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Abstract
Synthetic flux-grown end-member gahnite, ZnAl,O4, and a number of different colored crystals
doped with one or more transition metals including Mn Ni, Cr, Co, and Fe were studied by electron
microprobe methods and UV/Vis/NIR single-crystal optical absorption spectroscopy. The first
major objective was to measure and assign the various electronic absorption features. The second
was to analyze quantitatively the crystal colors using the experimental spectra and the CIE 1931
color-space-chromaticity diagram. The microprobe results show that the doped gahnites have
transition metal concentrations between about 0.001 and 0.1 cations per formula unit. The spectrum
of colorless, nominally pure ZnAl,O4 displays no absorption in the visible region. Microprobe
analysis of a light-blue gahnite crystal reveals small amounts of Ni and Mn. The UV/Vis/NIR
spectrum does not indicate any dd-electronic transitions relating to Mn. All absorption features also
cannot be fully interpreted using Tanabe-Sugano diagrams for Ni*" in either octahedral or
tetrahedral coordination. A series of seven slightly different colored gahnites with differing
concentrations of Cr’* and most also containing smaller amounts of Ni was investigated. The
spectrum of a one pink crystal shows two intense absorption features in the visible region. They are
assigned to spin-allowed 4A2g - 4T2g (F) and 4A2g - T, g (*F) transitions of V'Cr’". Other spectra
display additional weak bands and lines that are most probably spin-forbidden dd-transitions of
Ni*". These gahnites with Ni and Cr show varying purple colorations depending on the
concentrations of both metals. Two more deeply blue gahnites contain Co®" as demonstrated by
their UV/Vis spectra but not by microprobe analysis. Two intense absorption features at ~7440 and
~16850 cm™ are observed and assigned to the spin-allowed transitions *A, — *T; (*F) and *A; —
*T, (*P) of Co*", respectively. Complex absorption fine structure, caused by spin-orbit and/or
vibronic interactions, is also observed. Three different gahnites with yellow to orange colorations
contain measurable Mn. Their spectra are similar in appearance and display a number of weak
"VMn?*" spin-forbidden transitions located above 20000 cm™'. The spectra of two green gahnites

Vg 2+
Fe

show a number of Fe spin-forbidden electronic transitions arising from single, isolated and
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VIFe3+ VIFe3+

cations between 10000 and 25000 cm™'. The intensities of some of the -related bands

can be increased through exchange-coupled interactions with next nearest 'V Fe*"

neighbors. The
colors of the various doped gahnites and end-member galaxite are analyzed using their single-
crystal absorption spectra in the visible region. Their dominant wavelength, Ak, and hue saturation,
Pe, values are given on the CIE 1931 color-space-chromaticity diagram and are discussed. The Hex
colors of all crystals are calculated and shown and they can be compared to those of the studied
crystals.

Key words: Spinel, gahnite, microprobe analysis, optical absorption spectroscopy, electronic d-d

transitions, crystal color, transition metal.
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Introduction

The oxide spinel group of phases, both natural and synthetic, consists of a large number of
different end-member species. In addition, solid solution is often extensive and a great variety of
compositionally intermediate crystals can be formed. Spinel can incorporate all the different metals
of the first transition series, including in more than one oxidation state for some elements. For these
reasons, such crystals can display a very wide range of colors. Indeed, spinels are often sold as gem
stones and they are used as paint pigments. In terms of technology, MgAl,O4 crystals doped with
metal ions such as Ti, Mn and Ni are used in lasers. A multitude of different types of investigations,
both basic and applied in scope, have been made on the many diverse species and compositions of
spinel.

Spinel is cubic with space group Fd-3mand Z = 8. It has the general formula (A By)-
Vl(Bz_,(A,()O4, where A is a divalent cation and B a trivalent one. Normal and inverse spinels exist
with x = 0 for the former and x = 1 for the latter. The crystal structure is based on a face-centered
cubic-close-packed arrangement of oxygen anions, wherein 1/2 of them are the octahedrally and 1/8
of the tetrahedrally coordinated voids are occupied by cations. The cations lie on crystallographic
special positions and are, thus, fixed by symmetry. The octahedra have shared edges that form
chains parallel to [110]. The tetrahedra share corners with the octahedra. The partitioning of
transition metal cations between these two coordination sites can occur in a complex manner. Ionic
radii, valence states, and electronic configurations of the cations all play a role in affecting crystal-
chemical properties.

