26

CHAPTER 3

SHEDDING LIGHT OH THE QOLOLR

Colour is the most striking property of mineralss it
contributes greatly to the value of gems and also provides and aids in
mineral identification, Uhat is the colour and how does it originate?

Colour is . response of the eye to the electromagnetic radiation.
The human oye responds to a limited range of wavelengths, within the
electromagnetic spectrum from about 3500 to 7500 Angstrom. Uhen
all wavelengths in the visible spectrum arc present, the eye perceives
white lights if some wavelengths arc removed, or when only certain
wavelengths are present, the eye detects a colour. For instance, if the
blue wavelengths are removed, the eye will see the remainder as
yellow light. Thus, all colours come from the differential) absorplion anti
transmission of light according to the wavelength. Uhen white light,
containing all wavelengths, shines on a mineral, some wavelengths arc
transmitted, giving the oosolved colour, while the corulomentary
wavelengths are absorbed by the mineral. Therefore, to understand
the. origin ¢f a nincral colour is to dotermin' .what in th'a mineral
causes absorption of certain wavelengths of light.

The selective absorption of light depends on transition energy,
which varies inversely with the wavelength and directly with the frequency

E = hy- hec = he
>

Uhcre E is energy,’ h is planck* constant, ¢ is the speed
of light, V ife the frequency, is the wavelength, andy is the
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wavenumber. The wavenumber, the reciprocal of the wavelength cr the
number of wavelengths per unit length, is a useful quantity because
it, as the frcouency, is directly proportional to energy. All
energies shall be expressed in wavenumbers (cm *) and all wavelengths
in nanometers (nm) or billionths of a meter.

Electronic processes in minerals with energies corresponding
to wavelengths of visible light fail into four broad categories.
By far the most important sources of colours in minerals are the
transition elements, which give rise to various crystal field and
charge transfer transitions.

Crystal field transitions

Crystal field transitions are electronic transitions
between the partially filled, nondegenerate d orbitals (or less
commonly, “-orbitals) of transition elements in a chemically
coordinated environment. They explain the origin of colour in minerals

arc transition metal comwounds( esge. rhodochrorite, KNGO,
dioptasc, CUgSIgO™g..e 2 ) and minerals which have transition
metal impurities (e.g. ruby, Cr™ in AlgON citrine, Fe™ in' Si0OM)i

Crystal field transitions are most common in minerals
containing the first-row transition elementss Ti, [, Cr, Mn, Ee,

Co, Ni and Cu. However, the second and third-row transition
elements and particularly the lanthanide or rare earth elements

also occasionally impart colour to minerals. The first-row transition
elements are the first ones to have electrons in d orbitals.
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The Is, 2s, 2p, 3 <& d 4s orbite,If! ere progressively filled from IT
through Ca, and only starting with Sc the 3d orbitals become occupied,
reaching their full complement of ten electrons with Zn. The spatial
distribution of electron density makes d orbital so special! *

As shown in figure 3.1, the five d orbitals fall into two categories,
based on their orientation relative to a Cartesian coordinate system,
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Figure 3.1-, Plots of d orbitals show the regions in space

where electrons in each orbital nay be found with 90 g probability (20)



Two of the ¢ orbitals have probability lobes projecting along the
Cartesian axes ( termed the e set), while the other three orbitals
have lobes pointing between the axes { fermed the tyy set),

In the isolated atom or free ion, the five d orbitals are
degenerate, having the same energy. However, when a transition metal
ion is placed in a coordination site in a mineral, it is no longer
surrounded by a spherically symmetric charge distribution, rather
it has nearest-neighbour anions which localised negative charges
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(e.g; Cr™ in AlpO™ which Cr”f replaced AI*+ in normal cation sites).

In a typical six-coordination octahedral site, the adjacent anions
in mineral such as oxygen in AlpO” may be regarded as defining
the apices of an octahedron, Cartesian coordinate system, is shown
in figure 3020
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Fig,3»2 The coordinate system defined by the six oxygens

of octahedral coordination site in a mineral (2)
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The e d orbitals which have lobes pointing along the
metal-anion cases arc increased in energy relative to the tzg d orbitals
which -point between the axes, In the simplest view, this results from
the electrostatic or coulonbic repulsion between like charges.
Electrons in' the 2 orbitals pointing toward negatively charged anion
suffer more repulsion and hence have higher energy than electrons in
th orbitals farther cYway from the coordinating anions.

