sphere is beyond the left-hand margin of the page. The reflections from the zero order Laue zone 
are grouped around the direct beam with those from the first order Laue zone being further out.  
 

Due to reciprocal lattice points having a finite size they do not have to lie exactly on 

the sphere to produce a reflection. So unlike X-rays electrons have the potential to 

give an undistorted view of the reciprocal lattice. 
 
1.8.5 Diffraction Geometry 
 

Due to the undistorted nature of the diffraction pattern produced it is a simple 

matter to obtain various geometrical relationships, dhkl being given by, 
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r
Ldhkl
λ

=                                                  (1.29) 

 
where Lλ is the camera constant (21.5) and r is the spot separation on the negative. 
 

Crystal

2θ

L

r
 

Figure 1.11 The measuring of dhkl for a series of diffraction spots. r can be measured directly from the 
diffraction negative and L is known for the camera. 
 

1.8.6 Lattice Imaging  

 

 The diffracted beams forming the pattern can be recombined at the image 

plane to form a lattice image. Manipulation of the diffracted beams during 

recombination can be used to produce various contrast effects. Bright field imaging 

uses only the transmitted beam while dark field images use only the diffracted beam. 

Phase contrast imaging, as employed in this work, utilises all the beam and additional 

information can be gained from the effects of small phase differences.  

 

 The various effects produced by interactions of the beam and sample are 

incorporated in the phase transfer function (CTF). Images are generally taken as a 

through focal series based around the optimum Scherzer defocus, which for the 

microscope used is ≈ -670 Å . 

 
1.8.7 Simulation 

 

The difficulty in interpretation of High Resolution Transmission Electron 

Microscope (HRTEM) images makes simulation from the crystal structure desirable. 

To this end the HRTEM module of the Cerius2 modelling program was used. The 

program simulates dynamical electron diffraction patterns and converts them into real 

space images. It does this using the multi-slice method13,14 involving four steps. 
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Firstly the crystal is divided into slices and a projected potential for each slice 

calculated. Secondly the phase transfer function for each slice is computed. The 

diffracted electron beam is calculated by propagating the beam through the crystal. 

Finally this beam is propagated through the microscope to produce the final image.  

 

The form of the reciprocal space potential is given below; 

 

V h N F h f h ej
i h r

j

cell
j( ) ( ) ( ) ( )= − ⋅

=
∑ 2

1

π                                  (1.30) 

 

Where rj is the position of atom j, fj is the electron scattering factor of atom j, N is a 

normalisation constant, and F(h) describes the effect of temperature on the potential. 

 

The electron scattering factors used in the simulations are the Doyle-Turner electron 

scattering factors of the form; 

f h a ej
j

b h
j

( ) =
=

−

∑
1

4 4

2

                                           (1.31) 

 

The way each slice effects the electron beam is given by the phase transfer function 

which takes the form; 

 

θ σ φ θ( ) ( )(1 )x ei z x i= +                                           (1.32) 

 

Where σ is the relativistic interaction constant, φ(x) is the projected potential, θ is the 

phenomenological absorption coefficient, and z is the slice thickness. 

  
 

1.9 DEFECTS 

 

Real crystals contain, to a greater or lesser extent, structural imperfections or 

defects that disrupt the regular periodicity of the crystal lattice. Knowledge of these 

possible defects and their effects on the diffraction pattern is essential for correct 

interpretation of the experimental data. The wavelength of X-rays and their relatively 
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weak interaction (compared to electron beams) with crystals produces an averaging 

effect in the diffraction pattern of the crystal. This makes the identification of defects 

by X-ray diffraction difficult, and a combination of X-ray and electron diffraction 

techniques is desirable. Presented below is a brief outline of the various types of 

defects, their effects on the diffraction experiment and interpretation strategies.  

   

The simplest defects occur at single discrete points and may aggregate to form 

clusters or line defects such as dislocations. If the defect develops components in two 

or more dimensions it becomes planar, such defects include stacking faults, antiphase 

boundaries, inversion boundaries, twin planes and crystal shear planes15. 

 

Defects can be categorised by their effect on stoichiometry. Intrinsic defects 

such as the Schottky and Frenkel type do not alter the stoichiometry, but extrinsic 

defects and some planar defects impart some control on the overall composition. 

 

Incommensurably modulated structures possess normal crystal periodicity that 

exhibits long-range fluctuations, often caused by competing structure types within the 

crystal. If the defect can not be rationally related to ordinary crystal periodicity the 

structure can be described as incommensurably modulated. Incommensurability can 

be caused by compositional fluctuations, planar defects or by distortions caused by 

spatially periodic physical phenomena such as charge density waves16.  

 

1.9.1 Intrinsic Defects 

 

There are two types of intrinsic defect Schottky and Frenkel. Schottky defects 

are vacancies in the crystal lattice and consist of cation and anion pairs in a ratio that 

retains the charge balance of the crystal. They are most common in binary compounds 

such as ZnS. Frenkel defects involve movement, usually of a cation, into an 

interstitial site. An example occurs in AgCl, where silver can move from an 

octahedral to tetrahedral site. 
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1.9.2 Extrinsic Defects 

 

Extrinsic defects are due to the addition or substitution of foreign atoms into 

the crystal lattice. In small amounts they can be considered as point defects with a 

free energy given by equation 1.33 

 

mm STHG ∆−∆=∆                                     (1.33) 

 

Small concentrations have a dominant -T∆Sm term and are thermodynamically 

favoured, thus many crystal structures will tolerate small numbers of substitutional or 

interstitial defects. If the substituting atoms possess a different valency then either 

counter ions or vacancies will be required resulting in a non-stoichiometric 

composition17.  

 

 Non-stoichiometric compounds are those in which the ratio of the atomic 

components is not a simple integer, and often varies over a range. They can occur 

when impurities are introduced, but are more commonly caused by the variability of 

transition metal valency states. 

 

 

1.9.3 Modulated Structures 

 

 Incommensurability can be composition or deformation related. 

Compositionally modulated structures can be loosely divided into four groups; non-

commensurate (misfit) layer structures, intergrowth structures, Nowotony or 

“chimney ladder” structures, and substitution modulated structures. 

 

 Misfit type layer structures contain two structural layers A and B which can be 

described in terms of their own independent lattices. In ordered structures layers A 

and B are commensurate, related by a simple multiple, and the structure has a single 

unit cell. If at least one of the lattice parameters of A is not simply related to B an 

incommensurate structure will result defined by two interpenetrating lattices. This is 
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the case in cannizarite. In semi-commensurate structures the lattices are related but by 

a large integer, so the nodes of the A and B lattices only coincide at large distances.  

 

 Incommensurate intergrowth structures contain at least two component lattices 

that are not interpenetrating and not in an ordered sequence. This is common in the 

tungsten bronzes. 

 

 Chimney ladder structures are caused by changing periodicities of interstitial 

atoms and are manifest in incommensurate electron diffraction patterns and moiré 

fringes. Substitution modulated structures are similar but the modulation is caused by 

substitution rather than interstitial incorporation.  

 

 Deformationally incommensurate structures occur mainly as a result of planar 

defects and periodic distortion or charge density waves. Planar defects such as 

stacking faults, antiphase boundaries and twin planes can all give rise to deformation 

modulated structures. Charge density waves are a static coupled periodic distortion of 

both the conduction electron density and the crystal lattice. An incommensurate 

structure forms when the wavelength of the charge density wave is incompatible with 

the lattice periodicity. These structures cause satellite spots that are incommensurate 

with the underlying basic lattice. 

 

1.10 EFFECT ON THE DIFFRACTION EXPERIMENT 

 

 The effect of solid solution on diffraction patterns is to alter, to some extent, 

the intensities and spacing of reflections. However, in highly ordered cases a more 

fundamental change is evident. Ordering tends to reduce the symmetry and increase 

the cell size, usually to some multiple of the original. In addition extra weak 

reflections are observed that, if produced by an increase in cell size, are known as 

superlattice reflections. In some cases a simple structure may be modulated over a 

large repeat causing a small pseudo-cell with a very much larger true cell.  

 

Intergrowth structures with blocks of uneven and varied dimensions will 

produce streaks between the spots. Stacking faults in which the order of the layers 
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varies cause changes in the lattice repeat, and in some cases this may be 

incommensurate. This leads to reciprocal lattice points that become rods, resulting in 

an indeterminate lattice parameter. The diffraction patterns of layer structures are thus 

often characterised by streaks parallel to c* superimposed on sharp reflections 

perpendicular to the layers. 

 

             
                                   (a)                                                                               (b) 

 

Figure 1.12 (a) the diffraction pattern of a crystal possessing a supercell. The sub cell is outlined on 
the right and utilises the strong reflections, the super- and correct cell is defined by both the strong and 
weak reflections and is shown on the left, (b) a characteristic electron diffraction pattern for a sulfosalt 
showing the intense reflections of a rock salt type subcell. 
 

 The information gained from the diffraction pattern can be analysed in terms 

of thermal ellipsoids. In the case of a well-behaved rigid structure these should be 

small and spherical, but disorder of a dynamic or static nature causes departure from 

this. Lattice structures commonly show static disorder in which the thermal ellipsoid 

represents an average of several positions occupied by the atom. If the site is regularly 

disordered across two well-defined positions it can be split into two more spherical 

sites that show more sensible temperature factors. However, if there is no simple 

order to the location of the atom it will not be possible to resolve the extended 

ellipsoid.   

  

 

1.11 INTERPRETATION STRATEGIES 

 

 As one of the major effects on the crystal structure is to produce mixed or 

statistically occupied sites the elucidation of site populations is very important. There 
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are several approaches to this problem and it is usually a combination of them all that 

provides the best result. The first is to look at the electron density of the site as refined 

from X-ray data. In simple cases such as Pb/Sb substitution at a fully occupied site it 

is a straightforward matter to refine an occupation number for each species in the 

form x, and 1-x. However, this scenario is often complicated by the presence of 

additional atom fractions at the site, total occupancies less than unity, and iso-

electronic substitution. Analysis of the total electron density now becomes an 

insufficient means to refine the occupancy.  

 

1.11.1 Bond Valence Analysis 

 

 Bond valence analysis is a method classically applied to oxides which has 

more recently been used in the field of sulfides. It utilises the relationship between 

total bond valence and oxidation state. The bond valence is effectively a measure of 

bond strength and can be calculated using the experimental bond lengths from 

equation 1.34 of Brown and Altermatt18 and also, with different notation, of Brese and 

O’Keeffe19.  

S = exp[(ro-r)/0.37]                                           (1.34) 

 

S is the bond valence, r is the bond length, ro is the average bond length or bond 

valence parameter, and 0.37 is a constant adopted by both sets of authors. The sum of 

the bond valences around each site should  
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Figure 1.13 Universal M-O bond length – bond valence curves for iso-electronic series, after Brown 
and Shannon20 

 
be equal to its oxidation state, so for antimony it would be three and for lead it would 

be two, if the result falls somewhere between the two,  mixed occupancy is indicated. 

 

 If x and y are the occupation numbers for antimony and lead respectively then 

the requirement that the sum of the bond valences at each site is equal to the oxidation 

number can be expressed as; 

 

x∑SSb + y∑SPb = xVSb + yVPb                                                            (1.35) 

 

where SSb is the bond valence calculated with ro set for antimony, and SPb is the bond 

valence of the same bond calculated with ro set for lead , VSb = 3 and VPb = 2. x + y 

must be equal to unity and so their values can be calculated. Once the occupation 

numbers have been calculated they can be used as fixed parameters in the refinement. 

To make this calculation easier a short program OCCGEN-9621 was written that 

calculates bond valences and assigns the corresponding occupancies. 
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Figure 1.14 Bond length – bond valence curves for Sb and the iso-electronic pair Bi3+/Pb2+ in terms of 
M-S bonds. 
 

The obtaining of an electrically neutral formula relies critically on the values 

of ro, which have been calculated by two sets of authors, Brown and Altermatt18 and 

Brese and O’Keeffe19, from their extensive database surveys. For oxides the two sets 

of values are very nearly identical with the only difference for the ions present in this 

thesis being for sodium (0.003Å). The values of Brown and Altermatt18 were used for 
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all oxide bond-valence calculations. The two sets of values for the metals in sulfides 

are not in such good agreement and are compared below. 

 
Bond Brown and Altermatt18, Å Brese and O’Keeffe19, Å Difference, Å Value used, Å 
Pb-S 2.541 2.55 0.009 2.541
Bi-S 2.570 2.55 0.020 2.557 
Sb-S 2.474 2.45 0.024 2.474 

Table1.3 Comparison of the bond-valence parameters of Brown and Altermatt and Brese and O’Keeffe 
for Pb, Bi, Sb sulfides. 
 

The effects of these differences on the bond-valence calculations were 

investigated using the structures of Stibnite (see section 4.1) and galenobismutite (see 

section 4.2). In stibnite the bond-valence parameters obtained using both values of ro 

for antimony were within 7% of each other, and this is the largest difference between 

the two bond-valence parameter lists. The result obtained using Brown and Altermatts 

value (2.474) was the highest and also closest to the ideal, and was that used in all 

subsequent calculations. For the lead site in galenobismutite the value of  Brown and 

Altermatt (2.541) again gave the result closest to the ideal and was that used. For the 

bismuth sites in the same structure the best result was obtained by adjusting the value 

of Brown and Altermatt from 2.570 to 2.557 which puts it very close to the value of 

Brese and O’Keeffe (2.55). The values stated above and in table 1.3 were used in all 

calculations throughout the thesis, and the slight adjustment made to the bismuth-

sulfur value is considered valid for the following reason. The values in both the 

published lists were obtained by consideration of many sulfide structures not just 

sulfosalts, and the two structures used here to test agreement with experiment are 

considered free from disorder and posses ideal unit occupancies.  

 

The methods described above are very useful for identifying iso-electronic 

components such as Pb2+ and Bi3+ as although they have almost identical bond 

valences their sum will differ by one.  One problem with bond valence analysis, 

however, is that it can not be applied to sites that are not fully occupied, as the bond 

valence sum is incomplete, but in many cases it provides an excellent tool for 

additional investigation of site occupancies. 

 

 

 

 37



Chapter 1 

 

1.11.2 Polyhedral Distortion 

 

Coordination polyhedra around metal sites are often distorted from their 

holosymmetric geometries, i.e in the case of octahedra they diverge from Oh 

symmetry. An evaluation of this distortion often reveals a strong correlation with the 

site occupancy. There are two major types of distortion, trigonal and tetragonal. 

Trigonal distortion, extension or compression along the S6 axis of an octahedron, 

gives a trigonal anti-prism with D3d symmetry. Bond angles deviate from 90° but 

bond lengths remain unchanged. Tetragonal distortion is extension or compression 

along the C4 axis of an octahedron, giving a tetragonal bi-pyramid with D4h symmetry. 

Bond lengths vary but the bond angles remain the same.  

 

 In the case of minerals, metal sites often undergo complex distortion involving 

both trigonal and tetragonal distortion. Robinson et al22 proposed two parameters for 

measuring the distortion, angle variance (equations 1.36 and 1.37) and quadratic 

elongation (equations 1.38 and 1.39). 
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 Where l0 is the metal to ligand distance for the Oh polyhedron with the same 

volume as that with distorted bond lengths li. Polyhedral volumes were calculated 

using the programs VOLCAL23 and VOLUME-9624. 
 

 Similar variances and elongations can be calculated for any coordination 

polyhedra. Graphs show that there is a very strong correlation between σ and λ, but in 

some cases such as those involving coordinated water or instances where there are 

strong Jahn-Teller distortions, sigma may become inaccurate. 

 

 Brown25 showed that polyhedra containing small cations are generally less 

distorted than those containing larger ones, but polyhedral distortion of one site is 

strongly linked to that of its neighbour. 

 

1.11.3 Coordination Spheres 

 

 In the evaluation of polyhedral distortion and bond valence sums it is essential 

to unequivocally assign site coordination numbers. In the case of silicates and oxides 

this is straightforward as the bond length ranges are small and the secondary 

coordination spheres are distinct from the first. However, sulfides show a much 

broader range of bond lengths and it is often difficult to distinguish between primary 

and secondary coordination spheres. 

 
VdW (Å) Ionic (Å) Covalent (Å) Metallic (Å) l0 –S (Å) ∑VdW-S (Å) 

Pb 2.01 1.332+ 1.54 1.70 2.541 3.81 
Bi 2.40 1.173+ 1.52 1.78 2.570 4.20 
Sb 2.20 0.903+ 1.40 1.66 2.474 4.00 
As 1.48 0.723+ 1.20 1.48 2.272 3.28 
S 1.80 1.702- 1.02 1.27   

Table 1.4 Radii data for the elements used in this study. VdW is the Van der Waals radii, Ionic is 
the ionic radii for the stated species, Covalent is the covalent radii, Metallic is the metallic radii,  l0 –
S is the average bond length to sulfur, and ∑VdW-S is its Van der Waals radii plus that of sulfur. 
 

 Using table 1.4 we can consider the effects of substitution of the various 

cations on the coordination spheres. The trend in the group VB metals is an increase 

from As to Bi of radii and bond length to sulfur. On substitution into a site this 

results in a simple expansion or contraction of the polyhedral volumes to 

accommodate the new ion. In terms of VdW radii lead falls below Sb, but in a 
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bonding situation it tends to have the largest radii. Thus in terms of effect on the 

local coordination polyhedra, the species can be ranked in terms of decreasing size as 

follows Bi, Pb, Sb, As. The differences in the preferred coordination of lead and 

antimony also has an effect on the size of the coordination polyhedra.      

 

 In terms of interactions in sulfosalts there are several categories in which 

contacts can fall. Those that can be considered strongly bonded (2.4 – 2.8), those 

that are more weakly bonded (2.8 – 3.5) and those that fall within the range below 

the sum of the MS VdW radii. To some extent this situation is complicated by 

mixed occupancies where the VdW radii of the constituent species differ, such as 

antimony and bismuth, see table 1.4. 

 

 In the case of BV analysis the choice of coordination sphere is not so critical 

as the contribution to the BV sum decreases exponentially with respect to the bond 

length r. Evaluation of the formal coordination for polyhedral distortion is not as 

straightforward. In this thesis all contacts under 4.0 Å are considered, and this will 

generally result in one of the following coordinations Oh, SQBP-7, TPRS-8 or 

TPRS-9. However, in some cases where metal-metal contacts are involved the 

situation can become “fuzzy”. Work is being under taken26 to apply the Voronoi 

Analysis to such problems and it is likely that this will provide a much less 

arbitrary interpretation of coordination spheres.  
 
1.11.4 Shift Lattice 

 

 The shift lattice27,28 is a way to quantify the diffraction behaviour of selected 

one and two dimensionally incommensurate intergrowth structures that have at least 

one unresolved real space lattice parameter. In reciprocal space this produces 

modulated intensities and incommensurate spacings along the direction of interest. 

The fluctuations of the spot spacing and their associated intensity modulation can be 

described in terms of the theoretical shift lattice.  

 

 

 

1.11.5 Microprobe Analysis 
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 The uncertainty in the crystal composition as derived from the X-ray analysis 

can be overcome by obtaining microprobe analysis for the particular grain examined. 

This thus provides a reliable compositional framework within which the X-ray 

refinement can be constrained, and the bond valence analysis evaluated. 

 

 Electron beam microprobe analysis of sulfides is not straightforward and the 

following problems are often encountered. Poorly polished samples; to obtain good 

results it is essential to have a very smooth surface, and this is achieved by polishing 

the grain, however, sulfosalts are often brittle or soft and tend to fall apart during the 

process. It is an uneven surface that leads to the low total percentages. It is generally 

accepted that for this type of material a total > than 97% is quite acceptable.  The 

analysing of heavy metal sulfides presents the potential problem of peak overlap (i.e. 

PbLα overlapping BiLα etc.). Thus it is important to count on the correct lines to get 

the best results. In accordance with test scans on one of the samples the following 

lines were chosen; SKα, SbLα, PbLα, BiLα. Choice of standards; the standard used 

for Bi was Bi metal which being very soft can suffer from low totals due to an 

irregular surface, however, the totals in this case were not a problem.  

 

Analyses were undertaken by Mark T. Hutchison on the Cameca Cambax 

electron microprobe of the Department of Geology, University of Edinburgh, 

operating at 20KV and 20.4 – 20.5 mA. 
 

 

1.12 SITE AND PHASE NOMENCLATURE  
 

As most of the metal sites exhibit mixed occupancies they are labelled as 

simply M(n) where n denotes successive independent sites. There are a few 

exceptions to this; all sulfurs are labelled as S(n) and the tetrahedral sites of the 

silicates are labelled as either Si(n), if fully occupied by silicon, or T(n) if mixed, in 

accordance with conventions already in the literature. The occupancies are listed as a 

footnote to the tables of crystallographic data and are given as a percentage; thus a 

total value of less than 100% for a site indicates partial occupancy. The relationship 
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between the formula unit, site occupancy, site multiplicity and the number of formula 

units per cell can be expressed as; 

 

 ∑ ×=
'100 Z

smoccfu                                                  1.40 

 

where fu is the formula unit, occ is the percentage occupancy, sm is the site 

multiplicity as given in the table of crystal data and Z′ is the number of formula units 

per cell. If Z′ is chosen as the formal crystallographic Z (the multiplicity of a general 

position) then the formula unit will be equal to the asymmetric unit. However, it is 

often desirable to express the formula unit as a multiple of the asymmetric unit so that 

all fully occupied sites , whatever the local symmetry have an integral number of 

sites. In such cases Z′ will be a fraction of Z and often equal to the lowest site 

multiplicity. Thus if the site multiplicities are identical and equal to Z′ the formula 

unit can be obtained by directly adding the occupancies and dividing by 100. The Z 

quoted in the crystal data tables is Z′.   

 

As the mixed occupancies, in terms of Sb and (Pb/Bi), have been refined as x 

and 1-x the esd on the two components is the same, and when the proportions of Bi 

and Pb have been determined by bond valence calculations the esds from the 

refinement have been carried through. In cases where the site is fully occupied by 

either Sb or (Pb/Bi) the site occupancy will have been fixed at unity and therefore will 

not have an esd. 

 

 

 In the case of the silicates there are no esds on the occupancies as the values 

were taken direct from the microprobe analyses. These values can be considered 

accurate to two decimal places and have been rounded to such, thus giving 

occupancies to the nearest percent. 

 

The first preparations of mixed lead, antimony and bismuth sulfosalts were 

synthesised from earlier preparations of galenobismutite (PbBi2S4) and zinckenite 

(ideally PbSb2S4) in integer proportions. The resulting new phases were thus labelled 
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sequentially as GZn (GalenobismutiteZinckenite). Although phase GZ5 contains no bismuth it 

is referred to using the above system. 
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Chapter 2 
 
 
 

 
Sulfosalts of Bismuth, Antimony and 

Lead 
 
 
Encompassed in this chapter is a review of the structure and chemistry of sulfosalts containing 
lead, antimony and bismuth. Descriptions of the known relevant structures are presented 
along with a brief discussion of classification schemes. 
 
 

 
Sulfosalts are a group of minerals possessing the general formula AxByCz. A is 

commonly Pb, Ag or Cu and less commonly Sn, Fe, Cd or Tl. B can be As, Sb or Bi, 

and C is S and or Se. Their crystals are silvery grey in colour and are characterised by 

a fine needle like morphology caused by a usually present short cell axis. Stibnite 

forms well-terminated prismatic crystals while some of the more complex and larger 

celled sulfosalts form ‘hair like’ crystals that exhibit a tendency to flex. It is possible 

to sub-divide these sulfosalts into three broad groups in terms of historical study; 

naturally occurring minerals, synthetic minerals, and purely synthetic phases.  
 

 The naturally occurring minerals were the source of much of the early work in 

this area and were investigated at a time when solution of large sulfide structures was 

in its infancy. As a result many of the early refinements have poor discrepancy indices 

and provide little more than the basic structural motif. Also through the use of powder 

methods many phases were incorrectly identified, with an abundance of wrongly 

assigned new phases. 

 

 The driving force behind much of the early work in synthetic minerals was 

two fold. Firstly it grew from the production of pure, crystalline specimens, and 

secondly new phases were identified as by-products of phase relationship 
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investigations. Purely synthetic phases, with no known mineral equivalent, led on 

from this analysis of phase relations, and there is currently interest in their design for 

electrical materials1.  
 

 Name Formula a (Å) b (Å) c (Å) β(°) S G R 

Boulangerite2‡† Pb5Sb4S11 23.490(5) 21.245(5) 4.020(1)  Pnam 0.077 

Semseyite3 Pb9Sb8S21 13.60 11.93 24.45 106.0 C2/c  

Madocite4 Pb17Sb16S41 27.2 34.1 8.12  Pba2  

Dadsonite5 Pb11Sb12S29 19.05 4.11 17.33 96.33 P2/m  

Playfairite3 Pb16Sb18S43 45.4 8.29 21.3 92.5 P21/m  

Heteromorphite6 Pb7Sb8S19 13.6 11.93 21.22 90.83 C2/c 0.105 

Launayite3 Pb22Sb26S61 42.6 8.04 32.3 102.0 C2/m  

Plagionite7 Pb5Sb8S17 13.48 11.65 19.98 107.1 C2/c 0.18 

Robinsonite8‡† Pb4Sb6S13 23.698(8) 3.980(8) 24.466(8) 93.9(3) I2/m 0.071 

Zinckenite9‡ Pb6Sb12S27 22.12 22.12 4.32  P63 0.09 

Fueloeppite10 Pb3Sb8S15 13.44 11.72 16.93 94.71 C2/c  

Phase 11‡† Pb5Sb6S14 28.36 4.024 22.04 92.28 I-1 0.099 

Phase 12‡† Pb2Sb2S5 11.355(4) 19.783(8) 4.042(1)  Pbnm 0.071 

Phase 13‡† Pb7Sb4S13 23.488(3) 25.220(3) 4.0821(4)  P212121 0.064 

Stibnite14‡ Sb2S3 11.3107(9) 3.8363(4) 11.2285(5)  Pnma 0.044 

Galena15‡ PbS 5.9362 5.9362 5.9362  Fm3m  

Table 2.1 Phases found in the PbS-Sb2S3 system. ‡ indicates a phase found in the experimental 
dry system, and † indicates a structure determination carried out on a synthetic sample.   

 

 

 
Name Formula a (Å) b (Å) c (Å) S.G. R  

Lillianite16 Pb3Bi2S6 13.535(3) 20.451(5) 4.104 Bbmm 0.14 

Galenobismutite17 PbBi2S4 11.79(1) 14.59(1) 4.10(1) Pnam 0.094 
 Phase 18† Pb5.48Bi2.342S9 13.697(6) 31.355(10) 4.132(2) Bbmm  

Phase 18† Pb2.82Bi2.212S6 13.522(4) 20.608(6) 4.112(2) Bbmm  

Cannizarite19 Pb3Bi5S11 11.73 14.47 4.076 Pnam 0.20 

Cosalite20 Pb2Bi16S26 19.09 23.89 4.058 Pbnm 0.096 

Phase V-3 21† Pb4.65Bi20.9S36 13.343(2) 60.022(9) 4.033(10) Bbmm 0.085 

Heyrovskyite22 Pb6Bi2S9 13.712(2) 31.210(5) 4.131(1) Bbmm 0.06 

PhaseV-1 23† PbBi4S7 13.247(3) 12.042(2) 4.030(1) B2/m 0.105 

Table 2.2 Phases found in the PbS-Bi2S3 system. . ‡ indicates a phase found in the experimental dry 
system, and † indicates a structure determination carried out on a synthetic sample. 
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Table 2.1 shows the known phases structurally characterised in the PbS-Sb2S3 

system. This system has been well studied in the past24,25, but many of the mineral 

phases are not found in the dry system and their structures are at best ill defined and in 

some cases unsolved. Their absence from experimental studies maybe due to either 

bizarre crystallisation conditions or more probably small amounts of  stabilising 

impurities. The phases in the PbS-Bi2S3 system (table 2.2) have not been 

crystallographically investigated to the same extent and re-refinement of some of the 

structures is required.  

 

2.1 STRUCTURES OF GALENA (PbS) AND STIBNITE (Sb2S3) 

 

 In the proceeding brief review of lead, antimony, and bismuth sulfosalts 

frequent reference will be made to the simple sulfide structures of galena and stibnite 

(see also section 4.1), and to this end a brief description of their structures is included 

below.  

 

 Galena crystallises with the rocksalt type (NaCl) structure in cubic space-

group Fm3m (225) with a = 5.936226. It can be considered as two interpenetrating 

face-centred arrays of Pb2+ and S2- ions where each ion is octahedrally coordinated. 

When viewed along [100] or equivalent the ions alternate along lattice rows and when 

viewed along [110] or equivalent like ions align along lattice rows. 

 

 Stibnite crystallises in the orthorhombic space-group Pnma (62) with a = 

11.3130, b = 3.873 and c = 11.307 (this work). It consists of ‘ribbons’ of M4S6 

composition that extend infinitely along b. These ‘ribbons’ are linked via longer 

contacts into distorted ‘sheets’ in the (100) plane and then further linked into a three 

dimensional network. 

