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Abstract

This dissertation reports the results derived from the 3-year doctoral thesis project aimed at 

exploring some  oxide and silicate structures as promising ceramic pigments with enhanced 

colorimetric properties with respect to the traditional colorants. Solid solutions of perovskite, 

alumoniobite,  and melilite compounds were obtained by doping octahedral and tetrahedral 

coordination sites with transition metal ions (e.g. Cr3+, Co2+, and Zn2) through a solid-state 

synthesis performed by means of an industrial-like process. The analytical techniques adopted 

to investigate the synthesized compounds allowed the determination of the "averaged" crystal 

structure, or the so termed long-range properties, and the short-range properties (i.e. the local 

structure  around  the  substituting  ions)  through  X-ray  powder  diffraction  and  electron 

absorption spectroscopy (EAS), respectively. As stated by Geiger (2001) "an understanding of 

the  microscopic,  mesoscopic  and  macroscopic  properties  and  of  the  behaviour  of  solid 

solutions under different conditions is a challenge for all disciplines concerned with the solid 

state". As a matter of fact, the precise determination of a structure around impurities results 

fundamental to provide detailed information on their incorporation and on physical properties. 

For  instance,  in  the  case of  the  solid  solutions  here reported,  the  lattice  incorporation  of 

transition metal ions as impurities is the cause of their gradual coloration. Most of the times, 

such a coloration is more intense as greater is the impurity amount.

The final goal of this work, was attained by calculating the structural relaxation coefficient for 

each studied solid solution by combining the mean with the local bond distances achieved by 

XRPD and EAS, respectively.
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Riassunto

In questa tesi sono riportati i risultati ottenuti durante il progetto triennale di dottorato volto 

ad esplorare strutture di ossidi e di silicati considerati dei promettenti pigmenti ceramici dalle 

proprietà  colorimetriche  migliorate  rispetto  ai  coloranti  tradizionali.  Soluzioni  solide di 

composti  di  perovskite,  alumoniobite e  melilite sono  state  ottenute dopando siti  a 

coordinazione ottaedrica e tetraedrica con metalli di transizione (ad esempio Cr3+, Co2+ e Zn2+) 

attraverso  una  sintesi  allo  stato  solido  condotta  seguendo  il  processo  industriale  per  la 

realizzazione di pigmenti  ceramici.  Le tecniche di analisi adottate per studiare i  composti 

sintetizzati hanno permesso sia la determinazione della struttura cristallina "media",  o delle 

così dette proprietà a lungo raggio, mediante la diffrazione di polveri ai raggi-X (XRPD), che 

delle  proprietà a  corto raggio (cioè della struttura locale nell'intorno degli ioni sostituenti) 

attraverso  la  spettroscopia  di  assorbimento elettronico (EAS).  Come affermato  da Geiger 

(2001) "la comprensione delle proprietà microscopiche, mesoscopiche e macroscopiche e del 

comportamento di soluzioni solide in condizioni diverse è una sfida per tutte le discipline 

coinvolte  nello  studio  dello  stato solido".  La  precisa  determinazione di  una  struttura 

nell'intorno di  "impurità" risulta  perciò  fondamentale al  fine  di  fornire  informazioni 

dettagliate sulla loro incorporazione e sulle loro proprietà fisiche. Ad esempio, nel caso delle 

soluzioni solide riportate  in  questa  tesi,  l'incorporazione  strutturale  di  ioni di  metalli  di 

transizione come impurità è la causa della loro graduale colorazione.  Il più delle volte tale 

colorazione è tanto più intensa quanto maggiore è la quantità di impurità.

L'obiettivo  finale di  questo  lavoro,  è  stato  raggiunto  mediante il  calcolo  del coefficiente 

strutturale di rilassamento di ogni soluzione solida studiata, combinando le distanze di legame 

medie, ottenute tramite XRPD, con quelle locali, derivate dalla spettroscopia EAS.
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1.
INTRODUCTION