Thus, in an octahedral fvield, there is a splitting in energy
of the d orbitals, as shown in figure 3«3»
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Pig. 3.3 The energy separation, or crystal field splitting”,q)
of the d orbitals of a transition metal ion located (2

Since the d orbitals are no longer degenerate, electrons may ho excited
between the tC“ and ¢ energy levels. Such transitions referred to
crystal field or d-d transitions, often having energies corresponding
to wavelengths of visible light and may thus cause absorption in the
visible. These electronic transition can not occur if the cation

has no d electrons or if the d orbitals are completely filled,
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crystal field 'transitions *do not occur'im 'Pc3+ or’l144"(which have

no d electrons) or in Zn2+ or Cu*: (which have ten d electrons).
Crystal field transitions are observed only in those cations of Ti
through Cu in the first transition series, partially filled d orbitals.

In the crystal field model, the anions are approximated by
point charges or dipolos, the value of crystal field splitting energy
for a particular  compound depending on magnitude of both charges,
it is possible to place ligands in order of increasing effective
charge and increasing crystal field splitting. Furthermore, this order
should be the same for all metals. Such an order of ligands called the
spectrochemical series was discovered by Tschida”

In abbreviated spectrochemical series, in order of increasing crystal
field splitting , is

<SCIf  ( ™ponded) < F* < OH" AHgO < N (fi-bonded) <NH3 = ry <5027
dipy < NO" (N-bonded) <CII7

A similar series existed for the variation with metal -ion is

Mn2+0 [i2+<Co2+<Fe2+<v2+ <Fedt <Cr3+ (v3+ <Co3+ Gn 41 (17h3+ *;Fdd+<
|r3+< P t4t

In minerals most metal sites are highly distorted and have
considerably lower symmetry than perfect octahcdra or totrahedra.
The effect of such site distortion is to split further the d orbital
energy levels, for the same reasons that cause the initial separations
of d orbitals in an ideal octahedron. Since d orbitals have a fixed
geometry, the exact -arrangement of the anions determines which



orbitals will suffer the greatest degree of oouiombic repulsion.
Thus, the geometry of the metal coordination site determines the
order and separation of d orbita' energy levels. They may he split
into as few as two or as many cas five separation energy levelss
the greater the number of energy levels, the greater the number of
possible electronic transition between them.

A second complication is that many minerals have several
coordination sites with different geometries, the energy levels of
the transition metal* d orbitals in these minerals will be different
in each site, depending on the site geometry.

To illustrate some of those points, let us consider the
mineral peridot, which is a gem variety of olivine (PejMg0i0”,
The crystal structure of olivine consists .of independent oio,
tetrahedra linked by divalent cation in six-fold coordination with
oxygen. These are two sites having different geometries, designated
MI end M2, which contain Fe?+ The ccntrosymmetric Ml site can
be approximated by a tetragonally distorted octahedron (with D symmetry)
the ife nonccrrtrosymmetric site can be closed approximated by a
trigonally distorted octahedron (with symmetry). The energy
levels for the d orbitals of Fe™+ in six-fold coordination nolyhedra
with these symmetriesarc shown in Figure 300j since Fe™t has
six d electrons, each of the five d orbitals is occupied by one
electron, with the electron entering the lowest energy orbital.
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The orbitals thus contain only one set of uaired electrons and

four unpaired electrons9 in accordance with Hund’ rule which states
that electron will avoid pairing cu long as there arc near by,
unoccupied energy levelso

Figure 3cd Energy levels for the d electrons of Fc™+ in the
MI(-»D"k symmetry) and the M2(“CV symmetry) sites in peridot
(FoMMgpSiO.) show that the initial separation of d orbitals
in an octahedral field (/V'l is further resolved due to the lower

symmetry of the Ml and M sites. ter 0 LT
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If one shines monochromatized light on peridot and measures
the degree of light absorption as a function of wavelength, corresponded
exactly to the absorption energy differences between the nondegenerate
¢ orbital level of Fe in peridot, Tho crystal field transitions
of FeM in peridot take place mostly in the infrared region, but they do
extend into the visible range. Such absorption of red light is
responsible for the yellow-green(transmitted) colour, characteristic of
peridot and other ferroraagnesian silicates containing octrahedrally
coordinated ?et+

The colour produced by a given transition element depends on
its oxidation state, Fe™+ produces a characteristic green colour in
six-fold coordination sites in minerals, rihat is about Fc +?