                                                            
           
                                       (a)                                                                           (b) 
 
Figure 2.1 (a) one of the M4S6 stibnite type ‘ribbons’ and (b) their packing arrangement viewed down 
the b axis of the unit cell. • = antimony, ο = sulfur. 
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2.2 DERIVATION FROM THE ROCK SALT TYPE STRUCTURE 

 

The tendency for sulfosalts to adopt structures containing galena and stibnite 

type units allows them to be described as derivatives of the rock salt structure. This 

has been described in detail by Hellner27, and Petrova, Pobedimskaya, Ye & Belov28, 

but will be briefly outlined below. Galena is split into sheets parallel to one of the 

principle axes (e.g. [001] ), these are then broken into ribbons, two metal atoms thick, 

producing the desired square pyramidal geometry (figure 2.2 (a)). The ribbons are 

then rotated through 45° so as to be viewed onto their (011) face (figure 2.2 (b)). 

 

(100)

(010)

(100)

(011)  
                                       (a)                     (b) 

 

Figure 2.2  Development of the M4S6 chains from the rocksalt type structure of galena. The rocksalt 
type structure is split into sheets and then ribbons that are rotated through 45° to produce the chains 
found in such structures as stibnite.  
 

 

 This is the ideal case and in reality the coordination is often far from 

octahedral and in many structures the long bond joining the ribbons is replaced by two 

even  longer bonds, and the sulfur atoms are displaced by as much as 1Å from their 

ideal positions. However, it is a useful way of visualising the complicated structures 

of the sulfosalt group of minerals.  

 

2.3 STRUCTURES OF LEAD, ANTIMONY AND BISMUTH SULFOSALTS 

 

 Broadly speaking it is possible to divide sulfosalt structures into two main 

groups, those generated from the rock salt type structure by chemical twinning, via a 
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mirror plane, and those generated from the stibnite type structure by glide symmetry 

relations. It is also possible to consider a third group comprising the hexagonal 

sulfosalts that show both stibnite type ribbons and rock salt type regions. 

 

 Chemical twinning is defined as that created by a mirror plane relating one 

half of a structure to the other, with a repeat distance of a few angstroms. In some 

cases the relation is not one of direct reflection and the boundaries become 

composition planes. Chemical twinning causes a change in the stoichiometry and 

allows segregation of higher coordinate species along the composition plane.  

 

2.3.1 Chemically Twinned Sulfosalts 

  

 Sulfosalts derived directly from the rock salt type structure are limited to those 

with a high lead and bismuth content as only these are capable of forming extended 

galena type slabs. These slabs almost invariably twin on the (311)PbS plane (see figure 

2.3) and the variation in slab thickness and boundary spacings gives rise to the various 

structure types. 

[110]

[100]
(311)

 
Figure 2.3 The galena structure projected onto (011) showing the [100] and [110] directions and the 
location of the (311) plane. Outlined in black are the structural blocks of the phases presented in figure 
2.4 to illustrate their relation to the (311) plane of galena. 
 

 The simplest group comprises the lillianite phases which have equally spaced 

twin planes and an orthorhombic cell parameter twice this spacing. The members of 

the series vary in the width of the rock salt type slabs that can be defined as either the  

number of diagonal octahedra or the repeat distance in terms of the galena d311. The 
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lillianite structure16 is shown in figure 2.4(e) projected onto (100), the metal sites on 

the twin planes are occupied by trigonal prismatic lead with the slab sites being a 

mixture of Pb and Bi. 

 

 Pavionite29 contains silver and copper in addition to Pb, but is described here 

as it is related to both the lillianites and the V-phases. Its structure is shown in figure 

2.4(a). It contains two slabs that are bounded by composition planes along (311)PbS. 

One slab is fixed at one octahedron wide while the other varies to give the five known 

members of the series. The structure types are found most commonly in the Ag-Bi-S 

and Cu-Bi-S systems but 2P(the member that has slabs that are two octahedra wide) 

has been observed on the PbS-Bi2S3 join. The thinner slabs contain Ag, Cu and Pb in 

high coordination with Bi in the half octahedra. The thicker slabs contain Pb and Ag 

in the central sites and Bi in the peripheral sites. 

 

 The V-phases shown in figure 2.4(b), (c) and (d) form at elevated temperatures 

close to the PbS-Bi2S3 join. V-1 (PbBi4S7)23 is the most Bi rich and is really a member 

of the pavionite series (2P). V-2 (Pb2Bi6S11) and V-3 (Pb5Bi21S36)21 can be derived 

from V-1 by insertion of twin planes in the thicker slabs. V-1 and V-2 can be 

considered end members in the series with V-3 being somewhere in between. As in 

lillianite the trigonal prismatic sites along the composition planes contain lead, and 

the wider slabs contain lead and bismuth and the single octahedra bismuth.  

 

 

2.3.2 Sulfosalts Derived from Stibnite via Glide Symmetry   

 

 All the members of this group are based on the M4S6 units found in stibnite 

and bismutite. The coordination of the metals is varied and often highly distorted, 

with accommodation of high coordinate metals at ribbon junctions as opposed to 

composition planes.  

 

 Galenobismutite17 (PbSb2S4) is very similar to stibnite14 with the addition of 

an MS unit between the ribbons, as shown in figure 2.5(h). The high coordinate lead 

is situated at the end of the ribbons with the MS unit being BiS. The analogous 

compound PbSb2S4 does not adopt the same structure. Pb4Sb4S11
30, figure 2.5(f), 
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shows M3S5 ribbons grouped in pairs with inserted M2S units occupying the same 

positions as the ribbons and MS units in galenobismutite. 

 

 Cosalite20 and Pb2Sb2S5
12, figures 2.5(e) and (d), show M8S10 ribbons, paired 

in the former, that have the same spatial arrangement as stibnite. Boulangerite2 and 

Pb7Sb4S13
13, figures 2.5(a) and (b) are members of a homologous series consisting of 

alternating long and short ribbons. In boulangerite the ribbons equate to M6S8 and 

M12S14 and in Pb7Sb4S13 M8S10 and M14S16. 

 

 Robinsonite8 has a pair of M4S6 ribbons to one M12S14 ribbon and these are 

arranged as shown in figure 2.5(c).  

  

2.3.3 Hexagonal Sulfosalts 

 

 There are, to date, five members of this group (plus two more described in this 

thesis, chapter 6); 12-BaBi2S4
31, 12-SrBi2S4

31, Eu1.1Bi2S4
32, zinckenite9, and 9-

BaBi2S4
31. Of these the first four are isostructural and 12-BaBi2S4 and 9-BaBi2S4 are 

members of a homologous series. With the exception of zinckenite (P63) they all 

crystallise in the space group P63/m, and are characterised by six-fold disordered 

channels running parallel to [001]. 

 

 9BaBi2S4 has not as yet been identified as a purely lead, antimony, bismuth 

phase but its is mentioned here as it is related to the other hexagonal phases. It is built 

of pairs of M4S6 ribbons arranged around the six fold axis. Its structure is shown in 

figure 2.6(c). 

 

12BaBi2S4
31, shown in figure 2.6(b), and its europium32 counterpart are related 

to 9BaBi2S4
31 (figure 2.6(c)) by the addition to the ribbons of an extra MS5 unit. This 

causes further distortion of the arrangement and the necessity for one of the highly 

coordinated sites is removed.  
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a 

 c 
(a) Pavonite29 

 

 
a 

  c (b) V-123 
 

 

(c) V-321 
 
 

 
 

a

c 

a 

c 

(d) V-233 
 
 

Figure 2.4 Diagrammatic representation of the sulfosalts produced by chemical twinning of the rock 
salt type structure. The motifs represent MS6 octahedra at the equivalent of z = 0 and z = 0.5. The open 
circles represent metals in high co-ordination. The dashed lines show the twin planes. 
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b 

c 
(e) lillianite16 

 
 

 
a 

 
[011] (f) galena 

 
 

 
c 

 a (g) cannizzarite19 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4 continued. Diagrammatic representation of the sulfosalts produced by chemical twinning of 
the rock salt type structure. The motifs represent MS6 octahedra at the equivalent of z = 0 and z = 0.5. 
The open circles represent metals in high coordination. The dashed lines show the twin planes. 
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aa 

 
                    (a) boulangerite2                                                                        (b) Pb7Sb4S13

13
 

bb 

 
 
 

                             

ac 

                       
                       (c) robinsonite8                                                                        (d)  Pb2Sb2S5

12 
a b

 
 

                                    
aa 

 
                       

c

                          (e) cosalite20                                                                   (f) Pb4Sb4S11
30  

b 

 
Figure 2.5 Diagrammatic representation of the sulfosalts produced by glide symmetry relations. The 
motifs represent MS5 half octahedra with the metals at the equivalent of z = 0 and z = 0.5. The open 
circles represent metals in high coordination. 
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cc 

 
 a
                      (g) Stibnite14                                                                           (h) galenobismutite17 

a 

 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. continued.  Diagrammatic representation of the sulfosalts produced by glide symmetry 
relations. The motifs represent MS5 half octahedra with the metals at the equivalent of z = 0 and z = 
0.5. The open circles represent metals in high coordination. 
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b b

 aa  
                         (a) Zinckenite                                                                           (b) 12BaBi2S4 
 
 

              
b 

 
           

a 

                           (c) 9BaBi2S4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.6 Diagrammatic representation of the hexagonal sulfosalts. The motifs represent MS5 square 
based pyramids at the equivalent of z = 0 and z = 0.5. The open and filled circles represent metals in 
high coordination, except in (a) where the open circles are sulfur atoms.  
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 Zinckenite9, figure 2.6(a), consists of distorted M5S7 ribbons arranged 

trigonally in such a way that adjacent ribbons share the bases of the inner half 

octahedra. These triangular units are arranged hexagonally around the disordered 

channels. 

 

It can be seen from examination of the existing phases that there are several 

structural criteria that are fulfilled, and they all involve reduction of stress. Polyhedra 

of similar size and shape aggregate together, stibnite type chains form to give room 

for lone pairs. The metals positionally disorder to average out polyhedral dimensions, 

and composition boundaries form to allow placement of metals in high coordination. 

 
 

2.4 COORDINATION OF LEAD, BISMUTH AND ANTIMONY WITH SULFUR 

 
The metal coordination numbers of lead, bismuth and antimony in the 

sulfosalts are generally greater than would be expected for the application of the octet 

rule, which would be associated with simple covalent interactions. On the other hand, 

the bulk electronic properties of these compounds suggest that in the solid state a 

simple ionic model is also not appropriate. Most importantly the coordination 

geometries are irregular and show a wide variation in M-S bond lengths. However, a 

theoretical study carried out for galena34, which has a symmetrical rocksalt type 

structure, suggests that the bonding is mostly ionic but with some evidence of 

covalency. It is clear that more detailed studies are required in order to explore the 

nature of the bonding in these systems.   

  

 

 The B atoms in the general formula adopt two basic coordination geometries 

built around a square based pyramid with a lone pair of electrons at the octahedral 

vertex. The first is pseudo octahedral (figure 2.7(a)) and utilises d2sp3 orbitals and the 

second is seven coordinate (figure 2.7(b)) with two longer bonds close to the direction 

of the lone pair. 
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                                              (a)                                                                (b) 

Figure 2.7 (a) The pseudo octahedral geometry achieved when a square based pyramid accepts one 
long bond close to its lone pair. (b) the seven coordinate polyhedra with two long bonds close to the 
direction of the lone pair. 
 
 

 Sb3+, Pb2+, and Bi3+ all posses a stereo active lone pair that acts to distort the 

geometry from regular octahedral to square based pyramidal, however, this steric 

effect is more prominent for antimony and as a result its coordination polyhedra are 

often more distorted. 

 

Figure 2.8  shows the distortion of octahedral geometry allowing  approach of 

additional sulfur atoms to form seven, eight and nine coordinate sites, the later two 

being adopted by the A metals. 

 

(a) (b) (c)

(d) (e)  
Figure 2.8 The distortion of octahedral geometry allowing approach of up to three additional sulfur 
atoms, after Takéuchi and Sadanaga35. (a) regular octahedra, (b) distorted octahedral, (c) base bi-
capped square based prismatic, (d) bi-capped trigonal prismatic and (e) tri-capped trigonal prismatic. 
 
 
 
 
2.5 LINKING OF COORDINATION POLYHEDRA 

  

The various polyhedra link into finite groups by sharing of sulfur atoms. The 

most common form is edge sharing of octahedra to form a distorted rock salt type 
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structure, and similarly edge sharing of the seven coordinate polyhedra into stibnite 

type chains of varying lengths. The strained nature of these distorted units makes their 

propagation over large distances uncommon and they are isolated by B metals in 

seven coordinate environments and  A metals in coordination numbers of up to nine.  
 

 The polyhedra can also be considered in terms of the vertical linkages that 

define the short cell parameter.  

 

 
 

               (a)                           (b)                          (c)                         (d)                               (e) 
 

Figure 2.9 The various ideal vertical linkages found in sulfosalts. (a) The simplest is the edge sharing 
of  octahedra giving a repeat distance ≈ 4.19Å (b) similarly edge sharing of  seven coordinate 
polyhedra. (c) face sharing of bi-capped trigonal pyramids. (d) face sharing of tri-capped trigonal 
pyramids. (e) the linkage of octahedra with the TS3 chains described by Takéuchi and Sadanaga35 that 
cause a contraction in the repeat distance. 
 

  The simplest form of linkage is edge sharing of octahedra as described earlier.  

The seven coordinate polyhedra, found in stibnite type chains and at the edges of the 

rock salt type slabs, link in a similar fashion with the end of chain site being rotated 

through 90°. This is shown in figure 2.9 The bi-capped and tri-capped trigonal 

pyramids link by face sharing of their basal planes and are commonly found along 

composition boundaries and at the origin of the hexagonal celled sulfosalts. All these 

combinations have an ideal repeat distance of  4.19Å (d110 of galena). 

  

 
 
Figure 2.10 The view onto (010) of a single stibnite chain. Both the independent metals are seven 
coordinate with the end of chain sites being rotated through 90° relative to the central sites. 
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The short unit cell parameter is thus determined by the way in which these vertical 

assemblages link to build the whole structure. In bismuth rich sulfosalts the 

compatibility of the two types of octahedra means a rocksalt type structure is easily 

formed and the resulting parameter is only slightly contracted to around 4.10Å. In 

antimony rich sulfosalts the smaller nature of the atom allows more varied linkages 

and as a result the repeat distances vary over a range.    

 

The chains are held together in a three dimensional network by long secondary 

bonds, and it is lead, despite its lower charge, that forms the stronger secondary bonds 

(has a higher bond valence). Skowron and Brown36 explained the bonding in terms of 

Lewis acid strength, which is the expected valence (strength) of the bonds the 

particular cation forms. Thus they took the Lewis acid strength of Pb2+ to be 0.15 v.u. 

and Sb3+ to be 0.02 v.u. (in terms of secondary bonds). They then defined the total 

Lewis acid strength as the sum of the valences of the external bonds, 0.3 v.u. and 0.04 

v.u respectively. This approach can be applied to the ribbons as a whole and also to 

the sulfur anions. This can be utilised in the valence matching principle37 ‘bonds tend 

to form when the cation has a Lewis acid strength equal to Lewis base strength of the 

anion’. Thus it is the lead that bonds to the sulfurs with larger bond valences (and 

higher residual charge) and the antimony that bonds to the higher coordinate sulfurs 

with lower residual charge.  

 
 

Figure 2.11. Idealised drawing of part of the chains commonly found in sulfosalts. The upper diagram 
shows how the square based pyramids join together by edge sharing, and the lower diagram shows the 
simplified representation used in the packing diagrams.  
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2.6 CLASSIFICATION SCHEMES 

 
 The classification of sulfosalts and the associated problems has been 

investigated by several authors, with the major difficulties being the complex bonding 

(as opposed to silicates) and the lack of accurate example structures. Sulfur has the 

same s2p4 outer electron shell configuration as oxygen but a lower Pauling 

electronegativity (2.5 compared to 3.5) and thus its bonding is much more covalent 

than ionic.  

 

Takéuchi and Sadanaga35 looked at sulfosalts as being composed of TS3 units 

and considered the relative geometries of the S-T-S bridged and T-S non-bridged 

bonds. As would be expected they found that the bridged bonds were longer and the 

difference between bridged and non-bridged bonds increases as you go from As – Sb 

– Bi. They also observed that the angles approach 90° as the T-S bond length 

increases, this is indicative of the p-orbital nature of the bonds.   

 

 They based their classification on the dimensional relationships between the A 

and B coordination polyhedra. As a measure indicative of the species radii they used 

the principal quantum number n of the valence shells. From a plot of the average 

value of n for A metals against the ratio of n for A and B metals summed per formula 

unit, they identified four structural regions. The structures that fall in these regions 

being characterised by; copper linkages, silver linkages, galena derivatives and lead 

linkages. 

 

 They also divided the sulfosalts in terms of the dominant coordination of the B 

metal.  A plot of n for the B metals against the ratio of n for A and B metals, summed 

per formula unit, produces a graph that can be divided into three broad groups; 

octahedral and intermediate coordination, intermediate coordination, and nine fold co-

ordination. They deduced that if the ratio of lead to antimony is large then the 

distortion can be accommodated locally and the rock salt type structure will dominate. 

As it becomes smaller the extent of the rocksalt type regions is limited. 
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G. Hellner's27 attempts to classify complex sulfides (sulfosalts) are based on 

all structures being derivable from the rock salt type and the close packed nature of 

the sulfur arrays. A ‘formula factor’ is used defining the number of filled octahedral 

and tetrahedral sites, and a ‘structure criterion’ evaluating the proportion of rocksalt 

type structure present.    
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Chapter 3 
 
 
 
 

Phase GZ1 and Related Structures 
 
 
This chapter begins with an experimental section and goes on to present the results of the X-
ray diffraction studies carried out on phase GZ1, including the refinement strategy, bond 
valence study and electron microprobe analyses. It also describes the complementary results 
obtained from the electron microscopy study and attempts to predict the structures of the 
related phases identified. 
 
 

 

3.1 SYSTEMS STUDIED 

 

 The quaternary Pb-Bi-Sb-S system was chosen for study as little previous 

work has been undertaken on it. Figure 3.1 shows its compositional diagram and the 

ternary system derived from considering only the neutral mineral end members (b). 

The constituent binary systems PbS-Sb2S3
1,2 and PbS-Bi2S3

2,3 have been studied in 

some detail in the past and their known phases have been listed in tables 2.1 and 2.2. 

 

PbS

Sb2S3 Bi2S3

S

Pb

Sb Bi

 
(a) (b) 

Figure 3.1. (a) the quaternary phase diagram for the system Pb-Sb-Bi-S showing the plane of neutrality 
corresponding to the ternary system PbS-Sb2S3-Bi2S3 (b).   
 

Figure 3.2 shows most of the known phases plotted as a function of MS M2S3 

composition. They all occur on the neutral charge curve, and in theory could lie 
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anywhere along it. However, in practice the majority of the observed phases are in the 

middle 70% of the composition curve with phases near the MS and M2S3 end 

members being scarce.  
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Figure 3.2 Graph showing the position of both naturally occurring and synthetic Pb, Sb, Bi sulfosalts 
on the % MS curve. MS is % PbS and M2S3 either Sb2S3 or Bi2S3 or a combination of the two. 
 

This distribution can be looked at in terms of overall chemistry and the distribution 

within the structure types. The lack of phases near the end members can be explained 

by looking at the individual phase diagrams (figure 3.3), that show galena, stibnite 

and bismutite to have narrow compositional ranges. This means they are unwilling to 

accommodate any high degree of solid solution, and when they do, the result is a wide 

range of complicated incommensurate disordered phases3. 
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                                         (a)                                                                                 (b) 

Figure 3.3 Phase diagrams for (a) the Bi2S3-PbS system (I Galena, II Pb7Sb4S13, III Pb3Sb2S6, IV 
Boulangerite, V Pb2Sb2S5, VI Robinsonite, VII Zinckenite, VIII Stibnite, IX Pb5Sb6S14, X PbSb2S4, XI 
Pb7Sb6S16), modified from Walia and Chang4, and (b)  PbS-Sb2S3 system (II Heyrovskyite,  III 
lillianite,  IV Galenobismutite, V PbBi1.08S2.615), modified from Salanci5. 
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3.2 EXPERIMENTAL 

 

All single crystals were grown using standard evacuated silica glass tube 

techniques6. Stoichiometric amounts of ‘Specpure Grade’ lead, antimony, bismuth 

and sulfur (supplied by Alfa®) were weighed into pre-constricted silica glass tubes. 

These tubes were approximately 200mm long with an internal diameter of 12mm, and 

were oven baked before use. The tubes were evacuated and sealed off at the 

constriction to produce ampoules approximately 100mm in length. The ampoules 

were placed vertically in a furnace and heated to above the melting point of the 

contained phase for between three and seven days. On removal the samples were 

lightly crushed and placed in fresh tubes along with approximately 1mg of I2 as a 

transporting agent. The new tubes were sealed and evacuated as before and placed in a 

horizontal furnace. The temperature was increased at a rate of 2°min-1 to the target 

and held for a dwell time of approximately seven days.     

 

In most cases there were two sites of crystal growth within the tubes, on the 

crushed samples surface and at the far end of the tube. The surface crystals were the 

smallest and probably grew when the sample was cooling down. The crystals at the 

end of the tube were generally larger and in some cases were accompanied by a 

cluster half way along the tube. It was usually found that only one source of crystals 

was of sufficient size and quality to enable single crystal analysis, and the identity of 

the remaining crystals was not ascertained. In appearance all preparations gave 

identical looking silver/grey crystals that ranged from needles to fine fibres.        

 
Composition Composition expressed Annealing  Crystallisation X-ray phases 

 as simple mineral ratios T(K) t(days) T(K) t(days)  

(1)   PbBi2S4 PbS : Bi2S3 973 7 963 5 PbBi2S4 (Galenobismutite) 

(2)   PbSb2S4 PbS : Sb2S3 973 2 813 6 Pb1.49Sb3.64S7 (Zinckenite), Sb2S3 (Stibnite)

(3)   PbSbBiS4 PbSb2S4 : PbBi2S4 993 3 828 5 Bi4.39Pb1.4Sb3.21S13 (GZ1) 

(4)   Pb5Sb4Bi6S20 2PbSb2S4 : 3PbBi2S4 993 3 833 6 Bi1.74Pb2.47Sb2.08S8 (GZ2) 

(5)   Pb5Sb6Bi4S20 3PbSb2S4 : 2PbBi2S4 873 6 833 6 Bi0.43Pb0.6Sb0.21S1.5 (GZ3) 

(6)   Pb3Bi2S6 3PbS : Bi2S3 973 7 873 7 Pb3Bi2S6 (Lillianite) 

(7)   Pb9Sb8S21 9PbS : 4Sb2S3 1073 4 828 3 Sb6Pb14S23 (GZ5) 

(8)   Pb17Sb16S41 17PbS : 8Sb2S3 1073 4 793 5 Sb4.66Pb3.97Bi1.37S13 (GZ4) 
 Table 3.1 Experimental conditions for the growth of sulfide phases presented in this thesis.  
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In preparations (7) and (8) a few drops of de-ionised water were added to the 

initial charge before annealing, as the targeted phase had only been observed in 

hydrothermal experiments. Table 3.1 shows the preparations carried out and the 

phases isolated from them. Figure 3.4 shows the characterised phases and their 

starting compositions, and with the exception of phase GZ1there is a tendency for the 

crystallised phase to be antimony deficient.  

 

GZ5

PbS

Bi2S3Sb2S3

GZ1

GZ2

GBZ
GZ3

GZ4

 
Figure 3.4 The compositional diagram showing the bulk parent composition (O) compared to the 
examined crystals (•). Z is zinckenite and GB is galenobismutite. 

 

3.3 PHASE GZ1 PREPARATION 

 

 The composition of the starting material was PbSb2S4:PbBi2S4 (PbSbBiS4) 

which was anealed at 993 K for 3 days and crystallised at 828 K (just below its 

melting point) for 5 days. The reaction produced two distinct groups of crystals; one 

at the far end of the tube and another on the surface of the ingot. It was found that the 

transported crystals were generally larger and less often single than those on the ingot, 

and as a result one of the latter was chosen. Of eight crystals examined on the 

diffractometer only one gave diffraction of a quality that enabled complete data 

collection. The others all suffered from one of two problems. Firstly the reflections 

were often very broad, with the cause being either the fibrous nature of the crystals 

(on cutting they often fraid), or their tendancy to flex. The second problem 

encountered was that of cell indexing, which often proved very dificult. This was due 

to the often present large cell dimensions and the very probable modulated nature of 

many of the crystals. Data collection from such crystals requires specialised 

procedures which, as yet, have not been fully augmented here in Cardiff, and herein 

lies a vast area of potential study. 
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(a) Positional and thermal parameters 

 
Atom* Site x y z  U11 U22 U33 U23 U13 U12 
            
M(1) 2e 106(1)      7500    4290(1)        27(1)    28(1)    19(1)    0         1(1)     0 
M(2) 2e 3674(1)     7500    2012(1)        29(1)    25(1)    19(1)    0         5(1)     0 
M(3) 2e 4834(1)     2500    3440(1)        25(1)    27(1)    20(1)    0         3(1)     0 
M(4) 2e -1392(1)     2500    1205(1)       38(1)    19(1)    24(1)    0         9(1)     0 
M(5) 2e 1607(1)     2500    308(1)        31(1)    15(1)    38(1)    0         12(1)    0 
M(6) 2e 7538(1)     7500    2820(1)        23(1)    22(1)    27(1)    0         1(1)     0 
M(7) 2e 1001(1)     2500    2648(1)        23(1)    21(1)    30(1)    0         -1(1)    0 
M(8) 2e 3226(1)     2500    4908(1)        22(1)    25(1)    26(1)    0         6(1)     0 
M(9) 2e 5414(1)     7500    621(1)        24(1)    22(1)    25(1)    0         7(1)     0 
S(1) 2e 6501(5)     7500    3694(3)        18(3)    13(3)    25(5)    0         5(3)     0 
S(2) 2e 5436(5)     2500    2497(3)        18(3)    16(4)    16(4)    0         3(3)     0 
S(3) 2e 3058(5)     7500    2949(3)        16(3)    23(4)    25(5)    0         1(3)     0 
S(4) 2e 1992(5)     2500    1751(3)        15(3)    29(4)    19(4)    0         6(3)     0 
S(5) 2e 1599(5)     2500    4029(3)        14(3)   22(4)    21(4)    0         -2(3)    0 
S(6) 2e 8832(5)     2500    3291(3)        16(3)    21(4)    23(4)    0         2(3)     0 
S(7) 2e 1340(5)     7500    5229(3)        12(3)    28(4)    13(4)    0         2(3)     0 
S(8) 2e 4235(5)     -2500    4439(3)        19(3)    28(4)    20(4)    0         5(3)     0 
S(9) 2e 2782(6)     -2500    -219(3)        22(4)    18(4)    21(4)    0         -2(3)    0 
S(10) 2e 80(5)       2500    -616(3)        14(3)    27(4)    21(4)    0         -1(3)    0 
S(11) 2e -337(5)      -2500    2174(3)        15(3)    32(4)    17(4)    0         4(3)     0 
S(12) 2e 4279(6)     2500    989(3)        17(3)    40(5)    20(5)    0         4(3)     0 
S(13) 2e 6971(5)     7500    1438(3)        17(3)    25(4)    25(5)    0         1(3)     0 
            

(b) Interatomic distances (Å)  
 

M(1)-S(7) 2.550(7)  (x1) M(1)-S(5)  2.726(5) (x2) 
M(1)-S(7) 2.920(5)  (x2) M(1)-S(6)  3.340(6) (x2) 
M(2)-S(3) 2.541(8)  (x1) M(2)-S(4)  2.739(4) (x2) 
M(2)-S(2) 2.927(5)  (x2) M(2)-S(12)  3.381(6) (x2) 
M(3)-S(2) 2.550(7)  (x1) M(3)-S(1)  2.726(4) (x2) 
M(3)-S(3) 2.941(5)  (x2) M(3)-S(8)  3.332(6) (x2) 
M(4)-S(9) 2.724(7)  (x1) M(4)-S(13)  2.811(5) (x2) 
M(4)-S(10) 2.977(5)  (x2) M(4)-S(11)  3.217(6) (x2) 
M(4)-S(4) 3.836(6)  (x1) M(5)-S(10)  2.672(7) (x1) 
M(5)-S(9) 2.806(5)  (x2) M(5)-S(10)  2.912(5) (x2) 
M(5)-S(4) 3.577(8)  (x1) M(5)-S(12)  3.221(7) (x1) 
M(6)-S(1) 2.623(7)  (x1) M(6)-S(6)  2.624(4) (x2) 
M(6)-S(2) 3.087(5)  (x2) M(6)-S(711)  3.065(7) (x1) 
M(6)-S(13) 3.430(8)  (x1) M(7)-S(4)  2.648(7) (x1) 
M(7)-S(11) 2.650(4)  (x2) M(7)-S(3)  3.042(5) (x2) 
M(7)-S(6) 3.104(7)  (x1) M(7)-S(5)  3.428(8) (x1) 
M(8)-S(8) 2.632(5)  (x2) M(8)-S(5)  2.647(7) (x1) 
M(8)-S(8) 3.066(7)  (x1) M(8)-S(7)  3.082(5) (x2) 
M(8)-S(1) 3.474(7)  (x1) M(9)-S(13)  2.489(7) (x1) 
M(9)-S(12) 2.587(5)  (x2) M(9)-S(9)  3.095(5) (x2) 
M(9)-S(9) 3.362(7)  (x1)     

Table 3.2 Crystallographic data for Phase GZ1. Bi4.39Pb1.40Sb3.21S13 Monoclinic, space-group P21/m (no. 11), a = 
11.195(2), b = 3.945(2), c = 25.062(10) Å, β = 98.36(5) °, V = 1095.1(7) Å3, crystal dimensions 0.02 x 0.02 x 
0.3 mm, formula weight = 2015.10, Z = 2, calculated density = 6.111 Mgm-3, F(000) = 1702, µ = 49.075 mm-1,  
4425 reflections (1913 independent, Rint = 0.0594), data-parameter ratio = 14.37, R1(I>2σI) = 0.038, wR2(all 
data) = 0.087, S = 0.918, largest difference peak and hole = 1.925 and –2.077 eÅ3. 
 
