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The theoretical and experimental aspects of.d,-d,absorption spectra are
now sufficiently well understood that spectrophotometry may be considered a useful tool in the diagnosisof the valence state and location of
transition metal ions. The recent observation (Manning, 1966) of a welldefined absorption band with a maximum at 11,000cm-1 in the spectrum
of Cu-doped sphalerite was taken as evidencefor the interstitial (octahedral) siting of Cu(II). Many earlier workershave usedoptical absorption methods to show that transition metals substitute for the parenf,
metal ion in ZnS or CdS (Low & Weger, 1960; Pappalardo& Dietz, 1gO1;
Pappalardo,1961; Weakliem,1961; McClure, 1963).
The aim of the present work is to determine whether the presenceof
other cations can influence the valencestate or siting of Cu in sphalerite.
Electron transfer (metal + Cu) and metal-metal ion pairing are two of
the more obvious possiblemechanisms.Aluminum has beenchosenas the
"other" metal becauseof its well known electron donor properties.
E*p eri,rnental, d,etai,ls
Synthetic crystals of ultra-high-purity sphalerite were coated with a
film of the relevant metal in an Edwards High Vacuum Coating Unit
Model 6E2. The coated crystals were annealed-at 500'C in some
experiments and 800oC in others-in quartz tubes under 3 mm argon.
Five hours were allowed for the thermal diffusion of both the Cu and Al
at 800oC and one day at 500oC. The crystals were then lightly polished
and examinedspectrophotometrically.In this work, the ultra-high-purity
sphalerite was doped first with Cu, and these dark-brown crystals were
then doped rvith Al. Runs with three sphalerite crystals (denoted X, Y
and Z) are described. A Cu-doped sample is designated X-1, and a
Cu/Al-doped sample, X-2. The selected ultra-high-purity sphalerite
crystals were colourlessand showed a low degree of birefringence. No
sphalerite-wurtzite twinning was observed.The crystals were purchased
from the Eagle-PicherCompany,Miami, Oklahoma.
Discuss,i,onof resul,ts
Extinction coefficientshave beencalculatedfrom the expression
e: A/Cl,
where L is the absorbanceat peak maximum, C is the cation concentration in moles/litre and I is the crystal thicknessin cm.

430

THE CANADIAN

MINERALOGIST

w#iJ.'&n
Frc. 1. Absorption spectra of sphaleritesdoped witi Cu (X-1) and Cu-and-Al
(X-2 and X-S). Crystal thickness : L.25 mm. Concentration of Cu in all
crystals : O.OO97I.Concentration of Al in X-3 : O.Ol87oTemp. : 800' C.

Spectrum X-l in Figure 1 is that of a Cu-doped sphalerite. The
(900 mp) is characteristically that of
absorption band at -11,000.*-t
coefficient of this band is
The
extinction
Cu(II).
octahedrally-bonded
-100, a value that is reasonable for spin-allowed d'-d'bands. This e value
is somewhat greater than that measured earlier (Manning, 1966) for
octahedrally-bonded Cu(II) in sphalerite. This variation in e could
indicate varying amounts of Cu(I) in sphalerite. The band marks the
electronic transition 2Tz --->'E(D).Tetrahedrally-bonded Cu(II) would be
expected to have a stronger d'-d' band at -6,000 cm-1 (Pappalardo &
Dietz,1961). The 11,000 cm-l band in spectrum X-1 is superimposed on
the shoulder of a more intense absorption that reaches into the red region
of the spectrum. This intense band is very likely a manifestation of
electronic transitions from the valence band to Cu(II) impurity levels,
and accounts largely for the dark-brown colour of the crystals. The
thinning of a dark-brown crystal by a factor of 5 showed that there was a
uniform distribution of Cu in the crystal.
The doping of sample X-1 with Al gave a crystal o{ spectrum X-2. The
11,000 cm-1 Cu(II) band has disappeared and the absorption edge has
moved to considerably higher energies. A fragment of crystal X-2 had an
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Frc. 2. Absorption spectra of sphalerites doped with Cu CY-1)and Cu-and-Al Cf-2).
Copperconcentration : 0.018%. Crystalthickness : 1.25 mm. Temp. : 500" C.

