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INTERPRETATION OF THE REFLECTIVITY BEHAVIOR
OF ORE MINERALS

Rocrn G. BunNsr aNp D.q.vro J. Veucuaw, Department oJ Geology
and Mineralogy, Uniaersity of Orford., England.

Ansrnecr

A correlation exists between the percent reflectivity (R) of pyrite-type compounds and
the efiective number of free electrons (tr"rr) in the visible region, obtained from specular
reflectance spectral measurements. Both R and .1fr"11 decrease in each of the series FeS2
-CoSz-NiSz-CuSz and CuTez-CuSerCuSz. A molecular orbital model is described
which relates the concept of tr["rr to the delocalisation of excited transition metal electrons
into antibonding molecular orbitals of pyrite. The values of ff"rr are shown to depend on
the number and proximity of empty energy levels above the Fermi level. The model is
extended to explain reflectivity variations in other isomorphous and isocbemical series of
ore minerals.

IwrnonucrroN

This paper describes a correlation that has been observed in recent
Iiterature data on reflectivity measurements of pyrite-type compounds,
which forms a basis for explaining reflectivity variations in isomorphous
ore minerals.

Although techniques for quantitative measurements of reflectivity
have been described (Singh, 1965; Freund, 1966) and data have been
tabulated for most opaque minerals at various wavelengths in the visible
region, few attempts have been made to explain compositional variations
of reflectivity. Such reflectivity variations are exemplified by the pyrite
group. Electron microprobe measurements (Springer, Schachner-Korn
and Long, 1964; Vaughan, 1969) have shown that most bravoites,
(Fe, Co, Ni)52, are compositionally zoned, and that the zoned bravoites
display a pronounced variation in reflectivity (Vaughan, i969; Demirsoy,
1969). Thus, iron-rich regions have high reflectivity, nickel-rich zones
have relatively low reflectivity and cobalt-rich areas have intermediate
reflectivities.

Recently Bither, Bouchard, Cloud, Donohue and Siemons (1968)
described specular reflectivity spectra of several pyrite-type transition
metal dichalcogenides. These measurements yielded values of the optical
constants zr (refractive index) and k (absorption coefficient) of each
pyrite-type compound over a range of energies (0-5 eV). From the
absorption coefficients a parameter 2s11, r€pr€S€nting the effective num-
ber of free electrons per molecule, was calculated at each excitation
energy. Bither et al. (1968) found that the order of decreasin1 ft.nis
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Fro. 1. Plot of percent reflectivity (R) against effective number of free electrons per

unit volume (1["rr) for pyrite-type compounds. Data for Ag and Au are also shows.

FeSz)CoSz)NiSz)CuSz which parallels the order of decreasing re-

flectivities.
These two sets of data, the values of reflectivity and the effective

number of free electrons at specific energies, led us to plot percent re-

flectivity against 1f.11 per unit volume at 496 nm (2.50 eV) for the range

of transition metal dichalcogenides measured by Bither et al' (1968)'

This graph is shown in Figure 1. Additional data were available for the

metals Au and Ag (Mott and Jones, 1936; Squair, 1965). The data

plotted in Figure 1 show that reflectivitf increases with the effective

number of free electrons. It is this correlation that we wish to discuss

further.

Turonv ol RElLECTrvrrY

The behavior of light incident on a flat, solid surface is expressed by

the Maxwell field equations for electromagnetic waves. Solutions to

these equations show that for all media the reflection, refraction and

polarization of radiation depend on the geometry and index of refrac-

tion, I[, of adjoining media.
The index of refraction, -lY, is a complex number and is defined by
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where n is the relative refractive index or the ratio of the verocities of
l ight in the two adjoining media;fr is the absorption coefficient; and i is
the complex conjugate (Jenkins and White, 1957).

The optical constants n and k are related to the reflection coefficient
R by the Fresnel equation

R :
( n  -  r ) ' l  k '
( n l 1 ) 2 * k '

where R:1 corresponds to 100 percent reflectivity. The Fresnel equa-
tion shows that strongly reflecting substances have both high z and
high fr.

The index of refraction Iy' depends on the interaction of the light wave
with electrons of constituent atoms of the solid medium (Wert and
Thomson, 1964). The electrons are accelerated in the electric f ield of the
radiation, but if there are no low-lying energy levels into which the
electrons can be excited, the l ight is emitted with negligible absorption
(fr is small) but it is slowed down (rz is large). Thus, the index of refrac-
tion is essentially a real number (since N=n). such a situation applies
to transparent insulators such as most colorless silicates, in which the
index of refraction is determined predominantly by the interaction of
radiation with bound electrons surrounding the atoms or forming chemi-
cal bonds.