 *M(1) = 66.0(15)% Bi3+, 34.0(15)% Sb3+; M(2) = 63.0(15)% Bi3+, 37.0(15)% Sb3+; M(3) = 66.0(15)% Bi3+, 
34.0(15)% Sb3+; M(4) = 72.0(16)% Pb2+, 28.0(16)% Sb3+; M(5) = 68.0(16)% Pb2+, 32.0(16)% Sb3+; M(6) = 
73.0(15)% Bi3+, 27.0(15)% Sb3+; M(7) = 74. 0(15)% Bi3+, 26.0(15)% Sb3+; M(8) = 72. 0(16)% Bi3+, 28.0(16)% 
Sb3+; M(9) =  25. 0(14)% Bi3+, 75.0(14)% Sb3+. 
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3.4 CRYSTAL STRUCTURE DETERMINATION 
 
 As with many extended lattice type structures the solution and refinement of 

the data presented several problems, and thus, for this sample, the following 

procedure was adopted. The metal positions were initially located by direct methods 

and refined as bismuth until all the atoms had been located. The temperature factors of 

all the metal sites were then tied and a global thermal parameter refined, enabling 

refinement, at all sites, of an antimony component. The resulting value was in good 

agreement with the microprobe analysis and with the exception of site M(9) was 

between 26 and 37%. The partitioning of lead and bismuth was then achieved by 

examination of the bond valence analysis presented in table 3.4. 

 

 This method of tying the temperature factors in order to effectively refine 

occupancies is valid in this case as no evidence of positional disorder was 

encountered. However, in many of the hexagonal structures the thermal ellipsoids 

encompass positional disorder, and thus this method is ineffective. 

 

3.4.1 Microprobe Analysis 

 

 Examination of the microprobe results shows that, in terms of cation totals, 

most of the analyses are low (due to the reasons discussed in section 1.11.5). These 

grain analyses exhibit an apparent  negative  charge  from which it can be inferred that 

 
Wt%        
Grain 2 3 4 5 6 7 X 
S 20.99 20.97 21.05 20.16 21.33 21.64 20.46 
Sb 19.35 18.13 19.18 19.65 18.85 19.71 19.42 
Pb 11.35 10.60 10.07 10.40 10.26 10.27 14.68 
Bi 46.56 48.59 47.11 48.72 47.75 47.35 45.54 
Total 98.25 98.30 97.41 98.93 98.18 98.97 100.10 
Cations        
S (norm) 13 13 13 13 13 13 13 
Sb 3.16 2.96 3.12 3.34 3.03 3.12 3.25 
Pb 1.09 1.02 0.96 1.04 0.97 0.96 1.44 
Bi 4.42 4.62 4.46 4.82 4.47 4.37 4.44 
Total M 8.67 8.60 8.55 9.20 8.46 8.44 9.14 
Charge -1.08 -1.22 -1.34 +0.56 -1.56 -1.61 -0.05 

Table 3.3 Microprobe analysis for seven grains of phase GZ1. The values are those averaged 
from several analyses on each grain. The grain labelled X is that analysed by single crystal X-ray 
diffraction. 
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the analyses are low on the trivalent metals. This can be deduced by dividing the 

residual charge by the cation deficiency and obtaining a value close to three. Grain 

five shows a total that is above the theoretical and, in the same manner, this can be 

shown to be an overestimate of either antimony or bismuth. The analyses on the grain 

that was examined by X-ray methods show it to be the one with a metals total and an 

overall charge closest to those expected. It is does, however, show a lead content that 

is considerably higher than the other grains.   

 
3.4.2 Structure Description   

 

The structure consists of three sheets of M4S6 composition sandwiched 

between sheets of M6S8 composition. The central portion of the cell is made up of 

M4S6 ribbons, as found in stibnite, stacked alternately parallel to (103) and (10 5 ) 

with the central ribbons being displaced by ½ a. The inter atomic distances range 

from 2.541Å to 3.082Å. The ribbons are linked into three sheets in the (100) plane by 

slightly longer bonds ranging from 3.065Å to 3.104Å, and further bridged into a 

three-dimensional network by contacts of between 3.332Å and 3.340Å. The 

sandwiching M6S8 ribbons (similar to those in part of the boulangerite structure) are 

stacked parallel to (103) and are cross-linked into sheets by contacts ranging from 

3.221Å to 3.362Å. The M6S8 sheets are linked to the M6S6 sheets by contacts in the 

range 3.217Å to 3.381Å.   

                         
c 

 
                           (a)                                                                                           (b) a 

 
Figure 3.5 (a) the unit cell of phase GZ1 projected onto (010) with the asymmetric unit labelled, and 
(b) the packing diagram. 
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M(1), M(2) and  M(3) are located in the middle of the stibnite type chains and 

so have almost identical environments. This results in very similar antimony 

substitutions and thus bond lengths and site volumes. M(6), M(7) and M(8) are also 

located in the stibnite type chains and occupy the end of chain positions. These also 

share very similar antimony substitutions, site volumes and coordination geometries. 

All the sites are seven coordinate but show a different distribution of bond lengths 

dependant on their position. The mid-chain sites are characterised by short axial 

bonds, two groups of equatorial basal bonds (differing by ≈ 0.2Å) and two identical 

longer  out-of-plane  basal   bonds.   The   end   of   chain   sites   are   more  distorted.  
 
 M(1) M(2) M(3) M(4) M(5) M(6) M(7) M(8) M(9) ∑ 
S(1)   0.6102   0.871    -2.091 
S(2)  0.3492 0.968   0.2322    -2.130 
S(3)  0.987 0.3362    0.2652   -2.189 
S(4)  0.5782     0.762   -1.918 
S(5) 0.6032       0.773  -1.979 
S(6)      0.8102 0.221   -1.841 
S(7) 0.974 

0.3572 
      0.2352 

 
 -2.158 

S(8)        0.7982 
0.244 

 -1.840 

S(9)    0.578 0.4682    0.1982 -1.910 
S(10)    0.3142 

 
0.666 
0.3472 

    -1.988 

S(11)      0.242 0.7582   -1.758 
S(12)         0.7962 -1.592 
S(13)    0.4582     1.045 -1.961 
∑ 2.888 2.825 2.860 2.082 2.296 3.197 3.029 3.083 3.033  

 
V 3.000 3.000 3.000 2.280 2.320 3.000 3.000 3.000 3.000  
Table 3.4 Bond valence analysis for phase GZ1. Bond valences are the average of the valences 
calculated as those of the species at the site weighted according to X-ray occupancy. V is the atomic 
valence weighted in the same manner. 2 indicates a second bond to a symmetrically equivalent sulfur. 
 
 
 AV(°) QE V(Å3) lo(Å) Coordination 
M(1)   35.311 2.932 7 
M(2)   35.940 2.948 7 
M(3)   29.750 2.935 7 
M(4)   36.230 2.982 7 
M(5)   37.740 2.987 7 
M(6)   35.804 2.934 7 
M(7)   36.191 2.938 7 
M(8)   36.279 2.945 7 
M(9) 134.605 1.057 29.590 2.869 6 
Table 3.5 Site distortion parameters for phase GZ1. AV is the angle variance, QE is quadratic 
elongation, V is the volume, and lo is the average bond length to S. (For a metal site with ideal 
geometry AV = 0 and QE = 1). 
  
The pairs of equatorial  basal bonds have an increased difference of ≈ 0.44Å with the 

shorter pair being close to the axial bond in length. Also the out-of-plane basal bonds 
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are significantly different with the average being about 0.1Å shorter than in the 

central sites. However, this is balanced by the axial bonds being longer. Thus in all of 

the stibnite type chain sites the sum of the axial and out-of-plane basal bonds is close 

to 5.9Å, as is true for stibnite itself. 
 
 M(4), M(8), and M(9) are located in the M6S8 chains and as a result show 

different coordination geometries from the stibnite type chains. M(5) is in the centre 

of the chains and shows a seven coordinate geometry. It has a high lead content and as 

a result shows longer bond lengths and a larger volume. M(4) is adjacent to M(5) and 

is seven coordinate with a high lead content making its volume higher. The end of 

ribbon site, M(9), shows a distorted octahedral geometry and due to its very high 

antimony content exhibits the smallest site volume. It has the shortest axial bond 

(2.489(7)Å) and the largest difference between pairs of equatorial basal bonds 

(0.508Å).  

                                        
             
          M(1)                   M(2)                     M(3)                   M(4)                  M(5) 
 

                                  
 
                      M(6)                   M(7)                      M(8)                     M(9) 

 
Figure 3.6 The coordination geometries around the metal sites in phase GZ1. M(1), M(2),M(3), M(5), 
M(6), M(7) and M(8) are SQBP-7, M(4) is TPRS-8, and M(9) can be considered as distorted 
octahedral.  
 
 

 The structure is thus made up of a central section within which antimony and 

bismuth are evenly distributed between the sites, and sandwiching chains that 

accommodate the lead.  

 

 The sulfurs adopt three coordination geometries; extremely distorted 

tetrahedral (S(1), S(5), S(13)), square pyramidal (S(2), S(3), S(4), S(6), S(7), S(8), 

S(10), S(11)), and distorted octahedral (S(9)). The distorted octahedral site is the one 

 76



Chapter 3 

involved in linking the M6S8 ribbons that form small sections of rock salt type 

structure. As dictated by the metal atoms being displaced below the base of the square 

pyramid the sulfurs are displaced above it. The shortest bonds within the ribbons are 

the axial bonds of the MS5 pyramids. This is probably due to them all acting in the 

same direction causing an additive effect, whereas the other bonds tend to compete 

with each other.  

 

 

3.5 ELECTRON MICROSCOPY 

 

 To complement the X-ray diffraction analysis and to gain additional 

information on the phases present, an electron microscopy study was carried out on 

crystals from preparations (3) and (4). As was expected from the problems 

encountered during X-ray analysis, several diffraction pattern types were observed. 

 
  

 

020

310 -310 

600 

b* 

3-10
a*

 
Figure 3.7 The a* b* projection of phase GZ1 showing the galena subcell typical of many sulfosalts. 
Some of the reflections have been indexed using the GZ1 cell. 
 

Figure 3.7 shows the electron diffraction pattern identified as the a* b* projection of 

phase GZ1. It clearly shows a strong galena subcell, and the distribution of intensities 

and their lattice spacings can be matched with the X-ray pattern, figure 3.8. The 

diffraction pattern shows no disorder and must arise from a well ordered fragment of 

near ideal phase GZ1. 
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Figure 3.8 The experimental (hk0) X-ray diffraction pattern of phase GZ1. The lattice spacings and 
intensity distribution can be well matched with those in the electron diffraction pattern.   
 

 
 Three further electron diffraction patterns showed the same galena subcell and 

comparable b axes and these probably arise from related phases. Figure 3.9 shows the 

most ordered of these phases with a clear arrangment of spots giving a lattice 

parameter of ≈ 22 Å. The galena subcell is now much weaker and this suggests it is 

less dominant in the structure. The disorder causing the diffuse scattering will be 

discussed in section 3.5.1. Figure 3.9 shows the electron diffraction pattern and figure 

3.10 the accompanying electron micrograph. This new phase is here designated GZ1*. 

022 
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002 020 

02-2  

b* 

00-2 
a*

 
0-2-2

Figure 3.9 The a* b* projection of phase GZ1* again showing the galena subcell. Continuous streaks 
can clearly be seen along c* located at ½b*. The subcell has been indexed as the b* c* galena projection.  
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a* 

b* 

100Å 

 
Figure 3.10 The elcetron micrograph accompanying figure 3.9, although of poor resolution the phase 
can be seen to be well ordered in terms of large scale structure. 
 

 The remaining electron micrographs represent composite phases containing, 

amongst others, phase GZ1 and GZ1*. Figure 3.11 has at least two components 

identifiable amongst the miriad of spots along an arbitralilly assigned a* axis. It is 

possible to tentatively assign both GZ1 and GZ1* to the spacings, and it is likely that 

other phases are also present. The low resolution electron micrograph, figure 3.12, 

shows well odered regions (GZ1) of crystalline structure separated by areas of 

disordered structure (arrowed in the figure). It is most likely this disorder that gives 

rise to the diffuse scattering present in the elctron micrograph.  
 

 

022 

020 002 

02-2 

 

b* 

00-2 
a* 

0-2-2

 

Figure 3.11 The diffraction pattern is a composite of at least two phases (GZ1 and GZ1*), and the 
galena subcell and can still clearly be seen. The composite nature can be seen in the presence of two 
unequal spacings superimposed along a*. The subcell has been indexed as the b* c* galena projection.  
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a* 

b* 

100Å 
 

Figure 3.12 The micrograph accompanying figure 3.11 The structure contains columns of stibnite type 
structure that extend normal to a* and parallel to b*. The areas of disordered structure occur as bands at 
approximatly 55° to b*. 

 
 

 Figure 3.13 shows a more complex pattern of intensities and enhanced diffuse 

scattering, however, the PbS subcell is still strongly present. There appear to be at 

least three phases present. It is posible to clearly identify phase GZ1 and also, with 

weaker intensities, phase GZ1*. It is not easily possible to identify the nature of the 

other phases. It is at this point that a careful analysis of the preparation by powder X-

ray diffraction would be useful as an aid to identifying the phases present. 
 

 

 

02-2 

 
b* 

a*

 
 
 

Figure 3.13 The diffraction pattern is a composite of the patterns from GZ1 and GZ1* as well as some 
aditional unidentified phases. The diffuse scattering is very strong in this case as is the galena subcell. 
 

3.5.1 Diffuse Scattering 

 

 The diffuse scattering present in figures 3.9, 3.11, and 3.13 takes the form of 

well defined linear features along a* at ½b*. From examination of non-ideally 
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orientated electron diffraction patterns it seems likely that these lines are actually 

sheets of diffuse intensity that extend in the a* c* plane. In figure 3.11 the diffuse 

scattering is fairly weak, but in figures 3.9 and 3.13 it is very pronounced. In all cases 

there is modulation present in  the intensity; in figure 3.13 it appears to be 

incomensurate but in figure 3.9 intensity increases are directly related to the position 

of the reflection in the layer above.  
.     
 
 
3.6 CONCLUSIONS 

 

 The information presented above can be interpreted as a homologous series of 

phases related to phase GZ1 and differing in the size of one of the structural units. 

 

 Figures 3.14 to 3.17 show some of the possible ways in which the structure of 

phase GZ1 can be modified. The simplest, figure 3.14, involves the addition of extra 

M4S6 ribbons between the longer end of cell ribbons. This forms an homologous 

series in which successive members contain three additional M4S6 ribbons. The effect 

on the cell dimensions is to leave a unchanged and to increase c by approximately 11 

Å for each new member. Thus the (hk0) diffraction pattern will remain virtually 

unchanged whilst the spacing in the (0kl) projection will decrease.  

 

 The scheme in figure 3.15 involves the ordering of metal or interstitial sites to 

produce successively bigger supercells. In (b) the a unit cell parameter has doubled 

giving a' as approximately 22 Å. This spacing is observed in figure 3.9, however, the 

intensities are not consistent with superlattice reflections. As many of the diffraction 

patterns show diffuse scattering at ½b it seems likely that doubling of a is 

accompanied by a doubling in b. Thus in terms of diffraction patterns (0kl) remains 

unchanged whilst (hk0) will show smaller spacings along a*. 

 

 Another approach to adapting the structure of phase GZ1 is to systematically 

increase the length of all the ribbons by 2(MS5) units. There are then two ways in 

which this can be accommodated in the ribbon arrangement. Figure 3.16 shows the 

first where a remains constant and c increases by approximately 8 Å per member. The 

overlap of the longer ribbons increases whilst the arrangement of the shorter ribbons  
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         (a)                                                             (b)                                                           (c) 
 
Figure 3.14 The homologous series produced by inserting an increasing number of stibnite type 
ribbons into the structure of phase GZ1. The a unit cell parameter remains constant whilst c increases 
by approximately 11 Å for each new member.  
 
 
 

                                                       
 
         (a)                                                         (b)                                                              (c) 
 
Figure 3.15 The superlattice series produced by ordering of sites to give a doubled and then tripled a 
unit cell parameter. A similar situation could also be envisaged in which the doubling is caused by 
insertion of metals at interstitial sites.  
 
 
 
 

                                                                   
 
         (a)                                                       (b)                                                               (c) 
 
Figure 3.16 The homologous series produced by increasing the size of each ribbon in phase GZ1 by 
2(MS5). This would have the effect of increasing the c cell parameter by approximately 8 Å for each 
new member.  
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         (a)                                                          (b)                                                              (c) 
 
Figure 3.17 The same homologous series as in figure 3.16 produced by increasing the size of each 
ribbon in phase GZ1 by 2(MS5). In this case however, the ribbons have kept their relative positions, but 
while this increases both the a and c cell parameters it also increases the ribbon separation making the 
higher members unlikely, although they may be stabilised by the introduction of additional high 
coordinate metals between ribbons. 
 

remains the same. In figure 3.17 both a and c increase to keep the overlap of the 

longer ribbons constant, however, this would lead to an opening up of the rest of the 

structure which would have to be stabilised by additional metal atoms between the 

ribbons. 

 So it seems likely that GZ1* is related to GZ1 by some sort of superlattice, and 

that the other diffraction patterns represent a composite structure of these two forms. 

Certainly it is possible to imagine intergrowths of any number of the structures 

presented in figures 3.14 to 3.17 and their higher homologues. The obtaining of good 

high resolution transmission electron micrographs would be an invaluable aid to 

deciphering the structures present. Unfortunately it was not possible to devote the 

required amount of time to the mastering of this ‘art’.     
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Chapter 4 
 

 
Further Sulfosalt Structures  

 
 
In this chapter the X-ray diffraction results on a number of new phases is presented, along 
with new studies of poorly understood phases from the literature.  
 
 
4.1 STIBNITE  

 
Although the structure of stibnite has been well studied in the past1,2,3, a brief 

outline of its features is presented for comparison with the more complex members of 

this class. 

  

The crystal used for data collection was isolated from a preparation of initial 

composition PbS:Sb2S3 = PbSb2S4 (annealed at 973K for 2 days and crystallised at 

813K for 6 days), and it is possible that the slightly larger cell (compared with Bayliss 

and Nowacki3) is due to the presence of trace amounts of lead. The structure was 

solved by direct methods. And an attempt was made to refine an antimony component 

on the two sites but resulted in a value of zero within 3σ.  

 

4.1.1 Structure Description 

 

The structure is formed of infinite Sb4S6  ribbons parallel to the b axis and with 

interatomic distances in the range 2.464(4)Å to 3.127(4)Å. These ribbons are linked 

into distorted sheets in the (100) plane with interatomic distances of 3.164(5)Å, which  

are in turn linked into a three dimensional network via long bonds ranging from 

3.384(4)Å to 3.615(4)Å.  There are two independent metal sites in the asymmetric 

unit both exhibiting seven fold coordination. M(1) is situated in the centre of the 

chains and is the smallest of the two sites by ≈ 1.8Å3 . Its coordination is reasonably 

regular with the four equatorial basal bonds being similar in length and the two non-
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equatorial basal bonds being equivalent. M(2) occurs at  the end of chain site and due 

to it linking the chains is slightly more distorted. The two pairs of equatorial basal 

bonds differ by 0.56Å and the non-equatorial basal bonds are asymmetric. 

  
 

(a) Positional (×104) and thermal parameters 
 

Atom* Site x y z  U11 U22 U33 U23 U13 U12 
            
M(1) 4c 1500(1)    2500  359(1)    17(1)   24(1)   31(1)   0        4(1)    0  
M(2) 4c 272(1)    -2500   3260(1)    23(1)   16(1)   24(1)   0        -2(1)    0  
S(1) 4c 2081(4)   -2500   1921(4)    15(2)   18(2)   19(2)   0        1(2)    0  
S(2) 4c -497(4)   2500    1229(4)     14(2)   16(2)   25(2)   0        5(2)    0  
S(3) 4c 1246(4) -7500   4390(4)   20(2)   17(2)   19(2)   0        -4(2)    0  
            

(b) Interatomic distances (Å) and angles(°) 
 

M(1)-S(2) 2.464(4)  (x1) M(1)-S(1)  2.702(4) (x2) 
M(1)-S(2) 2.875(4)  (x2) M(1)-S(3)  3.384(4) (x2) 
M(2)-S(1) 2.546(4)  (x1) M(2)-S(3)  2.569(4) (x2) 
M(2)-S(2) 3.127(4)  (x2) M(2)-S(1)  3.615(4) (x1) 
M(2)-S(3) 3.164(5)  (x1)     
 
S(2)-M(1)-S(1)cis 87.82(13)2, 91.24(13)2 S(2)-M(1)-S(1)trans 170.80(14)2 
S(1)-M(1)-S(1)cis 91.6(2) S(2)-M(1)-S(2)cis 83.54(13)2, 84.7(2) 
S(2)-M(1)-S(3)trans 145.09(6)2 S(1)-M(1)-S(3)cis 116.02(13)2, 67.56(12)2 
S(2)-M(1)-S(3)cis 73.12(11)2, 118.73(13)2 S(3)-M(1)-S(3)cis 69.82(13) 
S(1)-M(2)-S(3)cis 87.18(12)2 S(3)-M(2)-S(3)cis 97.8(2) 
S(3)-M(2)-S(2)trans 162.09(12)2 S(1)-M(2)-S(2)cis 77.71(12)2, 71.39(9)2 
S(1)-M(2)-S(3)trans 159.35(13) S(3)-M(2)-S(3)cis 79.34(12)2 
S(2)-M(2)-S(3)cis 117.76(10)2, 91.02(13)2 S(3)-M(2)-S(1)cis 117.17(11)2, 60.37(11) 
S(1)-M(2)-S(1) 140.27(7)   

Table 4.1 Crystallographic data for Stibnite. Sb2S3 Orthorhombic, space-group Pnma (no. 62), a = 11.3130(9), b 
= 3.873(7), c = 11.307(3) Å, V = 495.4(8) Å3, crystal dimensions 0.2 x 0.15 x 0.4 mm, formula weight = 339.68, 
Z = 4, calculated density = 4.554 Mgm-3, F(000) = 600, µ = 11.278 mm-1,  1794 reflections (448 independent, 
Rint = 0.1194), data-parameter ratio = 14.45, R1(I>2σI) = 0.078, wR2(all data) = 0.186, S = 1.056, largest 
difference peak and hole = 4.813 and –3.052 eÅ3.  
 
*M(1) = 100% Sb3+; M(2) = 100% Sb3+. 

 

                                   

c 

 
                                    (a)                                                                          (b) 

a 

 
Figure 4.1 (a) the unit cell of stibnite projected onto (010) with the asymmetric unit labelled, and (b) 
the packing diagram. 

 86



Chapter 4 
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                                    (a)                                                                                        (b) 
 
Figure 4.2 (a) the bonding geometries of the two metal sites in stibnite. Both sites are seven coordinate 
with base bi-capped square based pyramidal geometry (b) the M4S6 chains showing the location of the 
long and short M-S bonds. 

 
 

  

 Stibnite and bismutite are isostructural with the increased size of the metal in 

bismutite resulting a slightly larger cell volume. The average bond lengths for both 

structures show an identical pattern with the axial bond for both M sites being 0.1 Å 

shorter in stibnite than it is in bismuthinite.  
 

 Sb(1) Sb(2) ∑ 
S(1) 0.5492 

0.549 
0.837 
0.047 

-1.982 

S(2) 0.3442 

0.344 
0.1742 

 
-2.080 

S(3) 0.0872 

 
0.7862 

0.157 
-1.903 

∑ 3.004 2.961  
V 3.000 3.000  

Table 4.2. Bond valence analysis for stibnite. Bond valences are the average of the valences calculated 
as those of the species at the site weighted according to X-ray occupancy. V is the atomic valence 
weighted in the same manner. 2 indicates a second bond to a symmetrically equivalent sulfur. 
 
 The bond valence analysis for stibnite (table 4.2) shows nothing unexpected 

and is a good example for a well ordered structure, with all valence sums being very 

close to the theoretical values.  

 
 AV(°) QE V(Å3) lo(Å) Coordination 
M(1)   34.55 2.912 7 
M(2)   36.349 2.960 7 
Loapi(Å) 2.505     

Table 4.3 Site distortion parameters for stibnite. AV is the angle variance, QE is quadratic elongation, 
V is the volume, and lo is the average bond length to S. (For a metal site with ideal geometry AV = 0 
and QE = 1).  
 
 
  
4.2 GALENOBISMUTITE 
 

The structure of galenobismutite has been previously investigated by Iitaka 

and Nowacki4, but its reinvestigation was deemed useful for comparison of the 
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occupancies and improvement of conventional R-factors. The crystal chosen for study 

was selected from a batch of well formed prismatic crystals grown from an initial 

composition corresponding to PbS:Bi2S3 = PbBi2S4 (annealed at 973K for 7 days and 

crystallised at 963K for 5 days). The structure was solved by direct methods and 

refined by subsequent least squares analysis. No problems were encountered and the 

occupancies refined to unity with no metal mixing in agreement with Iitaka and 

Nowacki4. The cell parameters refined to values very similar to the previous study4 

and the R-factor converged to 4% compared to Iitaka and Nowacki’s 9%. 
 

 
(a) Positional (×104) and thermal parameters 

 
Atom* Site x y z  U11 U22 U33 U23 U13 U12 
            
M(1) 4c 5681(1) 2500 6095(1)  6(1) 18(1) 15(1) 0 -2(1) 0 
M(2) 4c 3973(1) -2500 9053(1)  12(1) 15(1) 24(1) 0 -1(1) 0 
M(3) 4c 7523(1) -2500 8478(1)  19(1) 22(1) 21(1) 0 6(1) 0 
S(1) 4c 3340(5) 2500 5148(4)  11(3) 20(3) 13(3) 0 2(3) 0 
S(2) 4c 2605(5) 2500 7974(4)  8(3) 19(3) 14(3) 0 2(2) 0 
S(3) 4c 4819(5) -2500 7127(4)  8(3) 17(3) 14(3) 0 4(2) 0 
S(4) 4c 4470(5) -2500 10929(4)  10(3) 21(4) 18(3) 0 3(2) 0 
            

(b) Interatomic distances (Å) and angles(°) 
 

M(1)-S(2) 2.645(6)  (x1) M(1)-S(3)  2.734(6) (x2) 
M(1)-S(1) 2.964(6)  (x2) M(1)-S(1)  3.087(6) (x1) 
M(2)-S(4) 2.749(6)  (x2) M(2)-S(4)  2.795(8) (x1) 
M(2)-S(3) 2.977(8)  (x1) M(2)-S(2)  3.041(6) (x2) 
M(2)-S(1) 3.162(6)  (x1) M(3)-S(3)  2.849(6) (x1) 
M(3)-S(2) 2.943(6)  (x2) M(3)-S(1)  3.018(6) (x2) 
M(3)-S(4) 3.232(6)  (x2) M(3)-S(3)  3.749(7) (x1) 
 
S(2)-M(1)-S(3)cis 92.1(2)2 S(3)-M(1)-S(3)cis 96.8(2) 
S(3)-M(1)-S(1)trans 175.08(12)2 S(2)-M(1)-S(1)cis 88.8(2)2  
S(2)-M(1)-S(1)trans 175.7(2) S(3)-M(1)-S(1)cis 85.0(2)2, 88.0(2)2 
S(1)-M(1)-S(1)cis 94.4(2)2,87.2(2) S(4)-M(2)-S(4)cis 96.1(2), 81.4(2)2 
S(4)-M(2)-S(3)cis 77.58(14)2 S(4)-M(2)-S(2)trans 149.3(2)2, 128.05(13)2 
S(4)-M(2)-S(2)cis 82.0(2)2 S(2)-M(2)-S(2)cis 84.4(2) 
S(4)-M(2)-S(1)trans 124.91(13)2 S(3)-M(2)-S(1)trans 139.9(2) 
S(2)-M(2)-S(1)cis 78.6(2)2 S(3)-M(2)-S(2)cis 72.0(2)2 
S(4)-M(2)-S(3)trans 148.3(2) S(4)-M(2)-S(1)cis 71.8(2) 
S(3)-M(3)-S(2)cis 75.28(14)2, 69.55(14)2 S(2)-M(3)-S(2)cis 87.9(2) 
S(3)-M(3)-S(1)cis 84.3(2)2, 128.32(12)2 S(1)-M(3)-S(4)cis 68.1(2)2, 118.9(2)2 
S(2)-M(3)-S(1)cis 89.8(2)2 S(1)-M(3)-S(1)cis 85.2(2) 
S(2)-M(3)-S(4)cis 77.1(2)2 S(2)-M(3)-S(1)trans 159.4(2)2 
S(3)-M(3)-S(4)trans 140.74(10)2 S(2)-M(3)-S(4) 130.9(2)2 
S(4)-M(3)-S(3)cis 61.40(13)2 S(4)-M(3)-S(4)cis 78.4(2) 
S(3)-M(3)-S(3) 130.30(11)   

Table 4.4 Crystallographic data for Galenobismutite PbBi2S4. Orthorhombic, space-group Pnma (no. 62), a = 
11.800(10), b = 4.087(10), c = 14.57(3) Å, V = 703(2) Å3, crystal dimensions 0.05 x 0.05 x 0.2 mm, formula 
weight = 753.4, Z = 4, calculated density = 7.124 Mgm-3, F(000) = 1248, µ = 72.304 mm-1,  2804 reflections 
(624 independent, Rint = 0.1526), data-parameter ratio = 14.16, R1(I>2σI) = 0.042, wR2(all data) = 0.094, S = 
1.056, largest difference peak and hole = 2.641 and –3.843 eÅ3.  
 