aluminum content oI -0.0087o. Spectrum X-2 is featurelessapart from a
very broad absorption in the visible region. This weak band was also
observedin sphalerite doped only with Al, and we feel that this general
absorptionis unconnectedwith the Cu(II). Moreover,this band hasnone
of the characteristics associatedwith Cu(II) d,-d,bands. For example, a
weak Cu(II) d,4 band is well resolved on a generally "sloping" background in spectrum Y-2 in Figure 2.
The Al doping of X-2 at 800oC gave a sphalerite of spectrum X-3
(Fig. 1). It is apparent that crystal X-3 is colourlessand that the fundamental absorption edge is now close to that of undoped sphalerite.
Furthermore, the generalabsorption in thevisible is considerablyweaker
than in X-2. The thicknessesof samplesX-l and X-3 were 1.25 mm and
1.23 mm respectively, so that the thinning of the crystal may be ignored
in comparing the spectra in Figure 1. There is no trace of the 11,000cm-l
Cu(II) band in X-3. The Al content of X-3 is 0.018%.We may conclude,
therefore, that the introduction of Al into a Cu-dopedsphalerite causesa
reductionof Cu(II) + Cu(I).
The spectra in Figures 2 and 3 tell a very similar story. Y-l andZ-L are
the Cu-doped sphaleritesand Y-2 andZ-2 are the Cu-and-then-Al-doped
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Frc. 3. Absorption spectra of sphalerites doped with Cn (Z-l) and Cu-and-Al (Z-2).
Cu concentration : O.OO5%o.
Al concentration : O.OI37o.Crystal : 1.5 mm thickness.
Temp. : 800oC.

samples.The intensity of the 11,000cm-1Cu(II) band in Y-2 is -207o of
the same band in Y-1. In separate experiments, it was found that the
Cu-dopedsphaleritesremained unchanged(spectrally) on re-annealingat
800'C for several days. This is to be expected becausethe Cu-doping
experiments,themselves,involve an annealingtreatment.
It would seem, therefore, that the doping with Al of a Cu-doped
sphalerite causesthe disappearanceof the octahedrally-bonded Cu(II)
band. Becauseno strong absorption appears at 6,000cm-r that can be
attributed to tetrahedrally-bondedCu(II) (Pappalardo& Dietz, 1961)it
can be said that the octahedrally-bondedCu(II) present in the Cu-doped
sphalerite has beenreduced to Cu(I) through the introduction of Al.
Because of its three valence electrons, Al often adopts the role of
electron donor. The number of free electrons available per Al atom
presumably depends on the location of the Al atom in the sphalerite
crystal. For interstitially located Al, therewill be three available electrons
per atom, and for substitutional Al, one available electron per atom. Also,
it is conceivablethat a large fraction of the Cu in the originally Cu-doped
sphaleriteis Cu(I). It would seem,therefore,that it is not possibleto
determine unequivocally the number of electronsper Al atom donated to
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Cu(II). Nevertheless,the spectrain Figure 1 and the chemicalanalyses
of X-L and X-3 indicate that at least one electron per Al atom is transferredto Cu(II).
The Cu(I) is probably located in a tetrahedral site. Tetrahedral is the
preferred coordination of Cu(I) (Cotton & Wilkinson, 1967), and no
authenticated octahedrally-coordinated Cu(I) complexesare known. In
view of the highly covalent character of the bonds and also the stabilities
of Cu(I) oxides and sulphides (Cotton & Wilkinson , Lg67),it is probable
that the Cu(I) is located substitutionally. The interstitial -> substitutional exchangereaction could take place in a cation difiusion mechanism.
Based on the reactions suggestedin this work, it would appear that
Cu(II) in substitutional and interstitial sites in sphalerite is a strong
electron acceptor. The role of such electron transfer reactions in determining the structures of copper sulphides might well be worthy of some
study.
Concl,us.i,on
The doping with AI of a sphalerite containing octahedrally-bonded
Cu(II) causesthe reduction of Cu(II) to Cu(I). It is suggestedthat
cu(II) in substitutional and interstitial sites in sphalerite forms a strong
electronacceptorstate.
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