1.1. Solid solutions
The composition of a mineral or a synthetic compound is an internal variable, a characteristic 

intrinsic to each crystal (Hazen and Finger 1984). Most minerals exhibit a considerable range 

in  chemical  composition.  Such  variation  mainly  derives  from ionic  substitutions  or  solid 

solutions. A solid solution, therefore, can be defined as the result of the replacement of one 

ion or ionic group by another in a particular structure, and its importance ranges over a wide 

variety of cases. To give an example,  studies on solid solutions allow the achievement of 

reliable phase diagrams for many types of materials, and family of minerals. Furthermore, the 

structural doping through the process of ion replacement can improve the electric, magnetic, 

or  mechanical  performances  of  a  compound  by  modifying  the  physical  and  chemical 

properties of  the  pure  "undoped"  phase.  It  follows  that  the  accommodation  process  and, 

therefore,  the investigation of the structural environment  around substitutional elements in 

solids  is  one  of  the  key topics  in  several  scientific  fields  such as  metallurgy,  chemistry, 

physics, material science, and the Earth science disciplines (Geiger 2001).

The formation of a solid solution can be explained by simple rules regarding atomic size, 

crystal  structure,  valence,  and  electronegativity  factors.  These  rules  were  formulated  by 

Victor Moritz Goldschmidt (1937), a mineralogist considered to be the founder of modern 

geochemistry and crystal chemistry.  An important objective of Goldschmidt's work was to 

discover the laws of distribution of the chemical elements. Goldschmidt as well as Pauling 

(1927) pointed out that the internal structure of crystals could be understood in terms of the 

size and charge of the ions, and that an ion of one element can replace an ion of another if it is 

similar in size and charge. These considerations are summarized by a set of generalizations 

known as Goldschmidt's rules of substitution (Faure 1998).
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(i) The ions of one element can extensively replace those of another in ionic crystals if their  

radii differ by less than about 15%.

(ii) Ions  whose  charges  differ  by  one  unit  substitute  readily  for  one  another  provided 

electrical neutrality of the crystal is maintained. If the charges of the ions differ by more 

than one unit, substitution is generally slight.

(iii) When two different ions can occupy a particular position in a crystal lattice, the ion 

with the higher ionic potential (the ratio of nominal valence to the radius of an ion) forms 

a stronger bond with the anions surrounding the site.

(iv) Substitution may be limited, even when the 

size and charge criteria are satisfied, when the 

competing  ions  have  different 

electronegativities (the measure of the ability 

of an atom in a molecule to attract electrons 

to  itself)  and  form  bond  of  different  ionic 

character.

The  latter  rule  was  formulated  by  Ringwood 

(1955)  to  explain  the  discrepancies  that  arose 

from the first  three rules previously proposed by Goldschmidt.  For example,  according to 

Goldschmidt's rules, isovalent substitutions between Na+ and Cu+, or Ca2+ and Cd2+, should be 

allowed. Hence, Cu+ should replace Na+ in sodium minerals such as albite (NaAlSi3O8) or 

halite (NaCl), but in reality this substitution does not occur. The reason of such impediment 

derives from the different nature of the bonds that copper and sodium usually adopt in a 

crystal structure in compliance with their electronegativities, i.e. copper forms more covalent 

bonds than sodium (Faure 1998).

Other factors, as the "external" variables temperature and pressure, can play a significant role 

in determining the extent of a ionic substitution (e.g. the temperature at which crystals grow). 

The  higher  the  temperature,  the  more  extensive  is  the  thermal  allowance  in  the  crystal 

structure and the less strict are the spatial requirements for the ion replacement. As a result, 

ionic substitutions that could not have occurred in crystals grown at low temperatures may be 

present in those grown at higher ones. For instance, the high-temperature form of K-feldspar, 

KAlSi3O8 (sanidine), can accommodate more sodium in place of potassium than microcline, 

Figure  1.1. Schematic  representation  of  the 
electronegativity values along the periodic table of elements.
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its low-temperature counterpart (see Table 1.1). On the other hand, a pressure increasing can 

also affect the size of both the crystallographic sites and (to a lesser degree) of the ions, thus 

resulting that different substitutions might take place at higher pressure.

Typically, solid solutions are classified as substitutional, interstitial and omissional.

►  Substitutional  solid  solutions − 

This is the most widespread ionic substitution. It 

can  imply  an  isovalent  exchange  of  atoms, 

meaning  that  ions  of  equal  charge  and  nearly 

equal size substitute for one another (i.e. the so-

called  simple solid  solutions,  as  the  example 

reported  in  Figure  1.2),  or  involve  a  coupled 

substitution  if  an  ion  of  different  charge  is 

substituted. In this case, a multiple substitution is 

need in order to maintain the charge balance (see 

the Table1 for some examples).