*M(1) = 100% Bi3+;  M(2) = 100% Bi3+; M(3) = 100% Pb2+  
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4.2.1 Structure Description 
 

This phase is similar to stibnite with an MS unit placed between the M4S6 

ribbons at the mid point of the a and c axes. Contrary to expectation the MS unit is not 

PbS but BiS. PbS does not insert itself between the ribbons but at the ends of the 

ribbons. However, from the bond valence analysis there appear to be no mixed 

occupancies. This leads to a different geometry within the ribbons and the axial bond 

is not the shortest. 
 

                          

c 

a  
 

(a) (b) 
 
Figure 4.3. (a) the unit cell of galenobismutite projected onto (010) with the asymmetric unit labelled, 
and (b) the packing diagram. 
 

 

 

                                                              
 
                        M(1)                                     M(2)                                    M(3) 
 
Figure 4.4 Coordination geometries around the metal atoms in galenobismutite, M(1) and M(2) are 
seven coordinate and M(3) is distorted octahedral. 
 
 

The bond valence analysis, table 4.5, shows good totals and maybe suggests 

there is a slight swapping of bismuth and antimony between sites M(1) and M(2) 

although this would be small and was not detected in the X-ray refinement. 
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 M(1) M(2) M(3) ∑ 
S(1) 0.3272 

0.2342 
0.291 0.2822 -1.977 

S(2) 0.774 0.2652 0.3462 -1.996 
S(3) 0.6082 0.315 0.446 

0.039 
-2.016 

S(4)  0.5842 
0.516 

0.1582 -1.992 

V 3.112 2.820 2.057  
∑ 3.000 3.000 2.000  

Table 4.5. Bond valences are the average of the valences calculated as 
those of the species at the site weighted according to X-ray occupancy. 
V is the atomic valence weighted in the same manner. 2 indicates a 
second bond to a symmetrically equivalent sulfur. 

  
 

4.3 LILLIANITE 
 

Lillianite was chosen for structural investigation in an attempt to improve the 

R-factor of Takagi and Takéuchi5. The crystal for study was selected from a 

preparation of initial composition 3PbS:Bi2S3 = Pb3Bi2S6 (annealed at 973K for 7 

days and crystallised at 873K for 7 days) without much difficulty as the crystals were 

of a good crystalline quality and most appeared single. The initial coordinates for the 

refinement were taken from Takagi and Takéuchi5, and transformed to the 

conventional setting of the space-group.  

 
 

              
b 

 
                                 (a)                                                                                   (b) c 

 
Figure 4.5. (a) the unit cell of lillianite projected onto (100) with the asymmetric unit labelled. (b) 
packing diagram showing slabs of rock salt type structure represented as octahedra. The eight 
coordinate lead atoms are shown as solid circles along the mirror planes. 
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 (a) Positional (×104) and thermal parameters 

 
Atom* Site x y z  U11 U22 U33 U23 U13 U12 
            
M(1) 8f 0 3633(1) 5493(1)  17(1) 25(1) 29(1) 2(1) 0 0 
M(2) 8f -5000 5912(1) 6338(1)  20(1) 27(1) 26(1) 2(1) 0 0 
M(3) 4c -10000 8266(2) 7500  23(1) 37(2) 70(2) 0 0 0 
S(1) 4a -5000 5000 5000  13(6) 28(9) 20(7) 5(5) 0 0 
S(2) 8f -5000 2355(7) 5956(5)  19(5) 33(7) 57(6) 18(5) 0 0 
S(3) 4c -5000 6813(9) 7500  24(6) 19(8) 25(7) 0 0 0 
S(4) 8f 0 4568(7) 6649(4)  24(5) 29(7) 23(5) 3(4) 0 0 
            

(b) Interatomic distances (Å)  
 

M(1)-S(4) 2.714(9)  (x1) M(1)-S(2) 2.860(6) (x2) 
M(1)-S(1) 2.957(1)  (x2) M(1)-S(2) 3.291(11) (x1) 
M(2)-S(3) 2.702(6)  (x1) M(2)-S(4) 2.828(7) (x2) 
M(2)-S(2) 2.953(7)  (x1) M(2)-S(1) 3.0393(14) (x1) 
M(3)-S(3) 2.855(9)  (x2) M(3)-S(4) 3.239(7) (x4) 
M(3)-S(2) 3.433(11)  (x2)    
       
S(4)-M(1)-S(2) 89.3(3)2 S(2)-M(1)-S(2) 92.3(3), 93.4(2)2 
S(2)-M(1)-S(1)trans 178.07(14)2 S(4)-M(1)-S(1) 90.68(14) 
S(4)-M(1)-S(2)trans 176.1(3) S(1)-M(1)-S(2) 86.55(12)2, 89.62(13)2 
S(4)-M(1)-S(1) 90.7(2) S(1)-M(1)-S(1) 88.45(4) 
S(3)-M(2)-S(4) 95.0(2)2 S(4)-M(2)-S(4) 93.7(3) 
S(4)-M(2)-S(2) 88.8(2)2 S(3)-M(2)-S(2) 86.5(3)2 
S(3)-M(2)-S(1)trans 177.2(2) S(4)-M(2)-S(1) 86.9(2)2 
S(2)-M(2)-S(1) 91.4(2)2 S(4)-M(2)-S(2)trans 176.9(2)2 
S(2)-M(2)-S(2) 88.6(3) S(3)-M(3)-S(3) 92.5(4) 
S(3)-M(3)-S(4) 85.3(2)4 S(4)-M(3)-S(4) 113.9(3)2, 79.1(2)2, 66.0(3)2 
S(3)-M(3)-S(2) 75.59(12)4 S(4)-M(3)-S(2) 71.8(2)4 
S(4)-M(3)-S(2) 134.81(13)4 S(3)-M(3)-S(4) 146.86(14)4 
S(2)-M(3)-S(2) 137.8(3)   

Table 4.6. Crystallographic data for Lillianite. Pb3Bi2S6 Orthorhombic, space-group Cmcm (no. 63), a = 
4.1250(10), b = 13.572(2), c = 20.743(4) Å, V = 1161.3(4) Å3, crystal dimensions 0.2 x 0.3 x 0.05 mm, formula 
weight = 1228.31, Z = 4, calculated density = 7.026 Mgm-3, F(000) = 2024, µ = 73.261 mm-1,  2120 reflections 
(521 independent, Rint = 0.0719), data-parameter ratio = 14.08, R1(I>2σI) = 0.030, wR2(all data) = 0.061, S = 
0.744, largest difference peak and hole = 2.553 and –1.700 eÅ3.  
 
*M(1) = 60% Pb2+, 40% Bi3+; M(2) = 40% Pb2+, 60% Bi3+; M(3) = 100% Pb2+ 

 
 
 
4.3.1 Structure Description 
 
 

The structure of lillianite consists of rock salt type slabs bounded with respect 

to their (311) plane and being related by reflection in mirror planes parallel to (010), 

see figures 4.5 (a) and (b). This structure was first proposed by Otto and Strunz6 in 

1969 from investigation of Weissenberg data in conjunction with unit cell and space 

group considerations. It was re-investigated in 1972 by Takagi and Takéuchi7 who 

confirmed the proposed atomic arrangement and refined an isotropic structure to an R-

value of 10%. This refinement showed the distorted nature of the galena slabs and the  
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maximum atomic shift was 0.28 Å when compared to the idealised structure of Otto 

and Strunz. 

 

 The structure presented here was solved in the standard setting of the space 

group Cmcm (63), but Takagi & Takéuchi used the non-standard setting Bbmm. Thus 

for comparison the current cell and coordinates were converted to this non-standard 

setting, with the presented crystal data remaining in the C centred setting. 

 
 

 M(1) M(2) M(3) ∑ 
S(1) 0.3712 0.289  -1.031 
S(2) 0.4822 

0.150 
0.3642 0.1082 -2.058 

S(3)  0.718 0.5162 -1.750 
S(4) 0.715 0.5102 0.1834 -2.467 
V 2.400 2.600 2.000  
∑ 2.571 2.755 1.980  

Table 4.7. Bond valences are the average of the valences calculated as 
those of the species at the site weighted according to X-ray occupancy. 
V is the atomic valence weighted in the same manner. 2 indicates a 
second bond to a symmetrically equivalent sulfur. 

 
 
4.3.2 Structural Comparison 
 

The cell dimensions of the current structure depart significantly from those of 

Takagi and Takéuchi5 (table 4.7); with the maximum difference being 0.292(11) Å in 

the b cell dimension. In addition the present structure was refined anisotropically to an 

R factor of 2.9%.  
 
 a(Å) b(Å) c(Å) 
Takagi & Takéuchi5 13.535(3) 20.451(5) 4.104(1) 
Current cell 13.572(12) 20.743(10) 4.125(4) 
δ(a,b,c) 0.037(12) 0.292(11) 0.021(4) 
δσ 3.08σ 26.55σ 5.25σ 
Table 4.8 Comparison of the cell parameters for the two structure determinations. The difference in the 
b cell dimension is over 26 times the standard deviation showing it to be highly significant. 
 
 

The maximum deviation in the atomic coordinates occurs for the x of Takagi 

& Takéuchi’s  site M(3), with x of M(1) also showing a significant difference. Table 

4.8 shows a full comparison of the two sets of atomic coordinates, however, the 

dominant differences in cell parameters make further discussion of any coordinate 

differences difficult. It is possible that the impurities, such as silver, in their 

geological sample are the causes of the cell distortions. However, it is unlikely that 
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such a small replacement of Bi/Pb with the smaller Ag would lead to the observed 

reduction in volume of Takagi and Takéuchi’s cell. 

 
 

 x δ(x) y δ(y) z δ(z) 
M(1) 0.0896(4) 

0.0912(1) 
0.0016(4) 
4.00σ 

0.1338(2) 
0.1338(1) 

0.0000(2) 0.5000 
0.5000 

0.0000 
 

M(2) 0.3635(4) 
0.3633(1) 

0.0002(4) 
0.30σ 

0.0495(2) 
0.0493(1) 

0.0002(2) 
1.00σ 

0.5000 
0.5000 

0.0000 

M(3) 0.3239(4) 
0.3266(2) 

0.0027(4) 
6.75σ 

0.2500 
0.2500 

0.0000 0.0000 
0.0000 

0.0000 

S(1) 0.2386(23) 
0.2355(7) 

0.0031(24) 
1.30σ 

0.0956(13) 
0.0956(5) 

0.0000(14) 0.0000 
 

0.0000 

S(2) 0.0000 
0.0000 

0.0000 0.0000 
0.0000 

0.0000 0.5000 
0.5000 

0.0000 

S(3) 0.1822(23) 
0.1813(9) 

0.0009(25) 
0.36σ 

0.2500 
0.2500 

0.0000 0.5000 
0.5000 

0.0000 

S(4) 0.4561(23) 
0.4568(7) 

0.0007(24) 
0.29σ 

0.1630(13) 
0.1649(4) 

0.0019(14) 
1.36σ 

0.5000 
0.5000 

0.0000 

Table 4.9 Comparison of the atomic coordinates for the two structure determinations. 
Takagi & Takéuchi’s coordinates are presented first, with the differences in the 
adjoining column together with an indication of their significance. 

 
 

4.3.3 Bonding Considerations 

 

 M(1) and M(2) both show distorted octahedral geometry as would be expected 

for a rock salt type environment. The two sites posses structurally distinct positions 

with M(1) being in the centre of the slabs and M(2) being adjacent to the composition 

boundaries. As would be expected the more central M(1) site is the least distorted 

from Oh symmetry and as a result is a more favourable site for lead substitution. The 

distortion is almost entirely in the bond lengths (ranging from 2.714(9) to 3.291(11)) 

with the geometry lending towards square based pyramidal with an extended basal 

bond. This is manifest in its average bond length (2.940) being closest to that in 

galena (2.965) and its larger volume. Site M(2) is on the boundary of the slabs and as 

a result is more highly distorted with an angular variance of 11.025. This effects its 

lead content, which is lower than M(1), leading to a shorter average bond length and a 

smaller volume.  

 

The slab boundaries are characterised by eight coordinate sites, M(3), that  are  

filled by lead. The temperature factors for M(3) and S(2) are higher than average and 

considerably aspherical. This can be explained by resonance of the metal between two 
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symmetrically equivalent positions with distorted square based pyramidal geometry. 

This is shown in figure 4.6 and would not effect the bond valence sums as although 

there are now fewer bonds the new ones are stronger. This leaves distorted triangular 

channels that at their widest are 5Å across. 

 

 
 

Figure 4.6. The resonance of the M(3) metal site between two symmetry equivalent positions. Due to 
the symmetry each position would have an occupancy of 50%.  
 

 
 S(1) and S(2) are found in the galena type slabs and exhibit octahedral 

geometry with S(2) being slightly more distorted due to its direct interaction with 

M(3). S(4) along with M(3) and S(3) forms the rim of the small channels and shows 

square based pyramidal geometry with the sulfur being displaced up from the base 

and away from the cavity. S(3) is the other member of the ring and lies directly on 

both mirror planes. It is tetrahedrally coordinated with severe distortion a shown in 

figure 4.7.  

108.21° 108.21°

92.53°

126.25°

S(3)

M(3)

M(2) M(2)

M(3)

 
 
Figure 4.7 The distortion of the tetrahedral geometry around the S(3) atom. 
 
The M(3) pair have been brought closer together reducing the angle to 92.53° and the 

M(2) pair have been forced apart increasing the angle to 126.25°. The combination of 

this increase and decrease leaves the other four angles close to tetrahedral.  

 
 AV(°) QE V(Å3) lo(Å) Coordination 
M(1) 5.277 1.006 33.84 2.940 6 
M(2) 11.025 1.005 31.83 2.884 6 
M(3)   56.53 3.192 8 
loapi(Å) 2.708     
Table 4.10 Site distortion parameters for lillianite. AV is the angle variance, QE is quadratic 
elongation, V is the volume, and lo is the average bond length to S. (For a metal site with ideal 
geometry AV = 0 and QE = 1).  
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 Taking into account the points discussed earlier and assuming the differences 

in average bond lengths between M(1) and M(2) to be significant (0.056(22) = 2.5σ) 

the site populations have been assigned as the following. M(1) is 60% lead and 40% 

bismuth, M(2) is 40% lead and 60% bismuth, and M(3) is 100% lead. This is much 

the same as Takagi and Takéuchi with the exception of a preference for lead 

substitution in M(1).  
 
 

                                                     
         
                          M(1)                                  M(2)                                    M(3) 
 
Figure 4.8 Coordination geometries around the metal atoms in lillianite, M(1) and M(2) are octahedral 
and M(3) is TPRS-8.  
 
 The bond valence analysis shown in table 4.6 agrees with site M(3) being Pb 

and sites M(1) and M(2) being mixed with a slight preference for Pb in  site M(1). 

The sulfur sums show a large variation from the ideal (–2.0), but this may be 

explained by their differing coordination geometries and in the case of S(2) the effect 

of bonding to the pure lead site. 

 
 
4.4 PHASE GZ4 
 

The crystal was grown from an ingot of initial composition 17PbS:8Sb2S3 = 

Pb17Sb16S41, (annealed at 1073K for 4 days and crystallised at 793K for 5 days) lying 

on the zinckenite-galenobismutite join. A suitable crystal for data collection was 

selected after several attempts at cell indexing, and the structure was solved by direct 

methods and refined by subsequent least squares analyses. 
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(a) Positional (×104) and thermal parameters 

 
Atom* Site        x        y       z U11 U22 U33 U23 U13 U12 

M(1) 4i  6823(1) 0   1633(1) 40(1) 21(1) 40(1) 0 18(1) 0 
M(2) 4i  4952(1) 0   1877(1) 24(1) 22(1) 40(1) 0 1(1) 0 
M(3) 4i  7698(1) 0   222(1) 30(1) 24(1) 27(1) 0 3(1) 0 
M(4) 4i  8555(1) 0  -1296(1) 44(1) 22(1) 27(1) 0 -3(1) 0 
M(5) 4i  9208(1) 5000   115(2) 44(1) 51(1) 51(1) 0 -7(1) 0 
M(6) 4i  8438(1) 5000   1705(1) 31(1) 34(1) 26(1) 0 2(1) 0 
M(7) 4i  3105(1) 0   2017(1) 27(1) 21(1) 39(1) 0 6(1) 0 
M(8) 4i  5622(2) 5000   561(1) 35(1) 42(1) 19(1) 0 -1(1) 0 
M(9) 4i  3824(2) 5000   765(1) 40(1) 45(1) 22(1) 0 2(1) 0 
M(10) 4i  10060(1) 5000  -1469(1) 28(1) 42(1) 31(1) 0 4(1) 0 
S(1) 4i  8268(5) 5000  -430(5) 18(4) 23(4) 19(4) 0 -2(3) 0 
S(2) 4i  5796(5) 5000   1556(5) 18(4) 26(3) 19(4) 0 5(3) 0 
S(3) 4i  4067(5) 5000   1765(5) 19(4) 25(3) 17(4) 0 -4(3) 0 
S(4) 4i  7496(5) 5000   1103(5) 22(4) 18(3) 21(4) 0 -3(3) 0 
S(5) 4i  9543(6) 0  -660(5) 29(4) 21(4) 37(5) 0 -4(4) 0 
S(6) 4i  3079(5) 0   908(5) 19(4) 29(4) 17(4) 0 0(3) 0 
S(7) 4i  9067(5) 5000  -1913(5) 17(4) 25(4) 28(4) 0 -1(3) 0 
S(8) 4i  2368(5) 5000   1870(5) 16(4) 33(4) 21(4) 0 -1(3) 0 
S(9) 4i  6374(5) 0   499(5) 12(3) 31(4) 17(4) 0 0(3) 0 
S(10) 4i  8050(5) 0   2296(5) 19(4) 43(4) 25(4) 0 5(3) 0 
S(11) 4i  4738(5) 0   744(5) 32(4) 22(3) 26(4) 0 4(3) 0 
S(12) 4i  8776(6) 0   779(5) 25(4) 30(4) 23(4) 0 1(3) 0 
S(13) 4i  10329(6) 0  -2121(5)  30(4) 67(5) 19(4) 0 4(3) 0 
            

(b) Interatomic distances (Å) 
 

M(1)-S(9) 2.907(6) (x1)  M(1)-S(4) 2.909(5) (x2) 
M(1)-S(2) 3.133(5) (x2)  M(1)-S(10) 3.210(7) (x1) 
M(1)-S10) 3.308(5) (x2)  M(2)-S(11) 2.783(7) (x1) 
M(2)-S(3) 2.916(5) (x2)  M(2)-S(2) 2.963(5) (x2) 
M(2)-S(13) 3.259(6) (x2)  M(2)-S(7) 3.748(6) (x1) 
M(3)-S(12) 2.801(7) (x1)  M(3)-S(1) 2.939(5) (x2) 
M(3)-S(4) 3.007(5) (x2)  M(3)-S(9) 3.251(6) (x1) 
M(3)-S(6) 3.207(6) (x1)  M(4)-S(5) 2.733(6) (x1) 
M(4)-S(7) 2.816(5) (x2)  M(4)-S(1) 3.025(5) (x2) 
M(4)-S(8) 3.203(5) (x2)  M(4)-S(1) 2.501(6) (x1) 
M(5)-S(5) 2.501(6) (x1)  M(5)-S(12) 2.790(5) (x2) 
M(5)-S(5) 2.888(5) (x2)  M(5)-S(5) 3.723(6) (x2) 
M(6)-S(4) 2.571(6) (x1)  M(6)-S(10) 2.651(4) (x2) 
M(6)-S(12) 3.178(5) (x2)  M(6)-S(13) 3.618(6) (x2) 
M(7)-S(8) 2.667(4) (x1)  M(7)-S(8) 3.009(6) (x1) 
M(7)-S(3) 3.094(5) (x2)  M(7)-S(7) 3.387(6) (x1) 
M(8)-S(2) 2.471(6) (x1)  M(8)-S(9) 2.681(4) (x2) 
M(8)-S(11) 2.951(5) (x2)  M(8)-S(11) 3.812(6) (x2) 
M(9)-S(3) 2.471(6) (x1)  M(9)-S(6) 2.707(4) (x2) 
M(9)-S(11) 2.944(5) (x2)  M(9)-S(9) 3.682(5) (x2) 
M(10)-S(7) 2.481(6) (x1)  M(10)-S(13) 2.635(5) (x2) 
M(10)-S(5) 3.133(5) (x2)  M(10)-S(12) 3.720(6) (x2) 
Table 4.11 Crystallographic data for Phase GZ4. Sb4.64Pb3.97Bi1.37S13 Monoclinic, space-group I2/m 
(no. 12), a = 23.665(10), b = 3.991(10), c = 24.439(4) Å, β = 93.92(6)°, V = 2302.8(7) Å3, crystal 
dimensions 0.1 x 0.15 x 0.4 mm, formula weight = 2090.8, Z = 4, calculated density = 6.037 Mgm-3 
F(000) = 3540, µ = 44.485 mm-1,  4792 reflections (1992 independent, Rint = 0.0624), data-parameter 
ratio = 14.33, R1(I>2σI) = 0.0335, wR2(all data) = 0.065, S = 0.718, largest difference peak and hole = 
1.960 and –1.852 eÅ3. 
 
M(1) = 99.0(16)% (Pb2+/Bi3+), 1.0(16)% Sb3+; M(2) = 94.0(16)% (Pb2+/Bi3+), 6.0(16)% Sb; M(3) = 
91.0(16)% (Pb2+/Bi3+), 8.0(16)% Sb3+; M(4) = 82.0(15)% (Pb2+/Bi3+), 18.0(15)% Sb; M(5) = 20.0(12)% 
(Pb2+/Bi3+), 80.0(12)% Sb3+ M(6)  = 37.0(13)% (Pb2+/Bi3+), 63.0(13)% Sb; M(7) = 62.0(14)% 
(Pb2+/Bi3+), 38.0(14)% Sb3+ M(8) = 14.0(12)% (Pb2+/Bi3+), 86.0(12)% Sb; M(9) = 23.0(13)% 
(Pb2+/Bi3+), 77.0(13)% Sb3+ M(10) = 13.0(13)% (Pb2+/Bi3+), 87.0(13)% Sb 
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          M(1)                          M(2)                            M(3)                         M(4)                           M(5) 
 

                           
 
 
           M(6)                         M(7)                            M(8)                           M(9)                       M(10) 
 
Figure 4.9 The coordination geometries around the metal sites in phase GZ4. M(1) and M(2) are 
TPRS-8, and the rest of the sites are seven coordinate.   
 
 

 AV(°) QE V(Å3) lo(Å) Coordination 
M(1)   52.045 3.102 8 
M(2)   50.521 3.101 8 
M(3)   39.215 3.022 7 
M(4)   37.185 2.974 7 
M(5)   28.088 3.043 7 
M(6)   37.217 3.066 7 
M(7)   36.211 3.050 7 
M(8)   38.552 3.051 7 
M(9)   38.323 3.020 7 
M(10)   39.997 2.937 7 
Table 4.12 Site distortion parameters for stibnite. AV is the angle variance, QE is quadratic 
elongation, V is the volume, and lo is the average bond length to S. (For a metal site with ideal 
geometry AV = 0 and QE = 1).  

 
 
 Phase GZ4 is isostructural with the known mineral phase Robinsonite 

(consisting of two types of ribbons of formula M4S6 (stibnite type) and M12S14 

extending along the [010] direction as shown in figure 4.10) for which two previous 

structure determinations have been carried out. The first, by Petrova et al.8, put the 

structure in the triclinic space group P1, while Skowron and Brown9 adopted the 

correct monoclinic space group I2/m. A comparison of the present structure with that 

of Skowron and Brown shows no significant differences in either the cell constants or 

atomic coordinates, with the only variation being in the population of the metal sites. 
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c 

                                         (a)                                                                                      (b) 
a 

Figure 4.10 (a) the unit cell of phase GZ4 projected onto (010) with the asymmetric unit labelled.(b) 
packing diagram showing the long and short ribbon arrangement.  
 

 Refinement of the antimony component gave a value of 4.66(14) leaving a 

combined (Bi/Pb) value of 5.34. If a neutral compound is assumed, values of 1.37 and 

3.97 can be assigned to bismuth and lead respectively. This gives a final formula of 

Sb4.66Pb3.97Bi1.37S13, unconfirmed by analysis, compared to that of Pb4Sb6S13 of 

robinsonite. The difference in the formula is a substitution of antimony for bismuth 

which leaves the overall charge unchanged. However, due to the different 

environments adopted by antimony and bismuth it is not a straight swap. The refined 

antimony components at each site differ significantly from those of Skowron and 

Brown, see table 4.13. So although it is the antimony that is replaced by bismuth 

(retaining charge neutrality) it is the lead that has to move to accommodate it (prefer 

more similar environments). A preliminary bond valence analysis (the lack of 

analyses made a detailed study difficult) was carried out with the assumption that each 

site comprised solely lead and antimony. The results show this is probably the case for 

M(6) M(7) M(8) M(9) and M(10), while M(2) M(4) and M(5), and to a lesser extent 

M(1) and M(3) show totals that are low. This suggests that the bismuth is located at 

these sites. A more complete analysis of the lead/bismuth distribution was not 

attempted as it was felt the lack of microprobe analyses and the presence of a large 

number of metal sites would result in too many possibilities.       
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%Sb M(1) M(2) M(3) M(4) M(5) M(6) M(7) M(8) M(9) M(10) 

S & B 80 18 100 100 100 88 78 0 0 36 

X-Ray 1.0(16) 6.0(16) 9.0(16) 18.0(15) 80.0(12) 63.0(13) 38.0(14) 86.0(12) 77.0(13) 87.0(13) 

B.V. 19 36 27 48 37 71 34 89 73 85 

Table 4.13 Site occupancies for phase GZ4. S & B are the values obtained by Skowron and Brown using the 
bond valence technique, X-ray are the values from the present refinement, and BV are the bond valence values 
obtained assuming only lead and antimony. 