Optical absorption UV/Vis/NIR spectroscopic studies have been made on both natural and
synthetic spinel crystals. Different types of electronic transition behavior have been researched.
Investigations on natural sensu stricto (s.s.) spinel, ideal end-member composition MgAl,O4, and
gahnite, ideal end-member composition ZnAl,O4, include those of Mao et al. (1975), Dickson and
Smith (1976), Taran et al. (2005, 2009), D’Ippolito et al. (2013, 2015), and Andreozzi et al. (2019).

Spectra of various synthetic S.S. spinels have been measured by Deren et al. (1994), Ikeda et al.
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(1997), Strek et al. (1988), Halenius et al. (2002, 2011), and Jouini et al. (2006). Synthetic gahnites
have been studied by Jouini et al. (2006), Wood et al. (1968), Skogby and Hélenius (2003),
Halenius et al. (2010), and Verger et al. (2016). During the 1970s in the Soviet Union, research was
undertaken to synthesize S.S. spinel and gahnite doped with different transition metals (e.g., Dunin-
Bartkovskiy et al. 1972). The obtained flux-grown crystals show a wide range of colors. Red and
blue MgAl,Oy4 spinels, synthesized at this time and containing chromium and cobalt, respectively,
were investigated spectroscopically by Muhlmeister et al. (1993).

In this work, we study a number of synthetic gahnites, obtained from the investigation of
Dunin-Bartkovskiy et al. (1972), using microprobe methods and single-crystal optical absorption
UV/Vis/NIR spectroscopy. We analyze the spectra on the basis of crystal field theory and attempt to
make assignments for the various absorption features. Second, the nature of the different crystal
colors is studied. For this, colorimetric color calculations were made using the experimental spectra
and the CIE 1931 color-space-chromaticity diagram. This is done for the first time, as best we

know, using quantitative single-crystal absorption spectra.

Crystal synthesis and preparation, experimental measurements and color calculation methods

Crystal synthesis
Synthetic gahnite crystals were grown by the flux method in the1970s at the All Union

Research Institute for Material Synthesis (VNIISIMS) at the Ministry of Geology of the USSR
(Dunin-Bartkovskiy et al. 1972). The starting materials consisted of a stoichiometric mixture of
analytical grade ZnO and Al,O3 powders of gahnite composition, together with MoOj to act as a
flux. Small amounts of different transition-metal oxides, serving as “coloring agents”, namely
Cr,03, CoO, MnO, NiO, Fe,03 and CuO were added to the starting mixture. Synthesis was carried
out in closed, but not sealed, alundum or porcelain crucibles having 20 to 50 cm’ volume. The
crystal synthesis was done by the method of spontaneous crystallization, whereby the charges were

heated to about 1470 °C and the temperature was then decreased to 1250 °C with a cooling rate
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between 4.2 and 0.8 °C/h. Then, the furnace was turned off and the experiment ended. The crystal-
growth period was, therefore, between 52 h and 275 h. Further details are given in the above

publication.

Crystal preparation

From this broad synthesis program, sixteen variously colored and transparent gahnites (Fig.
1) were selected using a binocular microscope for microprobe analysis and UV/Vis/NIR optical
absorption spectroscopic study. The crystals were prepared as platelets with thicknesses between
about 0.5 to 1.0 mm (Supplementary Fig. 1). The platelets must have a proper thickness otherwise
intense absorption spectroscopic features can lead to distorted bands or weak ones may go
unrecorded. Care was given to assure highly polished flat and parallel surfaces in order to eliminate
light scattering. This is also essential in order to obtain spectra with well-defined absorption

features and well-behaved baselines.

Microprobe analysis

The chemical composition of the different gahnite samples was determined using a field-
emission scanning electron microscope, JSM-6700F, equipped with an energy-dispersive
spectrometer JED-2300 and a JCXA-733 electron microprobe, equipped with three wavelength-
dispersive spectrometers. Both devices are located at the IGMOF NAS of Ukraine (Kyiv). For more

discussion of the measuring conditions see Franz et al. (2020).