Figure 1.3. Sub-classification of a simple substitutional solid solution based on the arrangement of the 
atoms. From left to right: random, clustered and ordered distribution of the atomic species.

Furthermore, substitutional solid solutions can be complete or partial, if the ions replacement 

occur  over  the  complete  range  of  possible  compositions  or  the  compositional  range  of 

substitution  is  limited,  respectively.  Some  very  common  examples  of  substitutional  solid 

solutions occurring in minerals are reported in Table 1.1.

Figure  1.2. Example  of  a  substitutional  solid  solution 
occurring in brass, a copper-zinc alloy.
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Table 1.1. Common examples of substitutional solid solutions in Earth science.
Substitution Ionic Radii Type Examples

Simple:

Fe2+ ↔ Mg2+ [VI]Fe2+ = 0.78 [VI]Mg2+ = 0.72 complete olivines
Mg2SiO4 – Fe2SiO4

Fe2+ ↔ Mn2+ [VI]Fe2+ = 0.78 [VI]Mn2+ = 0.83 theoretically
complete

siderite – rhodochrosite
Fe(CO)3 – Mn(CO)3

Na+ ↔ K+ [VIII]Na+ = 1.18 [VIII]K+ = 1.51 complete (HT)
partial (LT)

alkali feldspars
NaAlSi3O8 – KAlSi3O8

Fe3+ ↔ Al3+ [VI]Fe3+ = 0.65 [VI]Al3+ = 0.54 limited alkali feldspars

Br- ↔ Cl- [VI]Br- = 1.96 [VI]Cl- = 1.81 complete KBr – KCl

Coupled:

Na+Si4+ ↔ Ca2+Al3+
[VIII]Na+ = 1.18
[IV]Si4+ = 0.26

[VIII]Ca2+ = 1.12
[IV]Al3+ = 0.39 complete plagioclase

NaAlSi3O8 – CaAl2Si2O8

Ca2+Mg2+ ↔ Na+Al3+
[VIII]Ca2+ = 1.12
[VI]Mg2+ = 0.72

[VIII]Na+ = 1.18
[VI]Al3+ = 0.54 limited diopside – jadeite

CaMgSi2O6 – NaAlSi2O6

Among the coupled solid solutions there is a particular one that involves the filling of a site 

that  is  normally  vacant.  For  example,  in  order  to  achieve  the  charge  neutrality  in  the 

amphibole mineral tremolite, Ca2Mg5Si8O22(OH)2, when one Al3+ replaces for one of the Si4+ 

ions, then also Na+ is usually hosted into the site that is normally vacant (). The resulting 

mineral is the so-called sodic amphibole, NaCa2Mg5AlSi7O22(OH)2.

►  Interstitial solid solutions − Ionic 

substitutions of this type take place when atoms, 

ions, or molecules fill the interstices (voids that 

are not structural) found between the atoms, ions, 

or ionic groups of a crystal structure (Figure 1.4). 

The interstices may take the form of channel-like 

cavities  in  certain  crystals,  such  as  in  the 

cyclosilicate  beryl  Be3Al2(SiO3)6.  In  this  case, 

potassium, rubidium, cesium, and water, as well 

as helium, are some of the large ions and gases 

that  could be found in the tubular  voids  of the 

beryl structure.

Figure 1.4. Carbon steel is an example of interstitial  solid 
solution, where carbon fills the non-structural voids between 
carbon atoms.
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► Omissional solid solutions − Another less common way in which minerals or 

compounds can vary their composition is by omission solid solution, characterized by having 

structural vacancies that are not occupied by atoms. Examples are exhibited by the minerals 

wüstite Fe1-xO and pyrrhotite (Fe1-xS), both referred to have a defective structure. In pyrrhotite 

for  instance,  cation  vacancies  result  in  a  range of  compositions  from FeS and Fe7S8,  the 

overall charge balance in the structure being maintained by converting some of the Fe2+ ions 

to Fe3+ (Putnis 1992).