 
  
4.5 PHASE GZ5 
 

Phase GZ5 was crystallised from the bulk composition 9PbS:4Sb2S3 = 

Pb9Sb8S21 – Semseyite (annealed at 1073K for 4 days and crystallised at 828K for 3 

days) and was an attempt to crystallise the mineral which has, to date, only been 

characterised by powder diffraction. The structure was solved by direct methods, and 

refinement of the antimony component gave a value of 11.33(50) leading to the 

formula Pb8.67Sb11.33S23, however, this is far from the electrically neutral Pb14Sb6S23 

and requires the switching of antimony with lead - to the extent of ≈ 10σ. One 

explanation for this significant difference is that the metal-metal contacts affect the 

electron density distribution around some of the sites causing an over estimate of the 

antimony component.  This also makes the assignment of occupancies by bond 

valences unrealistic. 

             
c 

 
                                     (a)                                                                                    (b) a 

 
Figure 4.11 (a) the unit cell of phase GZ5 projected onto (010) with the asymmetric unit labelled.(b) 
packing diagram  

 
 

The structure has features in common with phase GZ3 and contains three 

ribbon types; M3S5, M8S10, and M14S16, although due to the number of close contacts 

these are less well defined than in other non-hexagonal sulfosalts. The ribbons are 

arranged as shown in figure 4.11 with the long ribbons overlapping to form sheets 

parallel to (001). The structure can also be considered in terms of rocksalt type slabs 
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(a) Positional and thermal parameters* 

 
Atom* Site        x Y       z U11 U22 U33 U23 U13 U12 

M(1) 4c 3250(1) 925(23) 3431(1) 45(2) 34(2) 44(2) 4(5) 13(2) 11(5) 
M(2) 4c 3372(1) 999(22) 1471(1) 30(2) 34(2) 27(2) 0(5) 4(1) -5(4) 
M(3) 4c 4116(1) 963(23) 3143(1) 34(2) 38(2) 34(2) 12(5) 5(2) 14(5) 
M(4) 4c 2896(1) 10821(28) 4968(2) 60(3) 39(2) 32(2) 4(6) 10(2) 10(6) 
M(5) 4c 4932(1) 888(24) 2615(2) 30(2) 35(2) 81(3) 14(6) -3(2) 10(5) 
M(6) 4c 5744(1) 930(24) 2559(1) 41(2) 40(2) 49(2) 11(5) 4(2) 9(5) 
M(7) 4c 3527(1) -9219(22) -435(1) 48(2) 35(2) 24(2) -12(4) -5(2) 15(4) 
M(8) 4c 4278(1) 891(28) 937(2) 32(2) 35(2) 31(2) 9(6) -6(2) -4(6) 
M(9) 4c 2431(1) 5869(33) 3456(2) 82(3) 50(3) 38(2) 7(7) 26(2) 3(8) 
M(10) 4c 2840(1) -3974(34) 91(2) 33(3) 50(4) 40(3) 34(6) 1(3) 0(7) 
M(11) 4c 2277(1) -9021(40) -1897(2) 42(3) 48(3) 56(4) 8(9) 15(3) -18(8) 
M(12) 4c 3436(1) 10934(32) 7541(2) 69(3) 38(2) 94(3) -2(8) 45(3) 8(7) 
M(13) 4c 3673(1) 15797(47) 6099(2) 42(4) 129(6) 37(3) -13(9) -1(3) -46(8) 
M(14) 4c 5500(1) 5852(42) 4075(2) 45(4) 130(6) 55(4) 40(9) 4(3) 47(8) 
M(15) 4c 3929(1) -4174(35) 1859(2) 30(3) 46(3) 30(3) -1(7) 4(2) -22(6) 
M(16) 4c 3878(1) 16094(54) 4626(2) 51(5) 125(7) 25(3) 18(10) 3(3) 35(10) 
M(17) 4c 2924(1) -4227(60) -1736(3) 42(5) 185(8) 47(4) -27(12) 10(3) -50(11)
M(18) 4c 4291(1) -4288(61) -700(3) 66(5) 115(6) 44(4) -3(11) 15(3) -7(12) 
M(19) 4c 4710(1) 5906(65) 4298(3) 57(5) 39(4) 31(12) 0(3) 32(13) 
M(20) 4c 4988(1) 5743(53) 885(3) 53(4) 89(6) 46(4) 1(9) 22(3) 14(9) 
S(1) 4c 5352(3) 6025(113) 2940(7) 27(6) 28(6) 31(6) 4(5) 5(4) 0(5) 
S(2) 4c 5237(4) 375(62) 1553(8) 26(7) 22(8) 27(7) -1(5) 0(4) 4(5) 
S(3) 4c 4005(4) -3891(115) 90(8) 41(7) 38(7) 36(7) 3(5) 9(5) 1(5) 
S(4) 4c 3335(3) -3818(112) 494(7) 30(6) 27(7) 24(6) -2(5) 4(4) 1(5) 
S(5) 4c 4639(3) 5938(140) 1552(7) 34(6) 36(6) 32(6) -1(5) 6(4) -1(5) 
S(6) 4c 2357(4) 10739(141) 4325(9) 50(7) 50(8) 50(7) -3(5) 8(5) -1(5) 
S(7) 4c 3339(4) 10846(175) 6264(9) 49(7) 50(7) 50(7) -2(5) 10(5) -1(5) 
S(8) 4c 2966(3) 6216(106) 4090(7) 30(7) 30(7) 33(7) -3(5) 3(4) -1(5) 
S(9) 4c 6156(4) 6288(100) 2750(8) 33(7) 35(8) 33(7) 3(5) 8(5) 0(5) 
S(10) 4c 5078(4) 10839(183) 4128(9) 49(7) 46(7) 46(7) 1(5) 4(5) -1(5) 
S(11) 4c 3403(3) -3991(141) -1336(7) 34(6) 32(5) 29(6) 0(5) 5(4) 0(5) 
S(12) 4c 3744(3) -3844(104) 3509(7) 30(6) 21(7) 30(6) 1(5) 5(4) 1(5) 
S(13) 4c 3546(4) 556(99) 4736(8) 41(8) 41(8) 38(7) 1(5) 9(5) -4(5) 
S(14) 4c 4319(4) 999(157) 4428(8) 44(6) 43(6) 41(6) 0(5) 5(5) 0(5) 
S(15) 4c 2900(3) -8822(106) -628(7) 34(7) 33(7) 34(7) -1(5) 11(5) -2(5) 
S(16) 4c 5856(4) 1032(151) 3906(8) 37(6) 37(6) 38(6) 0(5) 9(5) 0(5) 
S(17) 4c 3198(4) -4316(101) 2303(8) 35(7) 28(7) 33(6) 3(5) 6(4) -3(5) 
S(18) 4c 4551(3) 6471(58) 3184(7) 22(7) 19(8) 18(6) -2(5) 3(4) 2(5) 
S(19) 4c 3996(3) -9658(45) -1293(6) 7(5) 7(5) 8(5) 0(2) 0(2) -1(2) 
S(20) 4c 2325(4) -13588(86) -2757(8) 36(8) 38(9) 39(8) -2(5) 8(5) 4(5) 
S(21) 4c 4635(4) 1287(102) 147(8) 41(8) 40(8) 41(7) -2(5) 8(5) 1(5) 
S(22) 4c 3054(4) -3549(72) -2813(9) 47(8) 48(9) 47(8) 1(5) 8(5) 1(5) 
S(23) 4c 2212(4) -4883(39) -1069(8) 16(7) 16(7) 18(6) 6(4) 3(4) 9(4) 

162(7) 

Table 4.14 Crystallographic data for Phase GZ5. Pb8.67Sb11.33S23 (Ideally - Sb6Pb14S23) Monoclinic, 
space group C2 (no. 5), a = 50.570(10), b = 4.1230(10), c = 22.263(4) Å, β = 100.40(3)°, V = 4566(2) 
Å3, crystal dimensions 0.1 x 0.15 x 0.4 mm, formula weight, 3913.23, Z = 4, calculated density = 5.693 
Mgm-3, F(000) = 6627, µ = 37.893 mm-1, 7783 reflections (5163 independent, Rint = 0.1216), data-
parameter ratio = 13.26 , absorption correction - DIFABS (min 0.865, max 1.217, ave 0.960), 
R1(I>2σI) = 0.0475, wR2(all data) = 0.1370, S = 0.431, absolute structure parameter 0.30(5), largest 
difference peak and hole = 1.815 and –1.696 eÅ3.  
 

*M(1) = 94.0(22)% Pb2+, 6.0(22)% Sb3+; M(2) = 90.0(21)% Pb2+, 10.0(21)% Sb3+; M(3) = 90.0(24)% 
Pb2+, 10.0(24)% Sb3+; M(4) = 68.0(23)% Pb2+, 32.0(23)% Sb3+; M(5) = 94.0(24)% Pb2+, 6.0(24)% Sb3+; 
M(6) = 97.0(23)% Pb2+, 3.0(23)% Sb3+; M(7) = 82.0(23)% Pb2+, 18.0(23)% Sb3+; M(8) = 49.0(21)% 
Pb2+, 51.0(21)% Sb3+; M(9) = 54.0(23)% Pb2+, 46.0(23)% Sb3+; M(10) = 7.0(22)% Pb2+, 93.0(22)% 
Sb3+; M(11) = 7.0(24)% Pb2+, 93.0(24)% Sb3+; M(12) = 60.0(25)% Pb2+, 40.0(25)% Sb3+; M(13) = 
14.0(29)% Pb2+, 86.0(29)% Sb3+; M(14) = 22.0(31)% Pb2+, 78.0(31)% Sb3+; M(15) = 5.0(23)% Pb2+, 
95.0(23)% Sb3+; M(16) = 2.0(28)% Pb2+, 98.0(28)% Sb3+; M(17) = 9.0(28)% Pb2+, 91.0(28)% Sb3+; 
M(18) = 10.0(28)% Pb2+, 90.0(28)% Sb3+; M(19) = 8.0(32)% Pb2+, 92.0(32)% Sb3+; M(20) = 5.0(25)% 
Pb2+, 95.0(25)% Sb3+. 
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generated by the pairing of M8S10 and M3S5 ribbons and the overlap of the M14S16 

ribbons. As is common the junctions between slabs are characterised by metals in 

high coordination; M(15)-12, M(12)-8, M(4)-7, M(5)-8, M(7)-8, M(1)-8. 

 

 There are two unusual things about this structure, firstly many of the ‘bonds’ 

within the rocksalt type slabs (those joining the ribbons) are long, being up to 4 Å. 

Secondly there are an unusually high number of metal-metal contacts caused by the 

distorted nature of the slabs. 
 
 

                                           
 
       M(1)                   M(2)                      M(3)                      M(4)                     M(5)                    M(6) 
 
 

                                         
 
        M(7)                  M(8)                       M(9)                    M(10)                M(11)                   M(12) 
 
 

                                       
 
M(13)                        M(14)                    M(15)                   M(16)                 M(17)                   M(18) 
 
 

            
 

M(19)                  M(20) 
 
Figure 4.12 Coordination geometries around the metal atoms in phase GZ5. The dotted lines represent 
metal-metal contacts less than the sum of the Van der Waals radii. 
 
 

M(1), M(5), M(7) and M(12) are all square faced bi-capped trigonal 

pyramidal, with the first three situated at the corners of a triangular unit around 

M(15). As would be expected for highly coordinated sites they are almost exclusively 
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occupied by lead, with the exception of M(12) which contains 40% antimony. This 

relatively high antimony component is manifest in the smaller volume of M(12), and 

is due to it being in a structurally dissimilar location to M(1), M(5) and M(7). The BV 

sums are in good agreement with observed X-ray values (see table 4.17), not being 

affected by any close metal contacts.   

 
M(15) is twelve coordinate with six metal-metal bonds ranging from 3.429 – 

3.610 Å, and six long metal-sulfur contacts in the range 3.773 – 4.029 Å. The site is 

near identical to M(3) in phase GZ3 although it does not lie on a three fold axis. The 

site volumes are similar with the current phase being slightly larger. In both cases the 

lead component refines to a very low value which is unexpected for a highly 

coordinate site. 

 
 AV(°) QE V(Å3) lo(Å) Coordination 
M(1)   53.710 3.127 8 
M(2)   42.671 2.980 7 
M(3)   43.332 2.975 7 
M(4)   41.204 3.061 7 
M(5)   55.469 3.166 8 
M(6)   40.148 3.051 7 
M(7)   53.093 3.127 8 
M(8)   41.322 2.902 7 
M(9)   38.993 3.033 7 
M(10) 133.945 1.073 31.846 2.944 6 
M(11) 139.987 1.084 31.087 2.938 6 
M(12)   50.891 3.081 8 
M(13)   40.290 3.171 7 
M(14)   41.876 3.122 7 
M(15)   105.286 3.921 12 
M(16)   41.422 3.128 7 
M(17)   19.548 2.992  
M(18)   41.734 3.139 7 
M(19)   42.499 2.797 7 
M(20)   48.278 3.095 7 
Table 4.15 Site distortion parameters. AV is the angle variance, QE is quadratic elongation, V is the 
volume, and lo is the average bond length to S. (For a metal site with ideal geometry AV = 0 and QE 
= 1).  

 

 M(2), M(3) and M(8) are situated along the triangular edges of the M(15) site. 

They are square faced bi-capped square pyramidal with the out of the plane basal 

bonds being to metals, and are equivalent to M(1) in phase GZ3. M(2) and M(3) are 

occupied by 90% lead and have very similar site volumes (42.61, 43.332 Å3). M(8) is 

occupied by around 50% lead and as a result has a smaller volume (41.322 Å3). M(1) 

in phase GZ3 is 100% lead and has the largest volume of this type of site. 
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 When considering the sites surrounding M(15) (three 8 coordinate and three 7 

coordinate) two of each trio are very similar in terms of geometry while the third is 

somewhat different. Thus each trio can be grouped as follows; [M(1),M(5)][M(7)] and 

[M(2),M(3)][M(8)]. M(7) and M(8) are adjacent and associated with the smallest of 

the ribbons which may be the cause of their differences. 
 

 
(b) Interatomic distances (Å) 

 
M(1)-S(8)  2.96(3)  M(1)-S(13)  3.03(2)  M(1)-S(20)  3.02(2) 
M(1)-S(8)  3.12(3)  M(1)-S(12)  3.16(3)  M(1)-S(17)  3.16(3) 
M(1)-S(17)  3.29(3)  M(1)-S(12)  3.28(3)  M(2)-S(17)  2.92(3) 
M(2)-S(4)  2.93(3)  M(2)-S(23)  2.95(2)  M(2)-S(4)  3.03(4) 
M(2)-S(17)  3.10(3)  M(2)-M(15)  3.43(1)  M(2)-M(15)  3.514(12) 
M(3)-S(14)  2.86(2)  M(3)-S(18)  2.87(2)  M(3)-S(12)  2.95(3) 
M(3)-S(12)  3.05(3)  M(3)-S(18)  3.15(2)  M(3)-M(15)  3.480(11) 
M(3)-M(15)  3.547(11)  M(4)-S(8)  2.79(3)  M(4)-S(6)  2.84(2) 
M(4)-S(6)  2.99(4)  M(4)-S(8)  3.02(4)  M(4)-S(6)  3.04(4) 
M(4)-S(7)  3.32(2)  M(4)-S(13)  3.42(2)  M(5)-S(1)  2.92(3) 
M(5)-S(1)  2.99(4)  M(5)-S(2)  3.06(2)  M(5)-S(18)  3.09(2) 
M(5)-S(5)  3.27(4)  M(5)-S(5)  3.30(4)  M(5)-S(10)  3.32(2) 
M(5)-S(18)  3.39(2)  M(6)-S(9)  2.81(3)  M(6)-S(16)  2.95(2) 
M(6)-S(9)  3.02(3)  M(6)-S(1)  3.06(3)  M(6)-S(2)  3.09(2) 
M(6)-S(1)  3.11(3)  M(6)-S(19)  3.33(2)  M(6)-S(19)  3.33(2) 
M(7)-S(11)  2.93(4)  M(7)-S(11)  2.80(4)  M(7)-S(15)  3.12(2) 
M(7)-S(4)  3.09(3)  M(7)-S(4)  3.30(3)  M(7)-S(3)  3.15(3) 
M(7)-S(3)  3.32(4)  M(7)-S(19)  3.31(2)  M(8)-S(21)  2.74(2) 
M(8)-S(3)  2.90(4)  M(8)-S(5)  2.91(4)  M(8)-S(5)  2.94(4) 
M(8)-S(3)  3.02(4)  M(8)-M(15)  3.575(13)  M(8)-M(15)  3.606(11) 
M(9)-S(8)  2.82(2)  M(9)-S(20)  2.83(3)  M(9)-S(6)  2.86(4) 
M(9)-S(6)  2.94(5)  M(9)-S(20)  3.14(3)  M(9)-S(22)  3.18(3) 
M(9)-S(22)  3.48(3)  M(10)-S(4)  2.51(2)  M(10)-S(15)  2.61(4) 
M(10)-S(15)  2.71(4)  M(10)-S(23)  2.80(2)  M(10)-S(23)  3.31(2) 
M(10)-S(23)  3.73(2)  M(10)-M(10)  3.96(1)  M(10)-M(10)  3.96(1) 
M(11)-S(17)  2.41(2)  M(11)-S(23)  2.58(2)  M(11)-S(20)  2.73(3) 
M(11)-S(20)  2.98(3)  M(11)-S(23)  3.09(2)  M(11)-M(17)  3.784(14) 
M(11)-S(15)  3.84(2)  M(11)-M(17)  3.88(2)  M(12)-S(22)  2.69(3) 
M(12)-S(7)  2.80(2)  M(12)-S(9)  2.97(3)  M(12)-S(22)  3.00(3) 
M(12)-S(9)  3.17(3)  M(12)-S(11)  3.25(4)  M(12)-S(11)  3.29(4) 
M(12)-S(19)  3.49(2)  M(12)-M(17)  3.84(2)  M(12)-M(17)  3.91(2) 
M(13)-S(9)  2.56(2)  M(13)-S(7)  2.72(6)  M(13)-S(7)  2.75(6) 
M(13)-S(16)  3.09(4)  M(13)-S(16)  3.21(5)  M(13)-S(13)  3.57(3) 
M(13)-M(16)  3.616(7)  M(13)-S(13)  3.69(3)  M(14)-S(1)  2.50(2) 
M(14)-S(16)  2.75(5)  M(14)-S(16)  2.86(5)  M(14)-S(10)  2.99(6) 
M(14)-S(10)  2.98(5)  M(14)-S(14)  3.85(5)  M(14)-M(16)  3.872(8) 
M(14)-S(14)  3.92(6)  M(14)-M(19)  3.955(8)  M(14)-M(19)  3.955(8) 
M(15)-M(2)  3.429(11)  M(15)-M(3)  3.479(13)  M(15)-M(2)  3.516(13) 
M(15)-M(3)  3.549(12)  M(15)-M(8)  3.572(10)  M(15)-M(8)  3.610(12) 
M(15)-S(5)  3.77(5)  M(15)-S(4)  3.87(3)  M(15)-S(18)  3.91(3) 
M(15)-S(12)  3.95(4)  M(15)-S(17)  3.99(4)  M(15)-S(3)  4.02(3) 
M(16)-S(12)  2.46(2)  M(16)-S(13)  2.53(4)  M(16)-S(13)  2.87(4) 
M(16)-S(14)  3.10(5)  M(16)-S(14)  3.15(5)  M(16)-M(13)  3.616(8) 
M(16)-M(14)  3.873(8)  M(16)-S(16)  3.88(4)  M(16)-S(16)  3.91(5) 
M(17)-S(11)  2.42(2)  M(17)-S(22)  2.61(2)  M(17)-S(15)  3.13(3) 
M(17)-S(15)  3.34(4)  M(17)-S(20)  3.45(2)  M(17)-M(11)  3.789(6) 
M(17)-M(12)  3.851(7)  M(17)-M(11)  3.818(2)  M(17)-M(12)  3.908(9) 
M(18)-S(3)  2.47(2)  M(18)-S(19)  2.63(3)  M(18)-S(19)  2.86(3) 
M(18)-S(21)  2.95(3)  M(18)-S(21)  3.27(4)  M(18)-M(20)  3.743(9) 
M(18)-S(2)  3.83(2)  M(18)-S(2)  3.97(3)  M(19)-S(18)  2.48(2) 
M(19)-S(10)  2.87(6)  M(19)-S(10)  2.83(6)  M(19)-S(14)  2.88(5) 
M(19)-S(14)  2.93(5)  M(19)-M(19)  3.878(12)  M(19)-M(14)  3.955(8) 
M(20)-S(5)  2.51(2)  M(20)-S(2)  2.60(3)  M(20)-S(2)  2.83(3) 
M(20)-S(21)  2.87(3)  M(20)-S(21)  3.17(4)  M(20)-S(21)  3.73(3) 

Table 4.16 Bond lengths (Å) for phase GZ5. 

 103



Chapter 4 

                     M(1) M(2) M(3) M(4) M(5) M(6) M(7) M(8) M(9) M(10) M(11) M(12) M(13) M(14) M(15) M(16) M(17) M(18) M(19) M(20) ∑ 
S(1)           0.416

0.361 
0.288 
0.264 

    1.018       -3.142

S(2)            0.027   

           

       0.253             

    0.364        

    0.484     0.424        -2.961 

    0.133           -1.362 

    0.537            -3.928 

               -2.409 

               

   0.558          1.187     

               -1.792 

    0.102      0.815     -0.580 

   0.494         0.346 

   0.238           

             -1.589 

                 

   0.477           

                 

         0.462      0.074     

    0.590          

     0.180   0.678     0.720     

                 -23233 

                      

0.295 0.269     
0.018 

0.768
0.416 

-0.998 

S(3)     0.212
0.143 

0.371 
0.287 

     0.015 1.053 -2.105

S(4) 0.403
0.318 0.151 

0.943  0.024 -3.092

S(5)     0.160
0.156 0.362 

     0.031 0.993 -2.275

S(6)
0.306 
0.290 

0.372 
    

S(7)       0.529 0.560
0.504 

S(8) 0.376
0.252 0.303 

0.481     

S(9)      0.576 
0.335 

0.326
0.199 
 

0.842

S(10)     0.146 0.292
0.263 

0.377
0.376 

 -1.003 

S(11)     
0.404 

0.153
0.141 

-1.881

S(12) 0.223
0.161 

 0.390 
0.293 

    0.019 1.056

S(13) 0.321       0.053
0.042 
 

0.364 
S(14)       0.026

0.022 
0.183
0.163 

   0.168 
0.346 

 -0.811 

S(15)     0.678
0.569 
 

0.026
0.104 

-3.185

S(16)      0.394 0.200
0.143 

0.515 
0.387 

0.023
0.021 

S(17) 0.218
0.161 

0.411 
0.266 

 1.222  0.017 -2.197

S(18)
0.230 

0.266
0.121 
 

     0.021 1.027  -1.949 

S(19)     0.142 0.143 0.082 0.683
0.376 

-0.935

S(20) 0.316
0.208 

 0.516 
0.265 
 

-1.316

S(21)       0.282
0.124 

0.368
0.169 
0.037 
0.020 

-0.610 

S(22)     
0.087 
 

0.322 
-1.665

S(23)  0.387 0.419
0.110 
0.035 

0.762 
0.198 

V 2.060 2.100 2.100 2.320 2.060 2.030 2.180 2.510 2.460 2.930 2.930 2.400 2.860 2.780 2.950 2.980 2.910 2.900 2.920 2.800
∑ 2.028                     1.785 1.884 2.155 1.921 2.268 2.102 1.974 2.214 2.754 2.989 2.430 2.344 2.523 0.127 2.625 2.253 2.563 2.472 2.771

 
Table 4.17 Bond valences are the average of the valences calculated as those of the species at the site weighted according to X-ray occupancy. V is the atomic valence 
weighted in the same manner.  
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 M(13), M(14), M(16) and M(19) are all in the M8S10 ribbons and are seven 

coordinate. Their seven coordinate nature is due to the distortion of the rocksalt type 

slabs, bringing an extra sulfur in to proximity, and  reducing the similarity to this 

structure type. Another consequence of the distortion is the introduction of metal-

metal contacts. The shortest of these occurs for M(13) to M(16) (3.616) Å, which is at 

the end of the chains, thus allowing a higher distortion without breakage of the chain. 

The values for lead content refined in the range 2 to 22% and showed no obvious 

distribution pattern. The volumes of the sites are all quite similar, with the two 

smallest being at the end of chain, caused by the permitted high distortion. The bond 

valence sums are all quite close to the theoretical values, with the differences being 

due to the non-involvement of the metal-metal contacts in the calculations. The 

highest deviation occurs for those sites with the closest approaching metals.        

 

 M(18) and M(20) are seven coordinate and situated on the long side of the 

M3S5 ribbons. The distance between the metals is 3.743 Å, which is less than the sum 

of the Van der Waals radii. The volume and average bond length of the sites are 

similar, but M(18) has five metal – sulfur contacts that are shorter than the metal – 

metal contact, whilst M(20) has six. 

 

 M(4) and M(6) occur at ribbon face / ribbon end boundaries. M(4) belongs to 

the M14S16 ribbon where it joins the M8S10 ribbon, and M(6) is located in the M8S10 

ribbon where it joins the M3S5 ribbon.  They are both seven coordinate with a high 

percentage of lead, as would be expected for sites of this sort. The X-ray refinement 

places more lead in M(6) although this is not seen in the site volumes. The BV study 

shows values that are close to those expected, but slightly low for M(4) and slightly 

high for M(6). This suggests that the site populations are, in fact, much more alike 

than indicated in the refinement.  
 
 M(9), M(10), M(11) and M(17) are located in the overlapping region of the 

M14S16 ribbons, and show the most distorted coordination. M(9) is the first site to 

bridge the two ribbons and shows a seven coordinate geometry. It is unaffected by 

metal-metal contacts and shows a BV sum reasonably close to that predicted. Of all 

the seven coordinate sites it shows the smallest volume which is probably due, not to 
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its low lead content (ca. 54%), but to the lack of metal-metal contacts that tend to 

enlarge participating sites and shrink adjacent sites. 

 

 M(10) and M(11) are in the central part of the overlap and show very similar 

site volumes and lead substitution (ca. 7%), as confirmed by the BV values. In terms 

of sulfur contacts, both are heavily distorted octahedral with very similar AV and QE 

values. However, the sites differ with regard to their metal-metal contacts. M(10) has 

two contacts at 3.962 Å, whereas M(11) has one at 3.789 Å and one at 3.868 Å, with a 

metal-sulfur contact midway between the two. Thus M(11) is more strongly effected 

by metal-metal contacts. 

 

 M(17) has a coordination environment not previously seen for lead in this type 

of compound. It is coordinated to five sulfurs, three forming a trigonal pyramid with 

the remaining two either side of what would be the tetrahedral axial position. Two of 

the four metals are positioned so as to form a square ‘ring’ with the axial sulfurs, such 

that the metals are furthest away from the central atom. A similar situation exists for 

the remaining metals, except a closed ‘ring’ is not formed as the required sulfur, along 

with the third sulfur of the trigonal pyramid are  too distant.  

 

 

4.6 CONCLUSIONS 

 

 Crystals of the known phases stibnite, galenobismutite and lillianite have been 

synthesised and, with the exception of stibnite, their structures refined to R-factors 

lower than previously presented in the literature. For galenobismutite the occupancies 

in the literature were confirmed and for lillianite a slight modification to the lead / 

bismuth distribution was presented. In addition two new sulfosalts, phases GZ4 and 

GZ5, were synthesised and their crystal structures solved and refined.  
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Chapter 6 
 
 
 

Diamond Inclusions  
 
 
The results presented in this chapter all relate to samples found as inclusions in diamonds 
originating in the lower mantle. The elucidation of their structures is of great importance in 
understanding the composition of the mantle and the processes that occur there. The presented 
phases include one new mineral (TAPP-Haitchite) and several phases whose structures are 
unusual for their composition and formation conditions. 
 

 

The following chapter describes work carried out during a collaboration with 

Mark T. Hutchison of Edinburgh University, and encompasses the crystallographic 

section of a larger project. The samples were all found as diamond inclusions of 

lower mantle origin, from São Luiz, Brazil1. They include silicate minerals of 

composition (Mg,Fe)SiO3 and CaSiO3, and the oxide (Mg,Fe)O. These compositions 

indicate a mineral assemblage of (Mg,Fe)-perovskite, Ca-perovskite and 

ferropericlase. Predictions2 and experiments3,4,5 have shown these to be the stable 

phases for expected bulk mantle composition at depths only below the upper/lower 

mantle transition (ca. 660km). Further support for a lower mantle origin comes from 

the extremely high confinement pressures on ferropericlase inclusions, shown from 

X-ray studies6. 

 
6.1 HAITCHITE (TAPP) 

 

 This new phase has been found in eight diamonds and was initially designated 

as a garnet1. Examination of a polished diamond section7 showed the diamond to 

inclusion interface to be free from fractures and thus the inclusions are considered to 

be syngenetic with the diamond host. It is formally designated as TAPP (Tetragonal 

Almandine [Fe3
3+Al2Si3O12], Pyrope [Mg3Al2Si3O12] Phase), and unofficially named 

Haitchite. The crystal chosen for X-ray analysis had dimensions 0.6 x 0.4 x 0.4 mm 
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and was apple green in colour. It was removed from the host by careful crushing of 

the diamond.  

 

The structure was solved by direct methods. In the preliminary refinements 

after structure solution the silicon sites were refined as pure silicon and the three 

metal sites were assigned a small percentage of iron to account for the presence of the 

heavier transition metal components. This provided a satisfactory and stable structure 

from which it was possible to refine the various models of site occupancies described 

in section 6.1.2. 

 

6.1.1Structure description 

 

 In considering the structure of TAPP it is beneficial to do so in terms of two 

semi-connected polyhedral networks. The first comprises the M(1) trigonal 

dodecahedra and the silicon tetrahedra, and the second is constructed of interlocking 

spirals built from alternate M(2) and M(3) octahedra. 
  

                  
 
              (a)                                                  (b)                                                           (c) 
 
 
Figure 6.1 The structure of TAPP projected onto (100) showing (a) the single spirals formed by the 
edge sharing of M(2) and M(3) octahedra (shaded), (b) the spatial distribution of the spirals showing 
the corner sharing of those along (100) and (010), (c) the edge and corner sharing of the M(1) and 
tetrahedral sites. 
 

The spirals (both right and left handed), shown in figure 6.1.(a) and (b), are 

formed by alternate M(2) and M(3) octahedra that share edges on their upper and 

lower sections. When viewed onto (100) the axial traces of the M(3) octahedra are 

vertical, whilst those of the M(2) octahedra are tilted by ±  13°. When viewed onto 
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(001) the situation is reversed, and this tilting along with the asymmetric nature of the 

constituent octahedra causes distortions in the spirals. 