Alternatively, if there are nearby energy levels available to the elec-
trons, they may be excited into these levels by interaction with the elec-
tromagnetic wave. Therefore, the electromagnetic wave may be ap-
preciably absorbed (fr is large) as well as slowed down (z is large). When
this occurs the reflectivity is high (compare equation 2) because Iight is
re-emitted when the excited electrons return to the ground-state. Such a
situation applies to metals over a wide range of energies in the electro-
magnetic spectrum, as well as to most opaque minerals.

Mott and Jones (1936) have given an expression which relates the
optical constants of a solid to various types of interaction of the electro-
magnetic radiation with electrons

( 1 )

(2)

1)"o". * (€ - l)nr '" t" 
(3)

(c)

where e, m and c,r are the charge, mass and angular frequency of an elec-
tron, respectively; e is the dielectric constant of the medium; and n61
is the effective number of free electrons per atom or molecule.

n2 -  k2 :  1  -  
4zrnere2 

-  *  (e  -
m(asz - c,2)

(b)(a,
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The first term (a) in equation 3 is the free electron contribution, which

predominates in metals. The second term (b) refers to the interaction

with core electrons, such as those surrounding ions in ionic crystals or

forming covalent bonds in molecular crystals. The third term (c) takes

into account intraelectronic transitions, such as crystal field phenomena

in transition elements. It also includes the internal photoelectric efiect

in metals.
In order to gain an insight into the significance of n.11, the energy levels

of electrons in crystals must be considered in terms of band theory of

solids and molecular orbital theory.

CoNcnpr ol Ell'BcrrvE NuMBER ol FnBB ErncrnoNs

Metals. The band theory of metals may be illustrated with reference to

sodium, which has the electronic configurati on Is22s22p63s1. In the ground-

state of an isolated atom, the 3s electron occupies a single energy level.

However, in a crystal of metallic sodium overlap of orbitals occurs to

give a band of closely spaced energy levels. Each sodium atom contri-

butes one atomic orbital to the 3s band, and since each orbital can ac-

comodate two electrons, the valence band is half-filled in sodium at

absolute zero. This defines the Fermi level, which is the level that

divides the filled and vacant energy levels at a particular temperature'

Electrons near the top of the filled zone can readily move to and from

the unfilled levels within the valence band. The availability of empty

levels adjacent to the Fermi level accounts for the high absorption of

electromagnetic radiation in the infrared and visible by sodium and

hence its high reflectivity. The electrons are delocalized and not located

on one sodium atom. In other words, the electrons are efiectively free,

although z"rr is smaller than unity per sodium atom because in the

crystal structure the lattice field tends to reduce the freedom of the

electrons.
In metals other than sodium and the alkali metals interaction be-

tween the uppermost s and 2 levels occurs to give a valence band con-

sisting of a hybrid of closely spaced s-p energy levels' The high reflec-

tivity is again related to the availability of empty levels in the valence

band adjacent to the Fermi level into which electrons may be excited

by absorption of electromagnetic radiation. In some metals, transitions

are also possible between occupied inner d levels and unfilled outer s-p

levels, Ieading to color in such metals as cu and Au. Such effects contri-

bute to the (e -1) photo term in equation 3.

Since the contribution from free electrons predominates in metals,

reflectivity variations should parallel the effective number of free elec-

trons. fndeed, Figure 1 shows that high reflectivities of Ag and Au may
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Frc .2 .Molecular orbital energy level diagram for pyrite.

be correlated with large values of ty"rt recalculated from
quoted by Mott and Jones (1936), according to the formula

t00 z
ly'"rr : flcn -

a3

where a is the cell edge and Z is the number of atoms,
formula units per unit cell.

the z"rr data

(4)

molecules or
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Reflectivity at

496 nm (2.5 eV)"

n.r at 496 nmb

Ifurr at 496 nm"
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3d orbitals
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' calculated by the Fresnel equation from the n and k data of Bither et ol (1968).

b Cited by Bither el al (1968)

" Calculated from equation 4.