1.2.  From  the  additivity  law  of  Vegard  to  the  phenomenological 
theory of Urusov
In an early application of X-ray diffraction to the analysis of crystal structure, Vegard (1921) 

observed  that  in  many  cubic  ionic  salts  the  lattice  constant  linearly  scaled  with  the 

composition.  This  consideration  found  further  confirms  when  Vegard  and  Dale  (1928) 

proposed  a  same  relationship  for  isomorphous  compounds,  which  differ  only  in  ionic 

substitution on a specific site. Since the  begin of 1920's this empirical rule, now known as 

"Vegard's  law",  has  become  accepted  by  many  as  of  general  validity,  and  consequently 

employed  in  several  scientific  fields  of  mineralogy,  metallurgy  and  materials  science  to 

extrapolate  structural  values  in  ideal  binary  solid  solutions.  At  the  same  time,  numerous 

deviations from this law are witnessed (e.g. Zen 1956; Denton and Ashcroft 1991; Urusov 

1992). Vegard's law works well for many end-member compounds of isomorphous series, but 

intermediate  compositions  within  a  solid  solution  series  often  display  more  complex 

behaviour and deviations from this law usually become as bigger as higher is the structural 

complexity of the examined systems.

Studies on solid solutions increased as much as the importance of solid solutions grew, and 

both  theoretician  and  experimentalist  scientists  started  formulating  a  number  of  different 

theoretical approaches to describe and calculate structural relaxation, energetic and mixing 

properties  of  solid  solutions,  such as  mixing  energy,  mixing  volume,  configurational  and 

vibrational entropies, excess free energy and stability,  i.e. solubility limits as a function of 

temperature and pressure (Urusov 2001). These theories are classified as:
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● Semi-empirical phenomenological models;

● Semi-classical atomistic approaches;

● First principle (ab initio) calculations.

One of the widespread model used to calculate the structural relaxation occurring around a 

substituting  ion  along  a  solid  solution is  that  based  on  the  phenomenological  theory 

formulated by Urusov (1992).

1.3. The concept of structural relaxation
In  the  last  decades,  several  experimental  studies  have  demonstrated  that  the  stability  of 

isostructural solid solutions, at the atomic scale, is affected by a structural relaxation around 

substituting cations (for example, Galoisy 1996; Langer 2001; Langer et al. 2004; Taran et al. 

2004; Andrut et al. 2004; Gaudry et al. 2006; Juhin et al. 2007, 2008; Cruciani et al. 2009;  

Hålenius et al. 2010; Urusov and Taran 2011). As mentioned above, the formation of a solid 

solution, its compositional extent and its thermodynamic properties depend on the properties 

of the substituting ions, and on the intrinsic characteristics of the host structure in allowing 

atomic substitution at one or more structural sites (e.g. the way as the coordination polyhedra 

are connected to each other). Along a binary join, the information obtained by the "averaging" 

diffraction methods (i.e. the long-range properties) does not give any indication on the local 

distances  between  the  central  ion  and  its  surrounding  oxygen-based  polyhedron  (i.e.  the 

short-range properties).  The lack of such an information may be overcome by the use of 

spectroscopic methods. The spectroscopic technique used can concern the environment of a 

single atom as well as its first or second coordination shell or correlate lengths over hundreds 

of angstroms (Oberti 2001).

As a matter of fact, structural data achieved through diffraction methods along a solid solution 

usually obeys Vegard's rule, and both the lattice parameters and the average bond lengths 

might  be  found from the  same addivity  rule.  For  the  hypothetic  case  of  a  AO–BO solid 

solution,  with  mean  bond  lengths  A–O and  B–O for  the  A and  B end-members, 

respectively,  the  Vegard's  rule  applied  to  the  bond  distance  of  any intermediate  term of 

composition A1-xBxO, will be:
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A1-xBx–O = (1-x)  A–O + x  B–O

= B–O - (1-x)  (B–O - A–O)

= A–O + x  (B–O - A–O) (1.1)

where x is the amount of the replacing cation.

As proposed by Urusov (1992),  the deviation from Vegard's  rule can be quantified,  on a 

geometrical basis, through the relaxation coefficient (ε), as:

ε = (B–Ox - A–O)  (B–O - A–O)-1 (1.2)

where the mean polyhedral distances A–O and B–O are measured by diffraction methods 

(e.g. single crystal X-ray diffraction, SC-XRD, or X-ray powder diffraction, XRPD), and B–

Ox is the local mean distance for the sample  A1-xBxO, with  x→0 estimated by spectroscopy 

(e.g. electronic absorption spectroscopy,  EAS, or extended X-ray absorption fine structure 

spectroscopy, EXAFS).