 

 The spirals run parallel to (100) and (010) and are arranged so that adjacent 

parallel spirals are displaced relative to one another by ½ a and b. The relationship of 

the two spiral sets is one of corner sharing to form a network. The M(1) and silicon 

sites are connected by edge sharing of M(1) and Si(2) and corner sharing of M(1) and 

Si(1) and Si(2), and the complete structure is revealed by superposition of (b) and (c) 

in figure 6.1. 

  

 The cation distribution can be described in terms of rows of M(2) cations 

along (¼,¼, z) and its symmetry equivalents, and rows of M(1), M(3), and Si along 

(0, 0, z) and its equivalents. The latter rows consist of alternating M(1) and M(3) 

cations with every other M(1) replaced by silicon, with the centring of the cell causing 

the row along (½, ½, z) to be displaced by ¼ c. It is this displacement of the rows that 

allows the formation of the spirals. 

 

 The distribution of M(2) along (¼, ¼, z) has a positional periodicity of c/2 , 

but the orientation of their coordination polyhedra (governed by other ion positions) 

differs, giving the true periodicity of the cell. When projected onto (111) all like 

cation sites align in vertical rows. 

 

6.1.2 Assignment of site populations  

 

The site populations were assigned taking into account the known 

crystallochemical behaviour of the ions, their relative proportions (from microprobe 

analysis, table 6.4), Mössbauer studies8,9,10, and their contribution to the bond valence 

sum. Thus the resulting populations are those that give the best fit to all these 

parameters.  

 

M(1) is the biggest site with the largest volume, highest coordination, longest 

average bond length and largest ‘cationic hole’ (average bond length minus the ionic 

radius of tetrahedral oxygen). Thus it was assigned as mainly magnesium, and in line 

 132



Chapter 6 

with the cation distribution in staurolite, Fe3O4, the ferric iron was also placed in this 

site. M(2) is octahedral and the smallest and least distorted site, and was assigned as 

mainly aluminium, which has a compatible ionic radii (hole = 0.692Å, Aloct = 0.67Å), 

with small amounts of chromium and manganese. M(3) is mainly magnesium (hole = 

0.82Å, Mgoct = 0.86Å) and following its behaviour in spinel the ferrous iron was also 

located here. There is no chemical reason for the higher distortion parameters of M(3) 

compared to M(2) and the control must be a structural one.  

 

As Mg2+ has an ionic radius suitable for allowing relatively free movement 

between M(1) and M(3), any variation in the Fe3+/Fe2+ ratio can be accommodated by 

movement of Mg although overall charge balance must obviously be accompanied by 

introduction or loss of appropriate cations. 

  

 
(a) Positional (×104) and thermal parameters 

Atom* Site        x        Y       z  U11 U22 U33 U12 U13 U23 
            

M(1) 4a  0  0  0  3(1) 3(1) 10(2) 0 0 0 
M(2) 8d  2600(4)  2500  1250  9(1) 7(1) 4(2) 0 0 0(1) 
M(3) 8c  0  5000 -0227(1)  5(2) 5(2) 6(1) -2(2) 0 0 
Si(1) 4b  5000  5000  0  8(2) 8(2) 6(2) 0 0 0 
Si(2) 8d -1508(4)  2500  1250  8(2) 7(2) 10(2) 0 0 1(1) 
O(1) 16e  0186(7)  2794(7)  0573(2)  7(3) 8(3) 9(2) -3(3) -2(2) 2(2) 
O(2) 16e -2621(8)  0374(6)  1011(2)  13(3) 10(2) 10(2) 6(3) -2(2) 4(2) 
O(3) 16e  4370(7)  2954(7)  0460(2)  8(3) 16(4) 6(2) 6(2) 1(2) -2(2) 

            
(b) Interatomic distances (Å) and angles (°) 

 
M(1)-O(1) 2.109(5) (x4)  M(1)⋅⋅⋅O(2) 2.521(5) (x4) 
M(2)-O(1) 2.004(5) (x2)  M(2)-O(2) 1.925(4) (x2) 
M(2)-O(3) 1.866(5) (x2)  M(3)-O(1) 2.052(5) (x2) 
M(3)-O(2) 2.124(5) (x2)  M(3)-O(3) 2.014(5) (x2) 
Si(1)-O(3) 1.630(5) (x4)  Si(2)-O(1) 1.664(5) (x2) 
Si(2)-O(2) 1.625(5) (x2)     
       
O-M(1)-O 104.3(1), 120.4(2) O⋅⋅⋅M(1) ⋅⋅⋅O 86.48(1), 122.05(2) 
O-M(2)-Ocis 103.7(3), 90.8(2), 88.7(2), 89.9(2), 

87.9(2), 92.8(2), 76.5(3) 
O-M(2)-Otrans 179.2(4), 166.3(2) 

O-M(3)-Ocis 93.7(2), 103.6(2), 89.4(3), 79.6(2), 
84.1(2), 87.7(2), 95.4(3) 

O-M(3)-Otrans 155.7(3), 175.8(2) 

O-Si(1)-O 118.3(3), 105.2(1) O-Si(2)-O 126.8(4), 101.7(2), 113.2(2), 96.4(3) 
Table 6.1 Crystallographic data for TAPP. (Mg0.76,Fe0.15)(Al1.76,Cr0.16,Mn0.06)(Mg1.88,Fe0.08) Si1 
(Si1.92,Al0.08)O12 Tetragonal, space-group I-42d (no. 122), a = 6.526(4), c = 18.182(9) Å. V = 774.3(8) Å3, 
crystal dimensions 0.6 x 0.4 x 0.4 mm, formula weight = 413.52, Z = 4, calculated density = 3.580 Mgm-3, 
µ = 1.854 mm-1, F(000) = 794, 1581 reflections (322 independent, Rint 0.1018), data-parameter ratio = 6.8, 
R1(I>2σI) = 0.039, wR2(all data) = 0.071, S = 0.994, absolute structure parameter = 0.1(3), largest 
difference peak and hole = 0.865 and –0.690 eÅ3. 
 
*M(1) = 76% Mg2+, 15% Fe3+; M(2) = 88% Al3+, 8% Cr3+, 3% Mn2+; M(3) = 94% Mg2+,  4% Fe2+; Si(1) = 
100% Si4+; Si(2) = 96% Si4+, 4% Al3+. 
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 M(1) M(2) M(3) Si(1) Si(2) Σ
O(1) 0.3254 0.3922 0.3782 0.8912 -1.986
O(2) 0.0974 0.4902 0.3102  0.9982 -1.895 
O(3)  0.5742 0.4142 0.9844  -1.972 
Σ 1.717 2.912 2.204 3.936 3.778  
V 2.080 2.972 1.960 4.000 3.957  

Table 6.2 Bond valence analysis for TAPP. Bond valences are the average of the valences calculated 
as those of the species at the site weighted according to X-ray occupancy. V is the atomic valence 
weighted in the same manner.2 indicates a second bond to a symmetrically equivalent oxygen. 
 

The silicon deficiency was accounted for by substitution with aluminium at 

Si(2), thus making Si(1) a pure silicon site. This distribution is consistent with the 

larger volume of Si(2) and in conjunction with structural features is responsible for its 

higher distortion. Si(1) can be compared with the silicon in garnet which shows a 

similar geometry (V = 2.184, 2.138; QE = 1.012, 1.013; AV = 45.227,56.65 for TAPP 

and garnet respectively). The relative distortion of Si(1) and Si(2) can also be 

considered in the context of their polyhedral coordination. Si(1) is connected to the 

M(2) and M(3) octahedra via corner sharing of oxygens which places least strain on 

the geometry of its tetrahedron. Si(2), on the other hand, is connected to M(3) by 

corner sharing and M(1) and M(2) by edge sharing. So its geometry is constricted by 

the position of all three metal sites and the lengths of their edges and as a result it has 

higher distortion parameters.     
 

 AV QE V (Å3) lo (Å) Coordination 
M(1)   20.294 2.111 8 
M(2) 34.935 1.011 9.492 1.932 6 
M(3) 65.061 1.020 11.308 2.063 6 
Si(1) 45.227 1.012 2.184 1.628 4 
Si(2) 125.692 1.030 2.206 1.646 4 

Table 6.3 Site distortion parameters for TAPP. AV is the angle variance, QE is quadratic 
elongation, V is the volume, and lo is the average bond length to O. (For a metal site with ideal 
geometry AV = 0 and QE = 1). 

 
 

                                
 
             M(1)                    M(2)                   M(3)                   Si(1)              Si(2) 
 
Figure 6.2 The coordination geometries of the metal and silicon sites in TAPP. M(1) is trigonal 
dodecahedral (distorted cubic) and M(2) and M(3) are distorted octahedral. The silicon sites are 
distorted tetrahedral. 
 
 
Element Si Ti Al Cr Fe Mn Ni Na Mg Ca K Total 
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wt% 42.121 0.058 23.828 2.798 4.605 0.964 0.013 0.089 25.631 0.089 0.003 100.196

Cations 2.915 0.003 1.943 0.153 0.186 0.057 0.000 0.012 2.643 0.006 0.000 8.000 

Table 6.4 Microprobe analysis for TAPP wt% is the weight percent oxide and cations are the number 
of cations per formula unit oxygens. 
 

6.1.3 Coordination polyhedra 

 

 Both M(2) and M(3) are octahedral with M(3) showing the highest distortion 

and polyhedral volume and this is consistent with the cation assignments. M(1) is an 

eight coordinate trigonal dodecahedron formed by all face capping of a regular 

tetrahedron by longer bonds. It is similar to the M(1) site in garnet, formed by 

interlocking distorted square planar groups, and both can be considered as a distorted 

cube. The distortion is produced by application of pressure to opposing corner pairs 

along the 4  axis. This results in each face of the cube developing two triangular faces 

where the new interfacial angles of the equatorial sides are shallow and those of the 

top and base are steep. 

  

 The M(1) trigonal dodecahedron is coordinated by edge sharing on all of its 

original cubic edges. The vertical equatorial edges are all shared with the M(3) 

octahedra giving an O-O distance or edge length of 2.88Å. The edges of both the top 

and base of the M(1) polyhedron are shared by Si(2) and M(2) as in figure 6.3 and the 

difference in length of the tetrahedral and octahedral edges results in distortion, both 

of the M(2) octahedra and the Si(2) tetrahedra. 
 

2.880Å

2.729Å2.550Å

3

3

3

2

2 2

2

2

2 2

2

 
 

Figure 6.3 The coordination environment of the M(1) polyhedron in terms of edge sharing polyhedra. 
The diamonds represent octahedra coordinating to the edge and the triangles tetrahedra , with the 
included number referring to the cation site. 
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(a) 
 

    

a

b (b) 
 

Figure 6.4 Structure of TAPP showing the isolated SiO4 tetrahedra. (a) projected onto (100) and (b) 
projected onto (001). The filled circles represent the metal sites and the oxygens from the appicies have 
been ommitted. 

 

 

b 

c 
(a) 

 

 

a

b (b) 
 

Figure 6.5 Structure of TAPP showing the eight coordinate polyhedra of M(1) projected onto (a) (100) 
and (b) (001). The small filled circles represent silicon atoms and the large filled circles the remaining 
metal sites. 
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b 

 
(a) c 

 

     

a

b
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Figure 6.6 Structure of TAPP showing the M(2) octahedra projected onto (a) (100) and (b) (001). The 
small filled circles represent silicon atoms and the large filled circles the remaining metal sites. 
 

 

b 

c 
 

(a) 
 

 

a 

b  
(b) 

 
 

Figure 6.7 Structure of TAPP showing the M(3) distorted octahera projected onto (a) (100) and (b) 
(001). The small filled circles represent silicon atoms and the large filled circles the remaining metal 
sites. 
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Figures 6.4 – 6.7 show the unit cell of TAPP in terms of site isolated polyhedra 

projected down the unique axes.   

 
 The density of a lower mantle phase would be expected to be high, and TAPP 

is unusual as its density is at the very lower end of those observed for garnets, and its 

ratio of coordinated volume to cell volume is low (0.342 as opposed to 0.454 for 

garnet). 
   

This model leaves small deficiencies at all M sites, and so some minor 

switching could be possible; the refinement results, however, can be judged to be 

quite satisfactory according to all normal criteria (e.g. R values, thermal parameters). 

In view of such a good fit and of the constraints applied, in terms of analytical results 

and cation charge sums, the proposed model must be close to the actual structure. 

Furthermore, it is quite possible that expansion of the crystal structure has occurred, 

following the release of the specimen from its diamond host. Indeed, such a 

phenomenon has been observed by studies of expansion of fPer inclusions6. Any 

extraneous bond elongation could be expected to be taken up by TAPP under its 

natural conditions of temperature and pressure. Thus the structural formula of 

Haitchite can be written as (Mg0.76,Fe0.16) (Al1.76,Cr0.16,Mn0.06) (Mg1.88,Fe0.08) Si1 

(Si1.92,Al0.08)O12. 
 
 
 
 
6.2 PYROXENES 

 

 Pyroxenes are the most important ferromagnesian rock forming silicates, 

occurring as stable phases in all types of igneous rocks, and over a wide range of 

metamorphic facies. 

 

 They crystallise in either the monoclinic or orthorhombic systems; the 

orthorhombic examples are the simplest, forming a solid solution series (Mg,Fe)SiO3, 

whilst the chemical composition of the monoclinic forms varies over a wide range. 
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 In terms of chemical composition pyroxenes can be split into three sub-

groups: magnesium-iron pyroxenes (type I) in which other ions occupy less than ten 

percent of M1 and M2 sites (in the general formula [(M1)(M2)(Si,Al)2O6]), calcic 

pyroxenes (type II) in which calcium occupies more than 2/3 of the M2 site and 

sodium pyroxenes (type III) in which the M2 site is mainly occupied by sodium, with 

aluminium, ferric iron and chromium in M1. Varying degrees of solid solution occur 

between these sub groups, leading to many intermediate compositions. 

 

6.2.1 General Structure 

 

Pyroxenes consist of two structural unit types. SiO4 tetrahedra share opposite 

corners to form back-to-back inosilicate (TO3)2- chains along [001]. The chain repeat 

distance of ≈ 5.2 Å defines the c axis of the unit cell. These silicate chains are linked 

by octahedral metal layers that share edges to form sheets or bands lying in the (100) 

plane. The M(1) octahedra generally lie between the SiO4 tetrahedra apices and the 

M(2) octahedra, often distorted or eight coordinate, lie principally between their 

bases. The chemistry of the two metal sites is summarised in figure 6.8, with M2 

showing a preference for larger cations.   

 

 Typical cell dimensions for the two classes are: monoclinic – diopside (a 9.75, 

b 8.92, c 5.25Å, β 105.83°) and orthorhombic – enstatite (a 18.22, b 8.81, c 5.17Å), 

thus b and c are similar and aort = 2aclinsinβ. 

Si4+ Al3+ Fe3+

Al3+ Fe3+ Ti4+ Cr3+ V3+ Ti3+ Zr4+ Sc3+ Zn2+ Mg2+ Fe2+ Mn2+

Mg2+ Fe2+ Mn2+ Li+ Ca2+ Na+

T2

M11

M21

 
Figure 6.8 The chemistry of the metal sites in pyroxenes in order of assignment priority, after 
Morimoto11. The subscripts indicate the number of sites of each type.  
 
 In the (001) projection of an idealised pyroxene, figure 6.9, the [SiO3] chains 

lie back to back with no displacement in the b direction. However, the substitution of 

different size ions causes both displacement of the chains and differences between 
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them, leading to a change in the cell parameters and in some cases a lowering of the 

symmetry. 

 
b

a or asinβ

M1

M2

 
 
Figure 6.9 The arrangement of silicate chains in an ideal pyroxene. The structural distortions that arise 
involve displacements parallel to a and the generation of differences between the chains. 
 
 In the simplest case the introduction of different sized atoms can cause 

expansion or contraction of one or more of the cell dimensions whilst leaving the 

symmetry unchanged. If the difference in cation sizes becomes large then the silicate 

chains may modify slightly whilst retaining the original symmetry. In the case of 

small cations in M2 a kinking of the silicate chains, caused by a displacement parallel 

to c occurs, and this, along with the loss of the metals two fold symmetry, lowers the 

space-group from C2/c to P21/c. Polymorphism occurs in the MgSiO3 – FeSiO3 series, 

caused by large differences in the stacking arrangement of the silicate layers. There 

are the two monoclinic forms C2/c, P21/c and two orthorhombic forms Pbca, Pbcn. In 

some cases where the ions in M1 are of very different ionic radii an ordering into two 

distinct M1 sites may occur. 

 

 

Diopside (CaMgSi2O6)

Enstatite (Mg2Si2O6) Ferrosilite (Fe2Si2O6)

Pyroxene at low temperature

Pyroxenoid at high temperature

C2/c structure

Augite C2/c structure

Hedenbergite (CaFeSi2O6)

Miscibility gap

Clinoferrosilite (P21/c)

Ferrosilite (Pbca)

Protoenstatite (Pbcn)

High clinoenstatite (C2/c)

Low clinoenstatite (P21/c)

Enstatite (Pbca, P21ca)

Pigeonite P21/c structure

Orthopyroxene P21/c* structure

 
Figure 6.10 Structural relationships in the Di-Hd-En-Fs quadrilateral. The * indicates high temperature 
forms. After Deer, Howie, and Zussman12. 
 

Presented below are the refinement results from two pyroxene samples, one 

orthorhombic (orthopyroxene) and the other monoclinic (clinopyroxene). 
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6.2.2 Type III Clinopyroxene (BZ242B) 
 
 The crystal extracted from the diamond host had dimensions 0.08 x 0.1 x 0.2 

mm3 and a data set was routinely collected and the structure solved by direct methods. 

The microprobe analyses, table 6.7, place BZ242B into the type III compositional 

range, but show a chemistry not previously reported, as a result it is not possible to 

assign a conventional name. 

 

 The first unusual feature of this sample is its monoclinic cell, as it is usually 

the calcium rich pyroxenes that crystallise in this system, figure 6.10. The microprobe 

analyses, table 6.7, clearly show a low calcium content, however, a transition from 

orthorhombic to monoclinic is observed at pressures above a few tens of kbars, and 

thus, in light of its origin, its monoclinic form is perhaps not so surprising.  
 

 
(a) Positional (×104) and thermal parameters 

 
Atom* Site x y z  U11 U22 U33 U23 U13 U12 
M(1) 4e 0 9049(6) 2500  15(2) 15(3) 26(3) 0 14(2) 0 
M(2) 4e 0 2847(6) 2500  18(3) 21(3) 12(3) 0 2(2) 0 
T(1) 8f 2933(3) 924(4) 2456(7)  12(2) 10(2) 22(2) 0(2) 10(2) 1(2) 
O(1) 8f 1137(7) 860(9) 1368(14)  10(4) 22(4) 19(5) -3(4) 12(3) 10(4) 
O(2) 8f 3674(9) 2554(9) 3261(15)  30(5) 25(5) 32(5) -16(4) 13(4) 1(4) 
O(3) 8f 3546(8) 78(11) 10264(18)  24(4) 48(6) 39(6) -29(5) 15(4) -11(4) 

            
(b) Interatomic distances (Å) and angles(°) 

 
M(1)-O(1) 1.981(7)  (x2) M(1)-O(1)  2.105(9) (x2) 
M(1)-O(2) 1.946(10)  (x2) M(2)-O(1)  2.222(8) (x2) 
M(2)-O(2) 2.215(8)  (x2) M(2)-O(3)  2.461(10) (x2) 
T(1)-O(1) 1.635(6)  (x1) T(1)-O(2)  1.583(8) (x1) 
T(1)-O(3) 1.624(10)  (x1) T(1)-O(3)  1.653(9) (x1) 
 
O(2)-M(1)-O(2)cis 96.1(5) O(2)-M(1)-O(1)trans 171.1(3)2 
O(2)-M(1)-O(1)cis 90.1(3)2, 93.0(3)2, 90.7(3)2  O(1)-M(1)-O(1)trans 175.4(5) 
O(1)-M(1)-O(1)cis 95.3(3)2, 81.2(3)2, 83.1(4) O(1)-M(2)-O(1)cis 77.8(4) 
O(1)-M(2)-O(2)cis 77.5(3)2, 88.3(3)2 O(1)-M(2)-O(3)trans 137.6(3)2, 119.3(3)2 
O(2)-M(2)-O(3)trans 131.5(3)2 O(2)-M(2)-O(3)cis 65.5(3)2 
O(3)-M(2)-O(3)cis 75.9(3) O(2)-M(2)-O(2)trans 161.9(5) 
O(2)-T(1)-O(3) 111.3(5), 103.3(5) O(3)-T(1)-O(1) 108.2(4), 109.5(4)  
O(3)-T(1)-O(3) 106.6(3) O(2)-T(1)-O(1) 117.3(4) 

Table 6.5. Crystallographic data for BZ242B. (Mg0.46, Al0.43, Fe0.06, Cr0.05) (Mg0.39, Na0.31, Ca0.16, Fe0.06, Mn0.04) 
(Si1.91, Al0.09)O6 Monoclinic, space-group C2/c (no. 15), a = 9.587(4), b = 8.699(6), c = 5.247(4) Å, β = 
108.33(4) °, V = 415.4(5), crystal dimensions 0.08 x 0.1 x 0.2 mm, formula weight = 209.15, Z = 4, calculated 
density, 3.344 Mgm-3, F(000) = 399, µ = 1.811 mm-1,  787 reflections (309 independent, Rint = 0.22), data-
parameter ratio = 6.6, R1(I>2σI) = 0.052, wR2(all data) = 0.125, S = 0.553, largest difference peak and hole = 
0.775 and –0.589 eÅ3.  
 
*M(1) = 46% Mg2+, 43% A13+, 6% Fe3+, 5% Cr3+; M(2) = 39% Mg2+, 31% Na+, 16% Ca2+, 6% Fe3+, 4% Mn2+ 
T(1) = 96% Si4+, 4% Al3+ 
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6.2.2.1 Assignment of site populations 

  

 The metal ions were assigned to the two cation sites following the accepted 

distribution governed by M-O bond distances and effective ionic radii11. Thus M(1) 

contains Mg2+, Al3+, Fe2+, Cr3+ and M(2) contains Mg2+, Na+, Ca2+, Fe2+, Mn2+. The 

depletion of Si at the T(1) site was accounted for by substitution with Al. Mg and Fe2+ 

were split between M(1) and M(2), as commonly seen in many pyroxenes. This 

distribution  causes a large vacancy of 0.04 at M(2), which is not uncommon in 

pyroxenes, and allows minor switching of species between sites.  

 

The vacancy at M(2) causes under-bonding of the oxygen, and a charge 

unbalance. This is accounted for by substitution of divalent metals at M(1) for 

trivalent 

  

                                          

cb 

 
                                     (a)                                                                      (b) 

ac 

 
 

 
b

 
a (c) 

 
 
Figure 6.11 The structure of BZ241B2 showing the corner sharing SiO4 tetrahedra. (a) projected onto 
(100), (b) projected onto (010) and (c) onto (001). The filled circles represent the metal sites, and the 
oxygens from the appicies have been ommitted. 
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c
b 

                                    (a)                                                                         (b) 
a

c 
  
 
 

 

b

                                                                                (c) a
 
Figure 6.12 The structure of BZ241B2 showing the M1 octahedra. (a) projected onto (100), (b) 
projected onto (010) and (c) onto (001). The filled circles represent the other metal site and the silicon,  
the oxygens from the appicies have been ommitted. 
 

             

c
b 

                                    (a)                                                                         (b) 
a

c 
 
 
 

 

b 

(c) a
 

Figure 6.13 The structure of BZ241B2 showing the M2 octahedra. (a) projected onto (100), (b) 
projected onto (010) and (c) onto (001). The filled circles represent the other metal site and the silicon,  
the oxygens from the appicies have been ommitted. 
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metals. This under-saturation of oxygen metal bonds is often manifest as elongated T-

O distances.   

                                 
 
                              M(1)                         M(2)                         T(1) 

 
Figure 6.14 The coordination geometries of the M(1) and M(2) metal and silicon sites in pyroxene 
BZ242B. The feint lines of M(2) represent long contacts to oxygen atoms. 
 

 In the case of pyroxenes with high percentages of calcium in M(2), the co-

ordination shifts from distorted octahedral to a distorted square antiprism. In the 

present structure the calcium content is not high enough to induce this shift, and the 

two nearest contacts are O(3)’ which are 2.94 Å away. However, the highest residual 

electron density peak (0.775 e.Å3) is midway between the two O(3)’ atoms and in the 

plane with M(2). This suggests some form of weak interaction between M(2) and 

O(3)’, thus the coordination at M(2) may be considered 6+2.  

 

 A bond valence analysis was performed and the results are shown in table 6.6. 

The values obtained are in good agreement with the cation populations assigned to the 

metal and silicon sites. 
 

 

 M(1) M(2) Si(1)  
O(1) 0.45 2 0.30 2 0.98 -2.04 
O(2) 0.50 2 0.31 2 1.14 -1.95 
O(3)  0.16 2 0.99 -2.09 

 2.52 1.54 4.05  
V 2.48 1.61 3.957  

Table 6.6 Bond valence analysis for BZ242B, bond valences are the average of the valences 
calculated as those of the species at the site weighted according to X-ray occupancy. V is the 
atomic valence weighted in the same manner.2 indicates a second bond to symmetrically 
equivalent oxygen. 

 

 Along with the bond valence analysis the site temperature factors are also in 

agreement with correct site population assignments.  
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Element Si Ti Al Cr Fe Mn Ni Na Mg Ca K Total 
wt% 54.962 0.031 12.576 1.752 3.953 1.286 0.012 4.634 16.351 4.381 0.007 99.946

Cations 1.914 0.001 0.516 0.048 0.115 0.038 0.000 0.313 0.849 0.164 0.000 3.959 

Table 6.7 Microprobe analysis for BZ242B. wt% is the weight percent oxide and cations are the 
number of cations per formula unit oxygens 
 

 The temperature factors of the oxygens vary quite considerably and this may 

be explained by their differing environments. O(1) tends to have the shortest and 

therefore stronger bonds causing electron withdrawal and a low temperature factor. 

O(3) has the longest and weakest bonds and has a correspondingly high temperature 

factor, O(2) is intermediate between the two.  
 

 AV QE V (Å)3 lo (Å3) Coordination 
T(1) 36.442 1.013 2.248 1.624 4 
M(1) 27.750 1.011 10.382 2.011 6 
M(2) 640.728 1.291 11.108 2.299 6+2 

Table 6.8 Site distortion parameters for BZ242B AV is the angle variance, QE is the 
quadratic elongation, V is the volume, and lo is the average bond length to O. (For a metal 
site with ideal geometry AV = 0 and QE = 1). 

 

 

6.2.3 Type II Orthopyroxene (BZ241B2) 

 

 On first examination BZ241B2 gave the expected orthorhombic cell, and a 

data set was collected. However, it was of poor quality with 567 ‘bad’ reflections 

from a total of 2939. This resulted in a failure to ascertain the correct space-group as 

all those tried gave an unacceptable merging R factor (≈ 33%). It was decided that the 

bad reflections were coming from a discrete section of the crystal and thus breaking of 

the sample was undertaken. A small fragment was obtained from which a second, 

higher quality, data set was recorded, leading to a full structural analysis, via direct 

methods and subsequent least squares refinement. 

 

 The microprobe analysis, table 6.11, place BZ241B2 in the type II 

compositional field and it can be best described as an aluminous-hypersthene. Only 

one previous example of similar composition has ever been found 13 and that was in 

the Sutan River Gneiss of Russia. 
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 The structure is typical of many orthopyroxenes, crystallising in the space-

group Pbca. The site populations were assigned according to the rules of Morimoto11
 

and are corroborated by the very good agreement of the bond valence analysis, table 

6.9. 

                                 
                        M(1)                   M(2)                  T(1)                   T(2) 
Figure 6.15 The coordination geometries of the metal and silicon sites in BZ241B2. M(1) and T(2) are 
octahedral and tetrahedral respectively, while M(2) and T(1) are distorted octahedral and tetrahedral. 
 

 In comparison with BZ242B the first tetrahedral site shows similar distortions 

whilst the additional tetrahedral site of the present structure exhibits much lower 

distortions, see tables 6.8 and 6.12. The M1 sites both show similar distortions with 

the slightly larger volume of that in the present structure being due to its higher 

magnesium versus aluminium content. As is often the case both M2 sites are heavily 

distorted from octahedral geometry with the values for BZ241B2 being higher in 

terms of AV but lower with regard to QE. 