Consider the mineral chrysobcryl,A19]3eC., which frequently contains
some Fes* substituting for AL3*, Fe3* in chrysoberyl absorbs weakly in
the violet and blue region of the spectrum, giving the characteristic
pale yellow colour of Fe+ hearing chrysoberyls, Chrysobcryl has

the crystal structure of olivine (Mg,Fe)pSiOas one might expect,
from its formula;, so that the AL sites occupied by Fo™ in chrysobcryl
have the same geometry, although some what smaller dimensions, as

the My sites that FeML occupies in peridot,

Therefore, differences in absorption spectra (in the same
polarization) between peridot and Fe"+ hearing chrysoberyl, must
be attributed to inherent differences in the electronic structures of
Fc M+ and Fe™t and not to environmental factors.
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Crystal field transitions in Fe™ occur at higher energy and
must he weacker than the d-d transitions in Fe?+ In Fe"+ there are five
unpaired d electrons, one in each of the five d orbitals. Therefore,
any crystal field transition in Felt must result in the pairing of at
least two electrons in one orbital, which reduces the number of unpaired
electrons from five to three.
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Fig, 3.5 Electrons in d orbitals of Fe™+ bearing chrysoberyl

Transitions which change the number of unpaired electrons,
and the total spin of the cationic electron, are "spin-forbidden”
and arc not allowed by ouantum mechanics. They are observed with a
nonvanishing intensity due to spin-orbit coupling, but they are much
weaker and usually occur at higher energy than normal "spin-allowed"
d-d transitions. The electronic transitions in Fel+ therefore,
contrast with those observed in Fe™t in peridot which are spin-allowed.
Crystal field transition in Fc*+excites the sixth d electron -from a t
to an e&orbital, they maintain the number of unpaired electrons by
four and hence leave the total spin of the ion unchangedol

117392937
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Pig 3-6 Electrons d -orbitals of Fe2+ in peridot

The effect of changing the coordination number ox the cation
in the colour imparted to a mineral is also described, for example,
the Fe2+ ion which occupies six—oordinate sites ill peridot is
surrounded by eight oxygon atoms, as in garnet,

The crystal structure of garnet consists of an independent SiO,
tetrahedra lin-od by trivalent ions in octahedral coordination and
divalent ions in eight-fold coordination. The general formula for
garnet is 2+ 9+( 107)-9 where MM is Al*+ and Mt are lg2+ and Fet+
Ho are now dealing with the garnet compositional endmembers, pyrobo and
almandine. The spin-allowed crystal field bands of Fe2+ in almandino
occur at lower energies than those of Fe™ in peridot, as one would
expect from the larger mean metal oxygen distance of the eight-fold
coordination site in garnet. The oxygens of the eight-fold coordination
sites arc farther away from the central Fg2+ ion, and hence its d electrons
experienco a "weaker" crystal field. Crystal field splitting are therefore
diminished, resulting in reduction of energies of the d-d transitions.
Thus, spin-allowed transitions in Fe2+ in almandine occur entirely
outside of the visible, producing a strong red transmissions whereas
those same transitions in peridot absorb in the red. This transmission
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of weaker spin-forbidden transitions of To-+ in alranndino(which absorbed
in the blue, green, and yellow) produce the observed red colour of
Iraandine pyre Pe garnets.