Looking at both the equations 1.1 and 1.2, it 

appears  obvious  that  the  behaviour  of 

exchanging cations in a solid solution falls 

between  two  extreme  cases  (see  Figure 

1.5).  The  assumption  that  all  of  the 

individual bond lengths in the mixed crystal 

are  equal  to  their  average  values  implies 

that the relaxation is completely absent (ε = 

0).  This  case corresponds to  the so-called 

virtual crystal approximation (VCA), and it 

means that  B–Ox =  A–O. Under another 

assumption,  all  the  atoms  in  the  solid 

solution preserve their initial size. This case 

of  full  relaxation,  instead,  implies  the  hard  sphere  (HS)  model  (ε =  1)  meaning  that  the 

Figure 1.5. Dependence of the individual bond lengths in a binary 
solid solution A1-xBxO according to different approaches. See text for 
explanation.  Real changes of  the individual  local bond length,  B–
Ox, is visualized by the black straight line between the VCA (ε = 0) 
and the HS (ε = 1) models.
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interatomic B–Ox distance will not change with composition: B–Ox = B–O. Therefore, the 

individual  bond  lengths  are  equal  to  the  bond  lengths  found  in  the  doped  end-member 

(Urusov 1992, 2001; Wildner et al. 2004; Andrut et al. 2004).

1.4. Structural relaxation from electronic absorption spectroscopy
As already pointed out in the preface, the studies that will be presented and discussed in the 

third section of this dissertation are fundamentally based on the combined approach X-ray 

powder  diffraction/electronic  absorption  spectroscopy  with  the  purpose  to  calculate  the 

structural relaxation coefficient along several kinds of solid solution. For this reason, in this 

paragraph is described the procedure to achieve the structural relaxation coefficient used in 

every solid solution reported afterward.

The most  popular method to achieve the local  metal–oxygen distances in a solid solution 

investigated  through  electronic  absorption  spectroscopy  is  by  means  of  the  crystal  field 

parameter 10Dq, a measure of the length of a metal–oxygen bond related to the shift of the 

main optical bands of a transition metal ion (TMI) as a function of the amount of the  TMI 

itself along a solid solution (e.g. Langer 2001; Langer et al. 2004; Taran et al. 2004; Cruciani 

et al. 2009; Hålenius et al. 2010). According to the crystal field theory (Dunn 1965, Burns 

1993), for the previously adopted hypothetical AO–BO solid solution, the 10Dq value depends 

on  the  mean  metal–oxygen  bond  distances  by  a  relationship,  that  in  the  point  charge 

approximation is close to the inverse fifth power of the mean distance B–O:

10Dq = 5/3  Q  r4  B–O-5 (1.3)

where both the effective charge on the ligands Q and the average radius of d orbitals r can 

be considered constant for the same metal ion in the same ligand environment (Dunn 1965; 

Marfunin 1979; Burns 1993; Langer 2001). The latter equation 1.3 can therefore be simplified 

as:

10Dq = const  B–O-5. (1.4)
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The  local  ions–oxygen distance  (i.e.  B–Ox)  achieved  by  optical  spectroscopy  can  be 

determined by means of previous equations as:

B–Ox = B–Ox = 1  [(10DqB)x = 1 / (10DqB)x]1/5 (1.5)

Concluding,  the  so obtained  latter  value  will  lead  to  a  easy calculation  of the  relaxation 

coefficient (ε) along the AO–BO solid solution by means of the equation 1.2. To remember, 

the relaxation coefficient  ε is usually calculated as infinite dilution (i.e.  ε,  with x→0) of the 

metal ion in the solid solution (Langer 2001).

1.5. Technological perspective
Physical formalisms are able to explain in general colour of minerals and synthetic analogues, 

but some chromatic features are not fully understood in detail. An in-depth insight into the 

dependence of optical properties on the local structural environment of a given ion is essential 

to go beyond the current knowledge.

The industry of inorganic pigments is very static and, especially in the ceramic sector, a new 

viewpoint is needed to comprehend the behaviour of current pigments and to develop novel 

colorants.

For these reasons in the third section of the "Results and discussion" chapter two of the three 

works  that  are  going  to  be  presented  are  exclusively  devoted  to  give  the  technological 

viewpoint of this dissertation.
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