 
 T(1) T(2) M(1) M(2) ∑ 

O(1)  0.959 0.394 
0.302 

0.354 -2009 

O(2)  1.037 0.425 0.457 -1.919 
O(3) 1.008  0.405 

0.303 
0.303 -2.019 

O(4) 1.108  0.433 0.340 -1.881 
O(5) 0.965 

0.892 
  0.208 -2.065 

O(6)  0.899 
0.873 

 0.170 -1.942 

∑ 3.973 3.768 2.262 1.832  
V 4.000 3.764 2.268 1.893  

Table 6.9 Bond valence analysis for BZ241B2, bond valences are the average of the 
valences calculated as those of the species at the site weighted according to X-ray 
occupancy. V is the atomic valence weighted in the same manner. 
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(a) Positional (×104) and thermal parameters 
 
Atom* Site x y z  U11 U22 U33 U23 U13 U12 
M(1) 8c 3460(2) 1356(4) 6240(1)  3(1) 7(1) 7(1) 0(1) 2(1) 0(1) 
M(2) 8c 5202(2) -3589(4) 6205(1)  15(1) 11(1) 17(2) -2(2) -2(1) -3(1) 
T(1) 8c 6580(2) -436(4) 7290(1)  9(1) 7(1) 5(1) 1(1) 0(1) 0(1) 
T(2) 8c 3370(3) -1954(4) 4741(1)  7(1) 9(1) 8(1) -1(1) 2(1) 0(1) 
O(1) 8c 3360(5) -1926(10) 5642(3)  4(3) 13(3) 11(3) 3(3) -4(3) 3(3) 
O(2) 8c 5125(5) 3062(10) 5667(3)  9(3) 8(3) 21(4) 3(3) 4(3) 3(3) 
O(3) 8c 1616(5) -350(9) 6823(3)  7(3) 13(3) 9(3) 0(2) 2(3) 0(3) 
O(4) 8c 4960(5) -370(9) 6900(3)  10(3) 12(3) 7(3) -5(3) 0(2) 1(2) 
O(5) 8c 7747(5) 1771(11) 6981(3)  16(3) 11(3) 10(4) 3(3) -1(2) -5(3) 
O(6) 8c 3031(5) 1083(11) 4471(3)  15(3) 16(4) 8(4) 1(3) -1(2) 10(3) 

            
(b) Interatomic distances (Å) and angles(°) 

 
M(1)-O(4) 1.994(5)  (x1) M(1)-O(3)  2.019(6) (x1) 
M(1)-O(3) 2.126(5)  (x1) M(1)-O(2)  2.001(6) (x1) 
M(1)-O(1) 2.029(7)  (x1) M(1)-O(1)  2.128(6) (x1) 
M(2)-O(2) 2.002(7)  (x1) M(2)-O(4)  2.112(6) (x1) 
M(2)-O(5) 2.293(6)  (x1) M(2)-O(1)  2.097(5) (x1) 
M(2)-O(3) 2.154(6)  (x1) M(2)-O(6)  2.368(6) (x1) 
T(1)-O(4) 1.586(5)  (x1) T(1)-O(5)  1.637(6) (x1) 
T(1)-O(3) 1.621(6)  (x1) T(1)-O(5)  1.666(6) (x1) 
T(2)-O(2) 1.617(5)  (x1) T(2)-O(6)  1.670(6) (x1) 
T(2)-O(1) 1.646(5)  (x1) T(2)-O(6)  1.681(7) (x1) 
 
O(4)-M(1)-O(2)cis 92.2(2) O(2)-M(1)-O(3) cis 85.6(2) 
O(2)-M(1)-O(1) cis 97.0(2), 95.1(2) O(4)-M(1)-O(3) cis 90.5(2), 94.9(2) 
O(3)-M(1)-O(3) cis 93.8(2) O(4)-M(1)-O(1) trans 172.5(2) 
O(3)-M(1)-O(1) cis 83.7(2), 82.3(2), 83.5(2) O(4)-M(1)-O(1) cis 88.6(2) 
O(3)-M(1)-O(1)trans 175.6(2) O(2)-M(1)-O(3) trans 177.3(2) 
O(1)-M(1)-O(1) cis 92.6(2) O(2)-M(1)-O(1) cis 95.3(2) 
O(1)-M(2)-O(4) cis 83.7(2) O(1)-M(2)-O(3) cis 82.3(2) 
O(2)-M(2)-O(5) cis 113.6(2) O(4)-M(2)-O(5) cis 69.0(2) 
O(2)-M(2)-O(6) cis 104.2(2) O(4)-M(2)-O(6) cis 86.7(2) 
O(5)-M(2)-O(6) cis 76.6(2) O(2)-M(2)-O(4) trans 169.1(2) 
O(2)-M(2)-O(3) cis 82.1(2) O(4)-M(2)-O(3) cis 87.1(2) 
O(1)-M(2)-O(5) trans 150.4(2) O(3)-M(2)-O(5) cis 106.7(2) 
O(1)-M(2)-O(6) cis 91.0(2) O(3)-M(2)-O(6) trans 171.3(2) 
O(4)-T(1)-O(3) 117.8(3) O(3)-T(1)-O(5) 108.3(3), 110.9(3) 
O(4)-T(1)-O(5) 112.7(3), 100.5(3) O(5)-T(1)-O(5) 105.9(3) 
O(2)-T(2)-O(1) 117.9(3) O(1)-T(2)-O(6) 107.3(3), 106.5(3) 
O(2)-T(2)-O(6) 104.0(3), 110.1(3) O(5)-T(2)-O(6) 111.0(3) 

Table 6.10. Crystallographic data for BZ241B2. (Mg0.73, Al0.23, Cr0.03) (Mg0.70, Na0.06, Ca0.03, Fe0.16, Mn0.04) 
(Si0.83, Al0.17) SiO6 Orthorhombic, space-group Pbca (no. 61), a = 8.740(11), b = 5.203(11), c = 18.27(2) Å, V = 
831(2), crystal dimensions 0.1 x 0.2 x 0.1 mm, formula weight = 207.97, Z = 8, calculated density = 3.325 Mgm-

3, F(000) = 824, µ = 1.804 mm-1,  2817 reflections (661 independent, Rint = 0.089), data-parameter ratio = 7.26, 
R1(I>2σI) = 0.0368, wR2(all data) = 0.0749, S = 0.665, largest difference peak and hole = 0.699 and –0.433 
eÅ3.  
 
*M(1) =  73% Mg2+, 23% A13+,  3% Cr3+; M(2) = 6% Na+, 70% Mg2+, 3% Ca2+, 4% Mn2+, 16% Fe2+; T(1) = 
100% Si4+, T(2) = 83% Si4+, 17% Al3+ 

 
 
 

Element Si Ti Al Cr Fe Mn Ni Na Mg Ca K Total 
wt% 52.626 0.013 9.861 1.163 5.374 1.256 0.012 0.874 27.537 0.702 0.001 99.419

Cations 1.832 0.000 0.404 0.032 0.157 0.037 0.000 0.059 1.429 0.026 0.000 3.978 

Table 6.11 Microprobe analyses for BZ241B2. wt% is the weight percent oxide and cations are the 
number of cations per formula unit oxygens. 
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 AV QE V (Å)3 lo (Å3) Coordination 
T(1) 35.771 1.009 2.191 1.628 4 
T(2) 8.849 1.004 2.228 1.654 4 
M(1) 26.590 1.009 11.324 2.050 6 
M(2) 704.004 1.054 12.667 2.171 6 
Table 6.12 Site distortion parameters for BZ241B2 AV is the angle variance, QE is the 
quadratic elongation, V is the volume, and lo is the average bond length to O. (For a 
metal site with ideal geometry AV = 0 and QE = 1). 

 

 

6.3 SAPPHIRE (227A)  

 

The crystal extracted from the diamond host had dimensions 0.44 x 0.44 x 

0.22 mm3 and the only problem encountered during data collection was the intensity 

of the reflections, due to the crystals large size, that required the generator settings to 

be set very low (30mA 5KV). The blue colour of this corundum is due to its titanium 

and iron content and designates it as a sapphire. The oxygen atoms form an 

approximate hexagonally close packed array with two thirds of the octahedral sites 

filled. The arrangement is such that groups of octahedra share faces. 

 
 

(a) Positional (×104) and thermal parameters 
 

Atom* Site x y z  U11 U22 U33 U23 U13 U12 
            

M(1) 12c 0 0 3523(2)  2(2) 2(2) 0(3) 0(1) 0(1) 1(1) 
O(1) 18e 3066(7) 0 2500  2(2) 3(2) 0(4) 0(1) 0(1) 1(1) 

            
(b) Interatomic distances (Å) and angles(°) 

 
M(1)-O(1) 1.859(2)  (x3) M(1)-O(1)  1.979(3) (x3) 
 
O(1)-M(1)-O(1)cis 101.19(9)3, 86.39(3)3, 90.76(7)3 

79.61(12)3  
O(1)-M(1)-O(1)trans 164.2(2)3 

Table 6.12. Crystallographic data for Sapphire (BZ227A). Al1.98Fe0.01Si0.01O3 Trigonal, space- group R 3 c (no. 
167), a = 4.773(2), c = 13.035(3) Å, V = 257.2(1) Å3, crystal dimensions 0.44 x 0.44 x 0.22 mm, formula weight 
= 102.21, Z = 6, calculated density = 3.960 Mgm-3, F(000) = 265, µ = 1.359 mm-1,  273 reflections (47 
independent, Rint = 0.1657), data-parameter ratio = 4.7, R1(I>2σI) = 0.044, wR2(all data) = 0.128, S = 1.020, 
extinction coefficient = 3.0(5), largest difference peak and hole = 0.867 and –0.887 eÅ3. 
 

*M(1) = 99% A13+, 0.5% Fe3+ 0.5% Si4+ 
 

 The assignment of cations to sites was simplified by the presence of only one 

metal site in the structure. To retain charge neutrality the iron is considered to be Fe2+. 
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 Strangely for such a simple compound the coordination of the M(1) site is 

quite strongly distorted octahedral with AV = 67.263.  
  

                                                                       
                                                              (a)                                                       (b) 

b

a 

 
Figure 6.16 (a) The structure of sapphire showing the M(2) octahedra projected onto (001). The 
structure consists of close packed oxygen atoms with one third of the octahedral sites filled. (b) The 
coordination geometry of the metal site in sapphire, it is distorted octahedral 
 
 

A bond valence analysis was performed and the results are shown in table 

6.13.  The values are consistent with the proposed model.  
 

 O(1) ∑ V  AV QE V (Å3) lo (Å) Coordination 

M(1) 0.5733 
0.4133 

2.958 2.997  64.526 1.019 9.182 1.919 6 

∑ -0.99         
Table 6.13 Bond valence and site distortion parameters for BZ227A. Bond valences are the average of the 
valences calculated as those of the species at the site weighted according to X-ray occupancy. V is the 
atomic valence weighted in the same manner. AV is the angle variance, QE is the quadratic elongation, V 
is the volume, and lo is the average bond length to O. (For a metal site with ideal geometry AV = 0 and QE 
= 1). 

 

Element Si Ti Al Cr Fe Mn Ni Na Mg Ca K Total 
wt% 0.383 0.102 98.306 0.012 0.602 0.003 0.007 0.012 0.145 0.014 0.000 99.586

Cations 0.007 0.001 1.981 0.000 0.009 0.000 0.000 0.000 0.004 0.000 0.000 2.001 

Table 6.14 Microprobe analyses for BZ227A. wt% is the weight percent oxide and cations are the 
number of cations per formula unit oxygens. 

 
 

 

 

6.4 CONCLUSIONS 
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 The crystal structures of four diamond inclusions have been solved and 

refined, all of which are interesting in terms of their origin. TAPP represents a new 

mineral and may have implications in models of lower mantle processes and 

chemistry. Sapphire represents the only inclusion of this mineral to be found in 

diamond and the two pyroxenes both have unusual chemistry for their structures. 
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Chapter 5 
 

 
The Hexagonal Sulfosalts   

 
This chapter covers the structural investigations of some new hexagonal sulfosalts and a reinvestigation 
of the mineral zinckenite. It includes a model for the explanation of the disorder encountered and 
comments on the application of this model to some known structures. 
 
 

 During the refinement of the sulfosalts it was observed that all the hexagonal 

structures displayed disordered tunnels running along their six fold axes. This was 

manifest in high thermal displacement parameters, mixed occupancies and high 

residual electron density peaks. This lead to refinements in which sites were partially 

occupied and often showed signs of splitting, although it was not always possible to 

refine such sites over two or more positions. These hexagonal structures are presented 

together in this chapter which concludes with a proposed model for the disorder. 

 
5.1 PHASE GZ2 
 

 This phase resulted from a preparation of composition 2PbSb2S4:3PbBi2S4 = 

Pb5Sb4Bi6S20 (annealed at 993K for 3 days and crystallised at 833K for 6 days) lying 

along the zinckenite-galenobismutite join shown in figure 3.4. Crystals were grown 

for six days at 833K and where very small with a tendency to form agglomerations 

resembling iron wool. From attempts on a dozen or so crystals from this batch it was 

possible to index two crystals and data sets were collected for both of them (described 

as GZ2(I) and GZ2(III) along with a third from a different batch (see section 5.4.1). 

All the structures were solved by direct methods and the occupancies refined, in the 

case of GZ2(I) under the constraints of microprobe analysis. In the cases of GZ(I),(II) 

and (III) it was possible to split the S(7) atom over two equally occupied sites A and 

B, each with a half occupancy, and the metal site M(7) was found to be half occupied. 

Full structural results are presented for phase GZ2(I) and the significant differences 

for phases GZ2(II) and GZ2(III) are discussed. 
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 (a) Positional (×104) and thermal parameters 
 

Atom* Site x y z  U11 U22 U33 U23 U13 U12 
            
M(1) 6h 1774(2) 195(2) 2500  34(3) 37(3) 72(5) 0 0 19(3) 
M(2) 6h 4962(3) 1493(3) 2500  32(4) 35(4) 58(6) 0 0 12(3) 
M(3) 6h 3331(2) 585(3) 7500  30(3) 37(3) 84(5) 0 0 19(3) 
M(4) 6h 4101(3) -535(3) 7500  36(4) 36(4) 64(6) 0 0 13(3) 
M(5) 6h 3572(2) 2373(2) 7500  39(3) 32(3) 72(4) 0 0 18(3) 
M(6) 6h 5576(2) 3241(2) 7500  30(3) 36(3) 79(4) 0 0 17(2) 
M(7) 2a 0 0 2500  66(12) 66(12) 0(18) 0 0 33(6) 
S(1) 6h 4533(12) 1869(13) 7500  17(16) 22(16) 119(31) 0 0 -1(14) 
S(2) 6h 5937(14) 2499(11) 2500  48(18) 10(14) 58(22) 0 0 17(14) 
S(3) 6h 1543(14) 4568(15) 7500  29(18) 45(19) 100(30) 0 0 20(16) 
S(4) 6h 377(14) 2590(14) 7500  32(18) 25(17) 117(32) 0 0 14(15) 
S(5) 6h 3650(14) -90(15) 2500  27(18) 41(20) 131(36) 0 0 19(16) 
S(6) 6h 1956(13) 3108(14) 7500  16(15) 26(17) 157(40) 0 0 10(14) 
S(7)A 6h 652(24) -889(26) 2500  111(42) 144(50) 136(57) 0 0 -124(39)
S(7)B 6h 466(24) -638(26) 2500  111(42) 144(50) 136(57) 0 0 -124(39)
S(8) 6h 4528(15)  -978(15) 2500  50(21) 47(21) 101(33) 0 0 40(18) 
            

(b) Interatomic distances (Å)  
 

M(1)-S(7) 2.73(4)  (x1) M(1)-S(7)  2.80(4) (x2) 
M(1)-S(6) 2.93(3)  (x1) M(1)-S(4)  2.99(2) (x2) 
M(2)-S(2) 2.44(3)  (x1) M(2)-S(1)  2.68(2) (x2) 
M(2)-S(8) 3.01(2)  (x2) M(2)-S(5)  3.61(3) (x2) 
M(3)-S(4) 2.58(3)  (x1) M(3)-S(6)  2.70(2) (x2) 
M(3)-S(5) 2.99(2)  (x2) M(3)-S(1)  3.06(3) (x1) 
M(4)-S(3) 2.57(3)  (x1) M(4)-S(8)  2.77(2) (x2) 
M(4)-S(5) 2.81(2)  (x2) M(4)-S(8)  3.56(3) (x2) 
M(5)-S(5) 2.95(3)  (x1) M(5)-S(3)  2.98(2) (x2) 
M(5)-S(4) 3.05(2)  (x2) M(5)-S(6)  3.34(2) (x2) 
M(5)-S(1) 3.17(3()  (x1) M(6)-S(1)  3.05(3) (x2) 
M(6)-S(3) 3.06(2)  (x3) M(6)-S(2)  3.16(2) (x3) 
M(7)-S(7) 2.63(9)  (x3) M(7)-S(7)  3.35(7) (x6) 
Table 5.1 Crystallographic data for Phase GZ2(I). Bi1.74 Pb2.29Sb2.14S8 Hexagonal, space group P63/m (no. 176), 
a = 24.5806(3), c = 4.1306(1) Å, V = 2161.37(6) Å3, crystal dimensions 0.03 x 0.04 x 0.3 mm, formula weight, 
1355.28, Z = 6, calculated density = 6.385 Mgm-3, F(000) = 3486, µ = 52.846 mm-1, 2917 reflections (997 
independent, Rint = 0.1196), data-parameter ratio = 11.3, R1(I>2σI) = 0.098, wR2(all data) = 0.306, S = 1.357, 
largest difference peak and hole = 5.519 and –8.442 eÅ3.  
 
*M(1) = 22.0(14)% Sb3+, 28.0(14)% Bi3+, 50.0(14)% Pb2+; M(2) = 40.0(12)% Sb3+, 60.0(12)% Bi3+; M(3) = 
50.0(13)% Sb3+, 30.0(13)% Bi3+, 20.0(13)% Pb2+; M(4) = 70.0(22)% Sb3+, 30.0(22)% Pb2+; M(5) = 16.0(26)% 
Sb3+, 28.0(26)% Bi3+, 56.0(26)% Pb2+ ; M(6) = 16.0(17)% Sb3+, 28.0(17)% Bi3+, 56.0(17)% Pb2+; M(7) 50.0(9)% 
Pb2+; S(7)A = 50% S; S(7)B = 50% S 

 
 

Phase GZ2 is isostructural with that of Lemoine & Guittards1 Eu1.1Bi2S4 and 

Aurivilius2 12-BaBi2S4, is also shows features similar to zinckenite5 with the addition 

of an MS5 unit in the ribbons. It consists of pairs of M6S8 ribbons arranged 

hexagonally around the disordered tunnels common to all hexagonal sulfosalts. The 

nature of these tunnels will be discussed in section 5.4. 
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b 

 
a (a)   (b) 

 
Figure 5.1 (a) the unit cell of phase GZ2 projected onto (001) with the asymmetric unit labelled, and 
(b) the packing diagram with solid circles representing fractional metal atoms.  

 
 
5.1.1 Microprobe Analyses 
 
 The totals for this set of analyses are closer to 100% than they were for phase 

GZ1 and as a result the residual charges are all less significant. The cation totals are, 

with the exception of grain six, slightly higher than the expected 6.08, and it is this 

grain six that is the odd one out as it also shows a much higher antimony content. 

 
Wt %          
Grain 1 3 4 6 7 8 9 10 X 
S 19.23 18.89 18.87 20.14 19.08 19.07 18.85 19.22 18.77 
Sb 18.30 18.54 18.19 24.47 18.45 18.73 19.57 18.56 18.54 
Pb 36.12 36.14 36.64 27.68 35.14 36.31 36.19 35.41 37.45 
Bi 25.51 25.01 26.05 26.61 24.90 25.56 24.87 25.08 26.613 
Total 99.16 98.59 99.75 98.90 97.56 99.67 99.49 98.27 101.37 
Cations          
S to norm 8 8 8 8 8 8 8 8 8 
Sb 2.00 2.03 1.99 2.68 2.02 2.05 2.14 2.03 2.08 
Pb 2.33 2.33 2.36 1.78 2.26 2.34 2.33 2.28 2.47 
Bi 1.63 1.60 1.66 1.70 1.59 1.63 1.59 1.60 1.74 
Total M 6.28 6.25 6.38 5.26 6.11 6.31 6.25 6.16 6.29 
Table 5.2 Microprobe analysis for nine grains of phase GZ2. The values are averaged from several 
analyses on each grain.  

 
 
5.1.2 Structure Description 
 

M(2), M(3) and M(4) are situated in the rocksalt type segment of the structure 

formed by the face to face contact of the ribbon pairs. They all show octahedral 

geometries with the degree of distortion increasing away from the centre of the 

ribbons. The site volumes follow the opposite trend increasing from 29.266Å3 at the 

edge to 32.302Å3 in the centre. The volume of the central site can be compared with 

that in galena, 34.83Å3, with the slight reduction being due to distortion and 

substitution. 
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 M(1) M(2) M(3) M(4) M(5) M(6) M(7) Σ 
S(1)  0.6512 0.228  0.163 0.2473  -2.434 
S(2)  1.245    0.1842  -1.613 
S(3)    0.862 0.2732 0.2412  -1.890 
S(4) 0.2882  0.835  0.2262   -1.863 
S(5)  0.053 0.2762 0.4322 0.296   -1.765 
S(6) 0.339  0.6042  0.1032   -1.753 
S(7) 0.582 

0.4822 
     0.1583 

0.2416 
-3.466 

S(8)  0.2672  0.4812 
0.057 

 0.144  -1.697 

Σ 2.461 3.134 2.823 2.745 1.663 1.735 1.920  
V 2.500 3.000 2.800 2.700 2.440 2.440 2.000  

Table 5.3 Bond valence analysis for phase GZ2. Bond valences are the average of the 
valences calculated as those of the species at the site weighted according to X-ray occupancy. 
V is the atomic valence weighted in the same manner. 

 
 

 AV(°) QE V(Å3) lo(Å) Coordination 
M(1) 225.3 1.069 30.340 2.873 6 
M(2) 22.084 1.024 32.288 2.905 6 
M(3) 66.542 1.026 29.266 2.882 6 
M(4) 14.971 1.018 32.302 2.882 6 
M(5)   52.206 3.108 8 
M(6)   52.370 3.105 8 
M(7)    3.110 9 

Table 5.4 Site distortion parameters for phase GZ2. AV is the angle variance, QE is quadratic 
elongation, V is the volume, and lo is the average bond length to S. (For a metal site with ideal 
geometry AV = 0 and QE = 1).  

 
 
 As expected it is the central M(4) site that contains the lead, but unusually for 

this type of site it has a high antimony component. M(2) and M(3) show similar 

antimony and bismuth components with the smaller M(3) site containing the slightly 

higher proportion of antimony. 

 

M(1) is positioned at the extreme end of the ribbons and its coordination is 

strongly effected by the disordered channels, as a result its geometric parameters are 

calculated using the average coordinates of the split sulfur S(7). The site  is octahedral 

with a distortion intermediate between M(2) and M(3) and a small volume 

characteristic of the end of chain sites. 

 

M(5) and M(6) are both eight coordinate square face bi-capped trigonal 

prisms, showing very similar substitutions, volumes, and average bond lengths, with 

their similarity being due to the near identical nature of their environments. They are 

both part of  M3S5 channels with the differences due to the distorted nature of the 

M(5) channel. This results in a less regular distribution of bond lengths. 
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    M(1)             M(2)             M(3)             M(4)                  M(5)                     M(6) 
 
Figure 5.10 The coordination geometries around the metal sites in phase GZ2. The position of the split 
sulfurs around M(1) have been drawn as averaged positions. M(1) to M(4) are distorted octahedral and 
M(5) and M(6) are TPRS-8. 

 

 

5.1.3 Phase GZ2 (II)  

 

  A second crystal from the preparation that yielded phase GZ4 (section 4.4 

with composition 17PbS:8Sb2S3 = Pb17Sb16S41, annealed at 1073K for 4 days and 

crystallised at 793K for 5 days) was found to have identical cell parameters as phase 

GZ2(I) and a data set was collected with the aim of comparing the occupancies. The 

refinement converged to a conventional R-value of 0.0472 which for this type of 

structure is very acceptable. Unfortunately it was not possible to obtain microprobe 

analysis for the crystal and so elucidation of the occupancies was not easily achieved. 

Refinement of an antimony component resulted in a value of 1.79(10) which is 

slightly lower than for the previous structure (2.08(19)), and using this it is possible to 

deduce the lead and bismuth components. The formula can thus be given as 

Pb2.5Sb1.79Bi1.88S8 compared to that of Pb2.29Sb2.14Bi1.74S8 for phase GZ1(I). Despite 

the slightly high metals total for the later formula (from the microprobe analysis) the 

main difference appears to be a decrease in the antimony and an increase in the 

bismuth components; this has no effect on the charge balance.  

 

5.1.4 Phase GZ2(III) 

 

 A third refinement for a crystal from the same batch as the initial study gave 

very similar parameters but with the notable exception of a sulfur vacancy, S(8) in 

phase GZ2(I) and (II), in the ribbon centres. This results in a cavity with an ‘S’ shape 

and metal-metal contacts of between 4.071Å and 4.826Å (see figure 5.2). The reduced 

precision of the cell dimensions and subsequent derived parameters is a feature of the 

data quality, probably due to a high mosaicty in the crystal. While reducing the 
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precision of the bond lengths etc it does not effect the main structural features and 

could not lead to the apparent absence of any atoms, thus the sulfur vacancy 

mentioned below is real and the structure is worth discussion on this point. 

 

 

The only apparent alteration of the geometry resulting from the missing atom 

is the elongation of the S(3) ellipsoid. This may be due to a splitting or resonance of 

the sulfur between the two cavity metals as shown in figure 5.3 This would result in a 

pseudo-tetrahedral environment for M(4) with the apex pointing towards the two 

metals across the cavity. 

 

    
b 

                                                  (a)                                                                               (b) a 

Figure 5.2 (a) the unit cell of phase GZ2(III) projected onto (001) with the asymmetric unit labelled, 
and (b) the packing diagram showing the cavities and the metal-metal separations. 
 

 

M(4) M(4) M(4)

M(5) M(5)M(5)

M(6) M(6) M(6)

 
Figure 5.3 The resonance of the S(3) sulfur between the two metals of the cavity. The result of this 
would be to shorten the bond lengths creating a more ‘comfortable’ environment for the terminal 
metals.  
 

 The balancing of the stoichiometry required by the presence of a vacancy can 

be achieved in two ways. The first involves replacing antimony and bismuth with lead 

such that the formula becomes (Bi,Sb)1.66Pb4.5S7. Refinement of the antimony 

component gave a figure of 1.66(18) and close to that for phase GZ2(II). This 
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indicates that lead replacement of bismuth rather than antimony occurs, and this is the 

situation that is least likely to effect the overall geometry. However, this results in a 

structure that contains no bismuth and twice the usual amount of lead, and some 

structural modifications would be expected. The second option is a vacancy of 

(Bi,Sb)0.67 per formula unit. 

  

5.2 PHASE GZ3 
 

A crystal of phase GZ3 was isolated from a preparation of initial composition 

3PbSb2S4:2PbBi2S4 = Pb5Sb6Bi4S20 (annealed at 873K for 6 days and crystallised at 

833K for 6 days) and possesses the general formula M2.5S3. Its structure was solved by 

direct methods and refined by subsequent least squares analysis. The six fold site 

M(4) was found to be half occupied and the adjacent sulfur S(3) possessed an 

elongated ellipsoid but this could not be split. 

 

5.2.1 Structure Description 
 
 The structure belongs to the hexagonal series of sulfosalts crystallising in 

space group P63/m, and is unusual in several ways. Firstly it has by far the smallest 

hexagonal cell yet observed in this group, and secondly it is characterised by metal-

metal interactions. 

            
b 

 
                                                 (a)                                                                               (b)                                            a 
 
Figure 5.4 (a) the unit cell of phase GZ3 projected onto (001) with the asymmetric unit labelled, (b) the 
packing diagram with filled and open circles representing crystallographically independent metal sites. 
 