Other factors contributing to the colours of transition
metal-bearing minerals are illustrated by those containing Cr' such as
ruby and emeraldRuby is Or*+-bearing corundum (Alo0~ys emerald is
Cr+ bearing beryl (Bo AI*Si*O”g)a In both minerals, Cr+ replaces At
in distorted six-coordinato sites with a mean metal-oxygen-: distance of
1.91 A? The accounts for the striking difference in the colours of those
two gems, containing the same transition metal ion in sites of comparable
geometry, arc their different bonding characters. Beryl is Aring silicate
mineral and the oxygen of the AlOg coordination sites belong also to
Si0. or BeO. ' trahedra. Corundum is an oxide mineral, consisting of
hexagonally close-packed layers of oxygen ion with Al*+ occupying
two-thirds of the intorsticos between layers,In beryl,the oxygen-cation
bonding has some covalent character with electron delocalization over
the silicon and beryllium frameworks in corundum the bonding is more ionic,
with increased negatively charged electron density isolated on the
oxygons. The Cr*+ in beryl experiences a weaker crystal field, since
there is less negative charge localized on the neighboring oxygons than
in corundum, 3o that a smaller crystal field splitting of the d orbitals
occurs. This difference is tile absorption spectra of the two gens.

In ruby, absorption in the violet, in the green, and yellow results
in a transmission in the blue. In addition, there is a strong
transmission in the orange and rod, giving the intense violet-red to
orange—+ed colour of ruby. In emerald, the transitions arc shifted to

1y
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the lower energy, resulting in absorption of the-violet and "blue and of
the yellow, orange and redo TMs gives transmission in the green and
hence the characteristic colour of emeraldo The rod colour of ruby is
intensified Tiya characteristic fl coresconce in the redo Thus, ruby
not only absorbs all wavelengths such that red is transmitted, but it
also emits red light by fluorescence.

In summary, the exact colour produce by crystal field
transitions in a mineral depends on many factors. The first of these is
the identity of the transition metal. The second, its oxidation state
determines the number of d electrons present, a factor important in
determining the intensity of crystal field transition through the
spin-multinlicity selection rule. The third, "he geometry of the
coordination site occupied by the metal controls the splittings of the
d orbitals and lienee the possible crystal field transition energieso
It also controls the degree to which the Laporte selection rule
forbidding all d-d transitions will be relaxed and hence influenced the
transition intensity. The fourth, the strength of the crystal field,
which depends on the mean—metal-oxygen distance and on the degree of
negative charge isolated on the coordinating oxygens (controlée! by the
bonding behavior of the mineral) determines the magnitude of the energy
splittings of the d orbitals and hence the energies of the crystal field
transitions.
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Molocular orbital transitions

Crocoitc» Fber_l,_ IS an orange mineral having di§crete Cros”
tetrahedra and Pb*l ions O The chromate groups contain Cr*+ which
like Pb“+ has no d electrons. Similarly, Vanadinatc Pbj-(VO,)"CL, is
an orange mineral having discrete VO® tetrahedra, containing V, an
lon which also lacks d electrons. Therefore, the colour of those
minerals cannot ho duo to crystal field transitions. Sene evidence
for the covalency of mineral bonding,0.g., the difference in the energy
levels of Cr+ in ruby and Oinerald has seen. T'ith electron delocalization
over a cluster of atoms, a.ll the electrons of the honding unit or cluster
must bo treated together using molecular orbital energy.

The most common molecular orbital transitions in minerals fall
under the general heading of charge transfer, since they may be viewed
as the shift of electron density from one atomic center to another.

Two classes of such transition are recognized ligand to metal and
metal to metal charge transfer. In addition, there arc some minerals
whose colours originate from molecular orbital transitions which arc
not charge transfer transitions.

Ligand—motal charge transfer ( oxygon to metal)

crocoite and vrnadinite, the CrO* and vo® groups arc.
isolated as discrete bonding units. In those clusters, valence electrons
of tile constituent atoms are contributed to share molecular orbit Is
(mo's), which arc delocalized over the entire cluster. Discrete,
allowed energy levels existed on these molecular orbitals, and
electronic transitions can take place between them. Pavelengths of



light corresponding to allowed energy differences will' be absorbed in
the exciting electrons from lower to higher energy levels. Molecular
orbital transitions are recognized as oxygen-— octal charge transfer
when the electron is excited from ,n orbital with oxygen p character

to one of octal 3d character. "In cr-ocoito end vxnodxrrite, rrxygen — octal
( ----—Cr,+ 07—-— 04) charge transfer transitions arc responsible
for the strong absorption in the violet9 blue and green, giving their
observed orange to orange-red colours.