pyri,te-Type compound.s. The energy levels in transition metal dichal-

cogenides-have blen discussed by Bither et at. (1968). We shall extend

their treatment to include the possibility of zr-bond formation (Burns,

1970). The pyrite structure is modelled on the halite structure with

transition metal ions occupying sodium positions and the midpoints of

the (S-S)'- groups located at the chlorine positions' Each cation is in

octahedral coordination with one sulphur atom belonging to six different

(S-5;z- groups, and the octahedral sites are compressed along a trig-

onal axis. Each sulphur atom uses hybridised s23 orbitals and is tetra-

hedrally coordinated to three cations and the other sulphur atom of the

(S-5;z- group.
The energy level diagram for FeS: is shown in Figure 2' One hybrid

sp3 orbital fiom each of the six sulphur atoms in octahedral coordination

forms u o-bond with the central transition metal ion. The six o molecular

orbitals of the transition metal are formed by ilsp\ hybrids consisting of

the two en orbitals (d." -o'and rl"r), the one 4s orbital and the three 4p

orbitals. Bither et at. (1968) assumed that the three t2n orbitals (d"u, da"

and d,.") of the transition metal remain non-bonding' The energy separa-

tion between non-bonding t2s and antibonding er* orbitals is designated

A"o,-o, and is analogous to the energy splitting in crystal field theory
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Frc. 3. Plot of z and i for Fes, (after Bith er er at, 196g) The diffuse reflectance spectrum
of FeSz is also shown, plotted as the Kubelka-Munk function logln((l_ r)z/2r). This func_
tion is derived from the measured absorbance,4 , where A: -rogr;/, and is proportional to *.

terpretation differs from that proposed by Bither et at. (196g).
Extensive covalent bonding between transition metal and sulphur

atoms leads to delocalization of electrons in antibonding en* and. l2n*
orbitals. Electrons excited into en* orbitals become delocalized from the
cation and are analogous to the effectively free electrons of metals.
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Bither et al. (1968) computed values oI n and k for a, variety of transi-

tion metal (II) dichalcogenides from single crystal spectral reflectivity

measurements. The data for pyrite are reproduced in Figure 3, together

with the diffuse reflectance spectrum obtained in the present study. An

absorption maximum is located at about 1.7 eV (730 nm), indicating

that pyrite has a higher reflectivity in the red end of the visible spec-

trum than at the blue-end, accounting for the yellow color of pyrite'

Absorption of energy beyond 0.9 eV was attributed by Bither et al'

(1968) to the onset of 3d electron transitions between l2s and er* Ievels.

Absorption maxima corresponding to that aL 1.7 eY in pyrite are ob-

served at progressively lower energies in the sequence FeSz-CoSz-NiSz-

CuSz which may be correlated with the order of decreasing A"o'-o.

From the oscillator strengths of the absorption bands Bither et al.

(1968) estimated values of n"r (per molecule) at various excitation

energies. The values at 496 nm (2.50 eV) are summarized in Table 1,

together with the electronic configurations of the transition metals and

the Fermi levels. Since reflectivities are measured over selected areas of

crystals and light penetrates to at least 100 A in most opaque solids, the

,rerr values have been recalculated by equation 4 to give I[.11 data per

unit volume (100 cubic A). T.ne reflectivities in Table 1 were calculated

from the Fresnel equation (equation 2), using the n and k data of Bither

et al. (1968) at 496 nm. The calculated value for pyrite (51.6/6) is in

good agreement with the value (5I%) calibrated for the pyrite standard

N  1915 .1 .
The data in Table 1, which are also illustrated in Figure 1, show that

a comparatively large value of l[.rr is associated with high reflectivity.

More signifi.cantly, however, the values ol neff are roughly proportional

to the number of energy levels available to the l2o electrons excited into

the en* orbitals. Thus, Bither et al. (1968) noted that the ratios ol nat

a re  FeSz !  CoSz :  N iSz :  CuSr :  1 .18 :0 .88 :0 '51 :0 .30 :4 .0 :3 .0 :  1 .7 :  1 ' 0 '  A l t e r -

natively, high values of n"n ate associated with electronic configurations

in which the Fermi level lies nearby or in the midst of closely spaced

energy levels,
Therefore, the comparatively high reflectivity of pyrite is the result

of several energy levels Iying close to the Fermi level into which lzo

electrons may be excited. Electrons in these eo* orbitals become de-

localised (effectively freed from the cation) through the efficiency of

covalent bonding between the iron and sulphur atoms.

ExrnNsroNs ro OrHER CoMPouNos

Selenid.es and, TelluritJes. Marked variations in reflectivity with anion

composition are commonly observed in isostructural compounds and
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minerals of different metals with sulphur, selenium and tellurium. Such
variations may be explained by the increased covalent character and
electron delocalisation of the metal-chalcogen bond with rising atomic
number in the series S-Se-Te.

Bither et ol. (1968) calculated values of the effective number of free
electrons in synthetic cusz, cuSez and cuTer. The values increase in
the order CuSr(CuSer(CuTe2, which parallels the order of increasing
reflectivity (Figure 1). The efficiency of covalent bonding increases with
size, and hence polarizibility, of the anions. As a result, derocalisation
of excited l2o electrons of copper is increased along the series CuSz- CuSez-
cuTez. The increased reflectivity in this series is thus the result of in-
creased electron delocalisation or 1y'.11.