 

The structure consists of M4S6 stibnite type ribbons arranged hexagonally 

around the central metal, with a secondary trigonal distribution of ribbons around the 

three-fold metal sites, see figure 5.4(b). 
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(a) Positional (×104) and thermal parameters 
 

Atom* Site x y Z  U11 U22 U33 U23 U13 U12 
            
M(1) 6h 8781(2) 4871(2) 7500  20(2) 23(2) 23(2) 0 0 10(2) 
M(2) 6h 9460(3) 2420(3) -2500  51(3) 45(2) 18(2) 0 0 34(2) 
M(3) 2d 6667 3333 2500  15(3) 15(3) 19(4) 0 0 7(1) 
M(4) 2a 0 0 -2500  76(6) 76(6) 56(7) 0 0 38(3) 
S(1) 6h 0650(13) 6102(13) 7500  17(10) 15(10) 7(7) 0 0 3(8) 
S(2) 6h 7372(15) 1343(12) -7500  57(15) 12(10) 0(7) 0 0 22(11) 
S(3) 6h 8322(13) 173(14) -2500  9(10) 26(11) 2(8) 0 0 -2(8) 
            

(b) Interatomic distances (Å) and angles(°) 
 

M(1)-S(1) 2.57(2)  (x1) M(1)-S(2)  2.768(15) (x2) 
M(1)-S(1) 2.904(14)  (x2) M(1)-S(3)  3.567(3) (x2) 
M(2)-S(3) 2.649(11)  (x2) M(2)-S(2)  2.72(2) (x1) 
M(2)-S(3) 3.04(2)  (x1) M(2)-S(1)  3.122(14) (x2) 
M(2)-S(2) 3.46(2)  (x2) M(3)-M(1)  3.567(3) (x6) 
M(3)-S(2) 3.78(2)  (x3) M(3)-S(1)  3.82(2) (x3) 
M(4)-S(3) 2.76(2)  (x3) M(4)-S(3)  3.41(2) (x6) 
 
S(1)-M(1)-S(2)trans 86.3(5)2, 89.0(4)2 S(2)-M(1)-S(2)trans 92.5(6) 
S(2)-M(1)-S(1)cis 168.1(5)2 S(1)-M(1)-S(1)trans 82.1(5)2, 87.0(5) 
S(1)-M(1)-M(3) 145.67(5) S(2)-M(1)-M(3)trans 72.0(3), 120.1(4) 
S(1)-M(1)-M(3)trans 117.1(4), 71.6(3) S(2)-M(1)-S(1)trans  

S(3)-M(2)-S(3)trans 98.1(6), 73.4(6)2 S(3)-M(2)-S(2)trans 81.3(5)2, 81.5(4)2, 64.8(4)2 
S(2)-M(2)-S(1)trans 77.1(5)2, 66.6(4)2, 110.1(4)2 S(3)-M(2)-S(1)cis 156.8(5)2 
S(1)-M(2)-S(1)trans 79.7(4) S(3)-M(2)-S(2) 136.5(5)2, 140.9(6) 
S(3)-M(2)-S(1) 129.6(3)2 S(3)-M(2)-S(1)trans 87.2(4) 
S(2)-M(2)-S(2) 140.3(2)2 S(2)-M(2)-S(2)trans 70.7(4) 
S(2)-M(3)-S(2) 120.000(1)6 S(1)-M(3)-S(1) 120.000(1)6 
S(2)-M(3)-S(1)trans 63.1(4)6, 56.9(4)6 S(2)-M(3)-S(1)cis 176.9(4)6 
S(3)-M(4)-S(3)cis 144.1(2)6 S(3)-M(4)-S(3)trans 66.11(6)12 
S(3)-M(4)-S(3) 132.21(12)6 S(3)-M(4)-S(3)trans 89.1(3)6 
S(3)-M(4)-S(3)trans 71.8(4)3   

Table 5.5 Crystallographic data for phase GZ3. Bi0.87Pb1.22Sb0.41S3 Hexagonal, space group P63/m (no. 176), a = 
15.6030(10), c = 4.0000(10) Å, V = 843.3(2) Å3, crystal dimensions 0.02 x 0.06 x 0.3 mm, formula weight = 
597.44, Z = 6, calculated density = 7.058 Mgm-3, F(000) = 1488, µ = 63.163 mm-1, 2890 reflections (501 
independent, Rint = 0.0994), data-parameter ratio = 14.31, R1(I>2σI) = 0.081, wR2(all data) = 0.216, S = 1.026, 
largest difference peak and hole = 4.677 and –2.902 eÅ3.  
 
*M(1) = 100% Pb2+; M(2) = 87.0(20)% Bi3+, 13.0(20)% Sb3+; M(3) = 85.0(14)% Sb3+, 15.0(14)% Pb2+; M(4) = 
50.0(8)% Pb2+  
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Figure 5.5 The M4S6 ribbon present in phase GZ3, its distribution of ‘long’ and ‘short’ bonds is 
different to phase GZ1 due to the metal - metal contacts.  
 
 
 The only site coordinated entirely by sulfur is M(2) and only this site can be 

studied via bond valence analysis. The results indicate an occupancy of 13% antimony 
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and 87% bismuth. Using this and the X-ray refined value of the total antimony 

component (0.42(6)) the formula can be written as (Bi,Pb)1.05Bi0.86Pb0.17Sb0.42S3. The 

known components have a total charge of –1.82, thus, assuming a neutral compound 

and allowing for slight errors in the preceding calculations, the remaining (Bi,Pb) can 

be assigned as lead. Thus the formula becomes Bi0.86Pb1.22Sb0.42S3, which is close to 

being charge balanced. The slight residuals of +0.28 could be removed by small 

adjustments, within 2σ of the antimony component, of the overall ratio of tri-positive 

to di-positive metals. 

 
 

 AV(°) QE V(Å3) lo(Å) Coordination 
M(1)   47.024 3.007 7 
M(2)   48.168 3.028 8 
M(3)   99.953 3.684 12 
M(4)    3.193 9 
Table 5.6 Site distortion parameters for phase GZ3. AV is the angle variance, QE is quadratic 
elongation, V is the volume, and lo is the average bond length to S. (For a metal site with ideal 
geometry AV = 0 and QE = 1).  

 
 

 M(1) M(2) M(3) M(4) Σ 
S(1)  0.2112    
S(2)  0.626 

0.081 
   

S(3)  0.7592 

0.264 
   

Σ  3.001    
V  3.000    

Table 5.7 Bond valence analysis for phase GZ3. Bond 
valences are the average of the valences calculated as 
those of the species at the site weighted according to X-
ray occupancy. V is the atomic valence weighted in the 
same manner. 

 
 
 

M(1) exhibits the commonly found base bi-capped square based pyramidal 

geometry, but with the two non-equatorial basal bonds being  to metals, it is occupied 

by  lead. The metal-metal distances are less than the sum of the Van der Waals radii 

and thus the interaction can be considered genuine. The bonds are, however, longer 

than they would be to sulfur and this results in a polyhedral volume (47.024Å3) that is 

considerably larger than normal. Another consequence of the metal-metal bonds is the 

introduction of additional metal-sulfur interactions between the equatorial and non-

equatorial basal sites, see figure 5.6.   
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                     M(1)                                  M(2)                                       M(3) 
 
Figure 5.6 Coordination geometries around the metal atoms in phase GZ3. The dotted lines represent 
metal-metal interactions. M(2) is TPRS-8. 
 
   

 M(2) is 13% antimony and 87% bismuth and exhibits square face tri-capped 

trigonal prismatic geometry and although this makes its coordination number one 

more than M(1) it possesses a similar volume. 

 
M(3) is the most interesting site in the structure as it shows strong antimony 

substitution and six metal-metal interactions. The formal coordination number is 

twelve with the central atom lying on a three fold axis. The coordination can be 

considered as an arrangement of three symmetry related groups consisting of a near 

square planar M2S2 ring with each atom bonded to the metal. These are arranged in a 

three fold nature around the central atom perpendicular to the mirror plane. The site is 

mainly antimony, which is unusual for such a highly coordinated site. 

 

The M(3) and M(1) metals form trigonal prismatic columns along the c-axis 

with interatomic distances of 3.567(3)Å. These are, as mentioned above, less than the 

sum of the Van der Waals radii and comparable to those in metallic lead (≈ 3.5Å).  

 
 

3.567Å

4.000Å

c  
 
Figure 5.7  One of the metal columns present in the unit cell of phase GZ3. The metal - metal contacts 
are 3.567(3)Å which is less than the combined Van der Waals radii and consistent with those found in 
metallic lead. The central metal atom is 4.000Å from the one in the next cell and will only interact 
weakly. 
 

 118



Chapter 5 

 The thermal ellipsoids of the metals are generally spherical and only S(2) 

shows any marked elongation. 

 
 
 
5.3 ZINCKENITE  

 

Zinckenite is a naturally occurring lead antimony sulfide found in association 

with other sulfosalt minerals. It was first examined in 1826 by G.Rose3, and 

subsequently two major crystallographic studies4,5 have been carried out. In this study 

a synthetic sample was used, grown from initial composition PbS:Sb2S3 = PbSb2S4 

(annealed at 973K for 2 days and crystallised at 813K for 6 days). The structure was 

solved using direct methods and during the early stages of refinement it was observed 

that the M(6) site, lying on the six-fold axis, was not behaving  as it possessed high 

thermal displacement parameters and an elongated thermal ellipsoid. During 

subsequent refinements it was possible to split the half occupied atom over two sites 

each with a quarter occupancy. S(7) also possessed high thermal displacement 

parameters but it was not possible to split the atom. The lead and antimony 

components were allowed to refine. 

 

5.3.1 Structure Description 
 
 

            b 
                                                                                        

                                               (a)                                                                                  (b)   a 
 

Figure 5.8 (a) the unit cell of zinckenite projected onto (001) with the asymmetric unit labelled, and (b) 
the packing diagram with solid circles representing a fractional metal atom. 
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The detailed study of Lebas and Le Bihan5 explained the structure in terms of 

a disordered phase with stacking faults parallel to (001), and the general formula 

Pb1+nSb4-nS7 (0.50<n<0.67).  

 
 The structure consists of M5S7 ribbons arranged hexagonally around 

disordered channels,  such that adjacent ribbons share half a distorted base to form a 

triangle. 

 
 

 (a) Positional (×104) and thermal parameters 
 

Atom* Site x y z  U11 U22 U33 U23 U13 U12 
            
M(1) 6c 3477(1) 1054(1) 7526(12)  24(1) 49(2) 43(2) -1(4) 2(3) 17(1) 
M(2) 6c 5366(1) 2925(1) 2557(6)  24(1) 35(1) 49(1) 4(2) 3(2) 14(1) 
M(3) 6c 3442(1) -556(1) 2511(9)  23(1) 31(1) 25(1) 3(2) 0(3) 15(1) 
M(4) 6c 5176(1) 1084(1) 7409(9)  38(1) 80(2) 43(2) -3(3) -3(3) 18(1) 
M(5) 6c 2002(1) 1611(1) 7395(10)  19(1) 22(1) 24(1) 6(2) 6(2) 9(1) 
M(6)A 2a 0 0 38073(60)  34(7) 34(7) 322(23) 0 0 32(3) 
M(6)B 2a 0 0 14341(60)  34(7) 34(7) 322(23) 0 0 32(3) 
S(1) 6c 4414(5) 1208(5) 3368(32)  11(5) 35(6) 160(16) -6(6) -5(5) 15(4) 
S(2) 6c 5981(4) 2319(3) 7362(36)  26(4) 23(4) 17(4) -2(8) -1(9) 15(3) 
S(3) 6c 4354(4) 2560(4) 7364(33)  22(4) 36(4) 22(5) 23(8) -1(7) 17(3) 
S(4) 6c 2813(5) -323(5) 7145(43)  22(5) 20(5) 137(11) 8(7) 14(7) 15(4) 
S(5) 6c 5849(5) 820(5) 2990(51)  13(5) 30(5) 228(19) -19(9) -16(8) 17(4) 
S(6) 6c 2745(5) 1031(5) 1847(34)  13(5) 28(5) 134(15) -1(6) 3(5) 8(4) 
S(7) 6c 1262(10) 110(6) 7203(50)  250(17) 53(6) 65(10) 11(10) -11(14) 117(9) 
            

(b) Interatomic distances (Å)  
 

M(1)-S(6) 2.459(14)  (x1) M(1)-S(1)  2.636(13) (x1) 
M(1)-S(6) 2.93(2)  (x1) M(1)-S(4)  2.645(9) (x1) 
M(1)-S(3) 2.901(8)  (x1) M(1)-S(1)  3.179(14) (x1) 
M(2)-S(3) 2.862(12)  (x1) M(2)-S(2)  3.099(11) (x1) 
M(2)-S(2) 3.214(12)  (x1) M(2)-S(5)  3.245(10) (x1) 
M(2)-S(3) 2.985(12)  (x1) M(2)-S(2)  3.133(12) (x1) 
M(2)-S(2) 3.247(11)  (x1) M(2)-S(1)  3.316(10) (x1) 
M(3)-S(3) 2.446(7)  (x1) M(3)-S(5)  2.75(2) (x1) 
M(3)-S(5) 3.06(2)  (x1) M(3)-S(4)  2.63(2) (x1) 
M(3)-S(4) 2.88(2)  (x1) M(3)-S(1)  3.408(10) (x1) 
M(4)-S(7) 2.65(2)  (x1) M(4)-S(6)  2.891(10) (x1) 
M(4)-S(6) 3.191(13)  (x1) M(4)-S(4)  3.446(14) (x1) 
M(4)-S(7) 2.78(2)  (x1) M(4)-S(7)  2.879(11) (x1) 
M(4)-S(4) 3.31(2)  (x1) M(4)-S(6)  3.498(13) (x1) 
M(5)-S(2) 2.402(7)  (x1) M(5)-S(5)  2.66(2) (x1) 
M(5)-S(1) 3.168(13)  (x1) M(5)-S(1)  2.538(12) (x1) 
M(5)-S(5) 3.04(2)  (x1) M(5)-S(5)  3.664(10) (x1) 
M(6)-S(7) 2.72(2)  (x3) M(6)-S(7)  3.19(2) (x3) 
M(6)-S(7) 3.74(3)  (x3)     
Table 5.8 Crystallographic data for Zinckenite. Pb1.49Sb3.64S7 Hexagonal, space group P63 (no. 173), a = 
22.1345(9), c = 4.3291(9) Å, V = 1836.8(4) Å3, crystal dimensions 0.02 x 0.03 x 0.3 mm, formula weight = 
976.32, Z = 6, calculated density = 5.296 Mgm-3, F(000) = 2519, µ = 28.230 mm-1, 8154 reflections (1868 
independent, Rint = 0.1245), data-parameter ratio = 15.6, R1(I>2σI) = 0.054, wR2(all data) = 0.178, S = 0.608, 
absolute structure parameter = 0.47(5),  largest difference peak and hole = 2.938 and –1.923 eÅ3.  
 
*M(1) = 100% Sb3+; M(2) = 100% Pb2+; M(3) = 100% Sb3+; M(4) = 64.0(27)% Sb3+, 36.0(27)% Pb2+;  M(5) = 
100% Sb3+; M(6)A = 25.0(6)% Pb2+; M(6)B = 25.0(6)% Pb2+ 
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 M(1) M(2) M(3) M(4) M(5) M(6) Σ 
S(1) 0.656 

0.151 
0.123 0.081  0.153 

0.841 
 -2.005 

S(2)  0.221 
0.202 
0.162 
0.148 

  1.215  -1.948 

S(3) 0.321 0.420 
0.301 

1.096    -2.138 

S(4) 0.640  0.667 
0.340 

0.126 
0.087 

  -1.86 

S(5)  0.150 0.482 
0.209 

 0.217 
0.605 
0.040 

 -1.703 

S(6) 1.058 
0.296 

  0.174 
0.391 
0.076 

  -1.995 

S(7)    0.750 
0.528 
0.404 

   

Σ 3.122 1.727 2.875 2.536 3.071   
V 3.000 2.000 3.000 2.640 3.000   

Table 5.9 Bond valence analysis for zinckenite. Bond valences are the average of the valences calculated as 
those of the species at the site weighted according to X-ray occupancy. V is the atomic valence weighted in 
the same manner. 

 
 M(1), M(3) and M(5) are located on the long edge of the ribbons and form a 

section of rock salt type structure. M(5) is the central site of the ribbons and as a result 

is less distorted than the two end sites M(1) and M(3), which show similar AV and 

QE values. As antimony does not easily adopt high coordination geometries it is 

located in these octahedral sites with all three being 100% antimony.   

          
 
     M(1)                M(2)              M(3)                 M(4)                M(5)            M(6) 
 
Figure 5.9. Coordination geometries around the metal atoms in zinckenite. M(1), M(3) and M(5) are 
distorted octahedral, M(2) and M(4) are TPRS-8 and M(6) is TPRS-9. 
 

The central site M(5) shows the largest polyhedral volume, with the differences in the 

M(1) and M(3) volumes being due to the varying distortions in the M3S3 channels.  

 

 M(2) is eight coordinate square face bi-capped trigonal prismatic and located 

in the regular M3S3 channels situated on the three-fold axes. As expected for a highly 

coordinate site it is occupied solely by lead. M(4) shows a similar geometry but 

contains 36% lead and 64% antimony, reducing its volume relative to that of M(2). 
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The site is adjacent to the disordered channels and coordinates to the split sulfur S(7), 

this enables the adjustment of geometry required by the substitution.  

 

 The bond valences of the octahedral sites all show values close to three 

indicating there is very little substitution, if any, at these sites. The sum at M(2) is 

slightly low suggesting either a degree of vacancy or under-bonding. The mixed site, 

M(4), has values that agree well with those from the X-ray refinement. 

    
 AV QE V lo Coordination 

M(1) 76.468 1.037 27.856 2.792 6 
M(2)   53.559 3.138 8 
M(3) 74.724 1.034 30.013 2.862 6 
M(4)   50.100 3.081 8 
M(5) 54.970 1.042 31.943 2.912 6 
M(6)    3.216 9 

Table 5.10. Site distortion parameters for zinckenite. AV is the angle variance, QE is 
quadratic elongation, V is the volume lo  is the average bond length to sulfur.  

 
 
 
5.3.2 Microprobe analysis 
 
 Both analyses are very similar and show totals close to the ideal 5.08, and 

although bismuth was analysed for, its low values are spurious as it was not present in 

the preparation (unless it was introduced during handling of the samples for analysis). 

In terms of Lebas and Le Bihans general formula, Pb1+nSb4-nS7 (0.5<n<0.67), the 

results fall at the extreme end of the range with n equal to 0.49. However, their 

formula only charge balances for a value of n equal to 0.5. 
 
 

Wt %   cations   
Grain 2 X   X 
S 22.61 22.74 S (norm) 7 7 
Sb 44.81 44.92 Sb 3.65 3.64 
Pb 29.98 31.35 Pb 1.44 1.49 
Bi 0.35 0.36 Bi 0.02 0.02 
Total 97.75 99.36 Total M 5.11 5.15 
   Charge -0.11 -0.04 
Table 5.11 Microprobe analysis for two grains of zinckenite. The values 
are averaged from several analyses on each grain. 
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5.4 DISORDERED CHANNELS 
 
 The five hexagonal sulfosalts known to date1,3,5, plus the two new structures 

presented in this thesis, all contain disordered channels around their six fold axes, 

with the disorder being manifest in split sites, mixed and partial occupancies and high 

residual electron density peaks. 

 

                                  

A

B

C

 
 
      (a)                                                  (b)                                                   (c) 
 
Figure 5.10 (a) the disordered channel in zinckenite projected normal to (001), (b) projected onto (001) 
showing the elongated ellipsoids, and (c) the proposed model for the disorder. 
 
 The channels consist of a central atom (Eu, Ba, Pb) surrounded by nine 

sulfurs, three in the plane of the metal and three each in planes above and below it ( 

figure 5.10 a and b). In all cases the central atom is half occupied (which solves the 

problem of it being to close to its symmetry-generated equivalent) and has much 

higher thermal displacement coefficients than the lattice metals. The involved sulfur 

always has an elongated ellipsoid and in most cases can be successfully split into two 

distinct sites, and from this, when considered in conjunction with the half-occupied 

metal, a simple model can be derived (figure 5.10(c)) that is consistent for all 

structures. 

 

 For the case of phase GZ2 the sulfur was successfully split into components A 

and B, both with half occupancy. When the metal is in the position shown, the sulfurs 

in its plane are in the more distant B position, and the sulfurs above and below the 

plane are in the closer A position. This leads to a coordination sphere (square face tri-
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capped trigonal prism) with bond lengths ranging from 3.136Å in the plane to 3.293Å 

above and below the plane. The bond valences can then be calculated using the new 

set of bond lengths, and the sum equals 1.92 which matches well with the theoretical 

total of 2.0 for a fully occupied lead site.  

 

 Further evidence for this model is gained by examination of the Ba(1) site in 

9BaBi2S4
13. It is unique in this type of structure and can be considered equivalent to 

the six-fold site, with out its symmetry restrictions (it is on a three-fold not six-fold 

axis). It possesses just the geometry predicted by the model, three slightly longer 

bonds in the plane of the metal and six slightly shorter ones above and below the 

plane. This produces a coordination sphere that is more regular than that of the 

unresolved disordered site (bond lengths for the three-fold site are 3.296, 3.363 and for 

the six-fold site are 2.993, 3.646). 

 

 The specific case of zinckenite is more complex but essentially the same. The 

metal site is elongated along c and can be split into two sites each with quarter 

occupancy. The sulfur is elongated as before but splitting was unsuccessful indicating 

a ‘smeared’ position for the site. From this it can be concluded that the repeat of the 

proposed model exhibits a long range fluctuation. 

  

 In GZ2(III) the sulfur ellipsoid is spherical but large, suggesting that positional 

disorder exists away from the trace of the bonds as well as along them. In GZ3 the 

ellipsoids are elongate but at an angle to the bonds. This also suggest that the disorder 

involves some positional movement away from the bond. 

  

 In the cases of Eu1.1Bi2S4
1 and BaBi2S4

2 it is possible that the same situation is 

present. In both cases the metal and sulfur atoms have much higher thermal 

displacement coefficients than the surrounding lattice, but their ellipticity is not 

known due to the isotropic nature of the refinements. Also the bond lengths are short 

in the plane and long above and below the plane, and as with phase GZ2 a more 

regular coordination sphere could probably be realised if the sulfur atom was split. 

 

 The next stage of the model is to consider its distribution within the lattice. In 

order for the central metal to exist, half occupied, at z = ¼ and z = ¾ its position in the 
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model must alternate along [001], but due to symmetry constraints this is not possible 

and so the model needs to be refined.   
 
 

This involves a doubled supercell in which alternate corners of the subcell 

have the metal at z = ¼ and z = ¾ respectively. Thus the metal spacings along [001] 

would remain ≈ 4Å and in the subcell the metal would appear half occupied in both 

positions. The relations of the sub- and supercell are shown in figure 5.11. 

 

 

 a

  b

 
 
Figure 5.11 (a) the subcell and (b) the supercell. The open circles represent lead at z = ¼ and the 
filled circles lead at z = ¾. 
 
 The presence of such a supercell would produce weak reflections. These have 

been observed for zinckenite by Vaux and Bannister6 in X-ray experiments (giving a 

cell of a = 44.06Å and c = 8.60Å) and by Wright7 in electron diffraction photographs. 

In both cases the reflections were weak and diffuse which is further evidence for the 

case of zinckenite being less ordered than phase GZ2. Refinement of the absolute 

structure parameter resulted in a value of 0.47(3) which would be expected for the 

subcell of a structure whose supercell involves two distinct orientations of a group of 

atoms. 

 

 In their study Lebas and Le Bihan5 proposed that zinckenite may exist as 

either an ordered phase or a disordered phase with stacking faults parallel to [001]. 

However, their structure refinement failed to locate an atom at 0 0 z, and the presence 

of the elongate sulfur suggests that this may have been overlooked (being half 

occupied and on a six-fold site the peak would be low).  

 125



Chapter 5 

    

As these channels are common it seems likely that they are a convenient way 

for the structures to accommodate any deviations from the ideal stoichiometry.  
 
 
5.5 OTHER CONSIDERATIONS 
 
 The relations of phase GZ3 to BaBi2S4

2 and 9BaBi2S4
2

 to phase GZ2 where 

briefly described in chapter 2, but will be expanded upon here. Aurivillius2 speculated 

on the existence of further members of their 9-12BaBi2S4 series and concluded that 

higher homologues would be possible, but lower ones would not. The same premise 

can be extended to phase GZ3 whose next homologue completes the scheme 

presented below in figure 5.12 Using the parent phase as the template it is straight 

forward to construct the next member8. 
  

The sulfur to sulfur distance in an MS5 pyramid of phase GZ3 ≈ 3.99Å and  

the addition of a back to back pair into the ribbons would increase their length from ≈ 

9.03Å to ≈ 13.02Å, and as they lie almost parallel to the cell edges these would 

undergo a similar increase to give c ≈ 19.69Å. However, in practice (as observed 

when going from 9BaBi2S4 to 12BaBi2S4) the lengthening of the ribbons usually 

results in some distortions from the parent structure and the new dimensions are often 

smaller than predicted.  

 

 The insertion of 2(MS5) units into the ribbons would result in a larger cavity, 

and one in which the relative positions of the metals and sulfurs are reversed (see 

figure 5.26). In the idealised model containing straight ribbons the metal-metal and 

metal-sulfur distances would be equal with a value close to 4.25Å. This makes the 

cavity too large to comfortably accommodate a single lead atom, and hence it is likely 

that the phase does not exist in this form, although a rearrangement of the ribbons in 

the manner of phase GZ2 could be envisaged. 
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    Phase GZ3                                                              9BaBi2S4

                                                    

Doubling up
of ribbons

Doubling up
of ribbons

Addition
of 2(MS5)

Addition
of 2(MS5)

 
 

Figure 5.12 The proposed scheme relating the known phases in the hexagonal system with the 
proposed phase X.  
 
  

 

 
Figure 5.13 The change in coordination of the three-fold metal site produced by insertion of a pair of 
MS5 pyramids into the chains. 
  

 A bond valence analysis was carried out on the two structures of Aurivillius, 

and the results show that although most of the sites are correctly assigned, some of the 

higher coordinate ones exhibit substitution. 
 
 
 Bi(1) Bi(2) Bi(3) Ba(1) Ba(2) Ba(3) ∑ 
S(1)  0.757 0.3852  0.2732  -2.073 
S(2) 0.2782 

0.061 
0.4412   0.348  -1.847 

S(3) 1.019   0.2456 0.3572  -3.203 
S(4)   0.610 

0.5782 
  0.5503 

0.0956 
-3.986 

S(5) 0.6272 0.207  0.2023 0.288  -2.355 
S(6)  0.5052 0.441  0.2732   
∑ 2.890 2.856 2.977 2.076 2.442 2.220  
V 3.000 3.000 3.000 2.000 2.000 2.000  

Table 5.12 A bond valence analysis for 9BaBi2S4. Bond valences are the average of the valences calculated 
as those of the species at the site weighted according to X-ray occupancy. V is the atomic valence weighted 
in the same manner. 2 indicates a second bond to a symmetrically equivalent sulfur. 
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 Bi(1) Bi(2) Bi(3) Bi(4) Ba(1) Ba(2) Ba(3) ∑ 
S(1) 0.336 0.6442   0.245 0.208  -2.077 
S(2)   0.965  0.3482 0.3572  -2.375 
S(3)  0.2502 0.4912 

0.065 
 0.187  0.5973 

0.0986 
-4.113 

S(4) 0.679   0.3752  0.3042  -2.037 
S(5) 0.3852 0.090 0.3552   0.214  -1.784 
S(6)  1.019   0.3302 

0.2802 
  -2.239 

S(7) 0.5332   0.407  0.2732  -2.019 
S(8)    0.627 

0.5782 
   -1.783 

∑ 2.851 2.897 2.722 2.940 2.348 2.290 2.379  
V 3.000 3.000 3.000 3.000 2.000 2.000 2.000  

Table 5.13 A bond valence analysis for 12BaBi2S4. Bond valences are the average of the valences 
calculated as those of the species at the site weighted according to X-ray occupancy. V is the atomic 
valence weighted in the same manner. 2 indicates a second bond to a symmetrically equivalent sulfur. 

 
 
 In 9BaBi2S4 the three bismuth sites possess valence sums close to three with 

the slight deficiencies being due to the more distant sulfurs not included in 

Aurivillius’s bonding scheme. Ba(1) shows a total very close to the ideal two, but that 

for Ba(2) is higher indicating a significant degree of replacement of barium for 

bismuth. The unrealistic value for Ba(3) is due to the unresolved nature of its correct 

geometry, and the erroneous values for S(3) and S(4) are a result of the incorrect 

population assignment of Ba(2) and the disorder of site Ba(3).  

 

 In 12BaBi2S4 the four bismuth sites all show totals reasonably close to the 

ideal, while the barium sites are rather high. This indicates that some substitution with 

bismuth is required, and the same situation exists for Ba(3) as in 9BaBi2S4. 

 

 From the above results it can be seen that although the site populations are not 

as ordered as indicated by Aurivillius’s refinement, they are more ordered than the 

corresponding bismuth, antimony and lead phases. 

 
 
5.6 CONCLUSIONS 
 
 Two new hexagonal sulfosalts have been synthesised, phases GZ2 and GZ3, 

and their crystal structures refined along with that of the known mineral zinckenite. 

One crystal of phase GZ3 shows a sulfur vacancy while phase GZ3 shows tunnels of a 

metallic nature. Also a model has been proposed that explains the disorder present in 

all hexagonal sulfosalts in terms of a doubled superlattice. 
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Appendix 
 
 

7.1 FURTHER WORK 

 

 As with many studies of this type the number of questions posed was greater 

than the number of answers provided, and thus numerous areas require further work. 

 

 One of the most interesting problems encountered relates to the nature of the 

crystals for which a conventional unit cell could not be identified. Some of these are 

almost certainly physical twins of one sort or another, but others may turn out to be 

modulated, either commensurately or incommensurately. The study of such structures 

is only undertaken in a handful of institutions around the world, but development in 

this area is intended here in Cardiff.  

 

 Another area not addressed in this thesis is that of phase relations, which for 

the Bi-Sb-Pb-S system are unknown. Investigations of such relations would involve a 

large number of preparations covering a wide range of compositions, and their 

subsequent analysis by X-ray powder diffraction. In the present study it is likely that 

only a few of the possible phases have been identified.  

 

 There is also large scope for additional HRTEM studies to elucidate the 

structures of the new phases identified by electron diffraction. These investigations 

could extend to a whole range of new preparations and would be ideal for the study of 

modulated structures. 
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 With regard to the diamond inclusions the main line of further study lies in in-

situ investigation to determine structural changes occurring on release from the host. 

As the inclusions are in diamond this should be possible by analogy to diamond anvil 

cell experiments. 
 
 
7.2 PUBLICATIONS 
 
 
 