llclidorc is an Pc"-bearing beryl in which the Fe™+ occupies
the sane AlOg sites as does Cr*+ in cncraldo The bonding unit of
interest holidore can be approximated by the octahedral cluster(Fc”+0g)
Crystal field transitions in Pe*+ arc spin forbidden and occur with low
intensity in the blue region of the spectrum, The Major colour-producing
feature is the strong absorption in the violet, giving the transmitted
yellow-orange colour. This charge transfer transition, absorbs much more
strongly than the spin forbidden crystal field transition in Fo™'-bearing
minerals, for example, citrine.

Metal -notai charge- tra.nrfor

Metal- octal  (or intervalence) charge transfer involves the
transfer of an electron botwes transition metal ions of the variable
oxidation states in adjacent metal sites. Consideration of element
abundances and oxidation states reveals that 1?2i—>Fo™ and Pe -- -1aTi/f+
are the most common charge transfer transitions in minerals. In an
P¢ -—---->FeM charge transfer transition, an electron is transferred
from =°*, in site A ( FeM) to Fol+ in -Ate B(Pch+).
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Fo2t + FCM e >l o
Energies of this reversible eleetron-hopping process correspond to
M\Olengths of visible light, and many minerals owe their intense blue

colour,

The energy of a given charge transfer transition not only depends
on the typo of ions involved but it also increases with nctal-nctal
distance. The nctal-ractal distance increases, the probability of the
electron transfer decreases.

Colour centers

Some minerals have colour centers, which are imperfection in
transparent solids (substitution.?! inpurity inns, lattices vacancies,etc),
that can "trap" single electron. This electron may undergo electronic
transition winch absorbs in visible light. If sufficient energy is supplied,
the energy barrier which traps the electron in the colour center can be
exceeded. In this case, the electron returns to its original location,
and the colour center is destroyed. The electron nay be excited back to
the colour center “trap" by high energy radiation, which is why many
colour centers can bo destroyed by heading and recreated with gamma or
X-irradiatio .

Fluorite, during its growth, may dovelfpc fluorine lattice
vacancies ( a deficient number of p ions)0 In order to maintain charge
balance, single electron fills the fluorine vacancy, forming a type of
colour center. These trapped electrons in fluorite absorb wavelengths of
visible light, such that the transmitted colour of the mineral is purple.
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Band transition

Other coloured minerals, for instance realgar(. le!) and sulphur,
contemn neither colour center nor transition notai ion. The origins of
their colours nay o explained 'ty the band theory of solids, which
describes the behavior of all the electrons in a mineral. In its simplest
form, band theory considers the energy levels available to a single electron
in a solid as it moves in the coulomb field of the fixed ion cores and
all the other electrons. Because there arc about 10*** atoms in a typical
mineral, the number of possible energy levels available to the electron
under consideration is large. In fact, the discrete energy levels of
the constituent atoms spread into nearly continuous ranges of allowable
energies. Each atomic level thus becomes what is called an energy band.
The electrons in the mineral fill the lowest energy levels successively,
in accordance with the Pauli exclusion principle, which docs not allow
more than one electron to occupy each state. Thon all the electrons
have been accounted for, the uppermost energy level occupied, by any
electron is referred to as the forni levol.

|f the fermi level occurs in the middle of a band, the electrons
in the band can easity move in an applied electric field, and the mineral
IS a metal? if the number of electrons present in such that the highest
occupied band is exactly filled, the mineral is cithor a semiconductor
or an insulator,depending on the magnitude of the energy .gap(band gap)
between the filled band and the next band of allowable energy levels.
Many of the band gaos that occur in minerals correspond in energy to
wavelengths of visible light, those wavelengths lower in energy than
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the band grp are absorbed by the mineral. ilnong the relatively simple
minerals whose electronic structured have boon qualitatively treated
within the framework of band theory and which owe their colours to
band gan transition are proustito. realgar, cinnabar( 3 sulphur,

galena (Pbs), blue( ¢ and B impurities) r.d yellow ( [T inrourity) diamon
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