A similar trend might be expected in other series of metal chalcogenide
minerals. For example, reflectivities of the isomorphous lead minerals
are PbS (galena) 38 percent, PbSe (clausthalite) 50 percent, and pbTe
(altaite) 65.5 percent (Travis, 1966). For copper, the ranges of reflec-
tivity are 3.5-21 percent for cus (covellite) and 10-27 percent for cuSe
(klockmannite). In the case of mercury, HgSe (tiemannite) and HgTe
(coloradite), each possessing the sphalerite structure, have reflectivities
in the ranges 25-27 percent and 37 percent, respectively (de Montreuil
Diaz, 1968) whereas the reflectivity range of HgS (cinnabar) having a
structure with hexagonal symmetry is only 2r-25 percent. The latter
example illustrates that semi-quantitative predictions about reflectivity
variations are not necessarily confined to a series of isostructural min-
erals.

M onosulphides. Semiquantitative predictions of relative refl ectivi ty may
also be made from a knowledge of the electronic configurationr of u
series of transition metal ions in minerals. For example, monosulphides
with the nickel arsenide structure occur as the minerals troilite (FeS)
and jaipurite (coS). synthetic isostructural NiS is also known. Magnetic
data suggest the following electronic configurations of the divarent
cations

Fe(II) in FeS : (t2n)a(eo*)z
Co(II) in CoS : (t2n)6(en*)r
Ni(II) in NiS : (tr)6(eo*)2

Thus, only cobalt has a low-spin configuration in this series.
Each of these monosulphides has metallic properties, resulting in part

from metal-metal interactions between adjacent cations in nickel
arsenide t11re-structures. By analogy with the pyrite-type disulphides,
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the position of the Fermi level and efficiency of metal-sulphur covalent

bonding should determine the relative reflectivities of the monosulphides.

The position of the Fermi level in Co(II) and the greater extent of

covalent bonding through zr-bond formation leads to a predicted order of

reflectivity FeS(CoS)NiS, which is in good agreement with the mea-

sured values of FeS=40, CoS=50, and NiS=47 percent.
Zinc (II) and manganese (II) have electronic configurations with corn-

pletely filled and half-filled 3d orbitals, respectively, in their sulphide
phases. This leads to reduced covalent bonding and high lying Fermi

Ievels compared with iron (II), cobalt (II) and nickel (II). The re-

flectivities of sphalerite (ZnS), 15.3-15.9, and alabandite (MnS), 20, as

well as hauerite (MnSr), 17.7-19.6 percent, are therefore predictably

Iower than the corresponding sulphides of iron, cobalt and nickel.

Calculated. Reflectitities of Bravoites. The lf"rr data in Table 1 may be used

to estimate the reflectivities of bravoites of known composition. For

example, consider the bravoite (Feo.zoCoo.ggNio.+r)Sz. The reflectivity of
this composition may be estimated as follows, using the calculated
reflectivity of pyrite, 51.6 percent, obtained from the n and k data of

Bither et al. (1968) and the Fresnel equation (equation 2):

2O/6 FeSz with reflectivity 51.6 : to.37a
39/6 CoSz with reflectivity (51.6X2.08/2.97) : t4.t
41% NiS, with reflectivity (51.6X1.11/2.97) : 7.9

total 32.370

The calculated value, 32.3 percent, is in excellent agreement with the

measured value of 32.9 percent at 496 nm, for a bravoite of similar
composition, which has been interpolated from the reflectivity data of
Demirsoy (1969).

Therefore, reflectivities of pyrite-type solid solutions may be esti-

mated accurately from the /y'"ri values oI the components.

CoNcr.uorxc Rrruanrs

The present study indicates how the optical properties of ore min-

i:rals may be related to the band structure of solids. Experimentally
determined values of n and &, obtained from specular reflectivity spectra'
may be used to calculate percent reflectivities and the efiective number

of free electrons in the visible region. The compositional variations of
reflectivity in solid-solution series are related to changes in the effective
number of free electrons in excited energy levels, resulting from delo-
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calisation of cation electrons in antibonding molecular orbitals. High
,\r"11 values are associated with a large number of closely spaced energy
levels above the Fermi level.

Although only the monosulphides and pyrite-type phases of certain
metals have been discussed, the principles described in this paper have
application to other mineral groups. For example, the lack of reflectivity
variations in skutterudites, pentlandites and iron-containing sphalerites,
suggest that only minor changes in the band structure occur in these
phases with changing composition. Further semi-quantitative interpre-
tations of reflectivity variations in most ore minerals will depend on the
availability of .1y'"11 data from specular reflectivity spectral measurements.
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