Optical absorption UV/Vis/NIR spectroscopy
Single-crystal spectra were measured in the wavelength range 330 to 1800 nm (ca. 30303-
5560 cm™") using a self-constructed single-beam microspectrophotometer (see Taran et al. 2008,

Taran and Vyshnevskyi 2019). The diameter of the measuring spot, fixed by the entrance and exit
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diaphragms of the microscope, was about 200 um. The most transparent and homogeneously

colored areas in the crystals were chosen for measurement.

Color, color simulations and calculations

A general discussion on the nature of color and the use of the CIE 1931 color-space-
chromaticity diagram is given Supplementary Appendix I. It provides the background behind our
color analysis of the various studied spinels.

The color investigation involved several steps. First, the measured spectra were recalculated
to a standard thickness of 0.5 mm. Next, the degree of light transmission was calculated from the
optical absorption coefficient in the visible range from 340 to 830 nm at wavelength intervals of AL
=5 nm (The experimental spectra were recorded at with higher wavelength resolutions. That is, at 1
nm between 340 and 450 nm and 2 nm between 450 and 830 nm). Following this, the XYZ
coordinates for each of the gahnite spectra were calculated for the C illuminator of the CIE 1931
color-space-chromaticity diagram using the “Spectral Calculator Spreadsheet” (2022). Then, the
HTML color code (see https://en.wikipedia.org/wiki/Web_colors) was obtained from the XYZ
coordinates using the “Easy Color Calculator” (2022). Finally, the respective Hex color for each of
the studied gahnites was obtained using “ColorHexa” (2022) by entering the respective HTML
color code. The resulting calculated Hex color labels are shown as insets along with the spectra
given in the different figures. These calculated colors can be compared directly with those of the

synthetic crystals.

Results and discussion
Gabhnite crystals
The prepared gahnite platelets (Supplementary Fig. 1) were examined under an optical
microscope with crossed polarizers and all crystals showed isotropic behavior. Some of the gahnites

have tiny solid-phase inclusions. They occur most commonly in darker green Fe-bearing crystals
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and are seldom in the red to purple Cr-Ni- and blue Co-bearing gahnites. They are not observed in
colorless ZnAl,Oy4 and in the yellow-orange Mn-bearing crystals. The inclusions are of two types.
The first type is colorless and they show approximately isometric and rounded shapes, although
sometimes they appear as ditrigonal plates, between about 5 and 40 microns in size. Microprobe
analysis gives their chemical composition as Al,Os3. They are considered to be corundum. The
second type of inclusion is generally larger in size, typically 10 to 100 microns in size. They have
MoOj; composition, are more irregular in shape and are dark gray to black in color. Most likely they

are trapped flux.

Microprobe results and gahnite compositions

The compositions of the different gahnite samples, as obtained by microprobe analysis, are
given in Table 1 in terms of their calculated atoms-per-formula-unit (a.p.f.u.) values. Ghn-1 is
nominally end-member ZnAl,O4 with possibly very minor Fe and Ni. The other samples, Ghn-2 to
Ghn-16, contain minor or trace concentrations of one or more of Co, Ni, Cr, Mn and Fe. Cu was not
detected by the methods used here. The amount of Co is always near or below the detection limit.

The crystals were checked for compositional zonation from their center to their rim.
Measured profiles for Cr, Mn and Fe for samples Ghn-5, Ghn-13 and Ghn-16 are shown in Fig. 2.
The Cr concentration of crystal Ghn-5 decreases from its center, having about 0.033 a.p.f.u., to the
rim with about 0.020 a.p.f.u. Mn and Fe in Ghn-13 and Ghn-16, respectively, increase from roughly

0.06 a.p.fu. at the crystal center to roughly 0.10 at the crystal rim.

UV/Vis/NIR optical absorption spectra

The different single-crystal spectra are shown in various figures and are discussed below. Table 2
lists the observed bands of the spectra, their proposed electronic assignments, where this was
possible, and their wavenumbers. The calculated Hex color labels are shown in the upper right-hand

corner of the figures showing the spectra
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Spectrum of colorless ZnAl,O4. Ghn-1 is end-member ZnAl,O4 or closely so. Its single-crystal
optical absorption spectrum is featureless in the VIS and NIR regions with the latter measured down
to ~5600 cm™ (Fig. 3). The crystal is colorless. At the highest measured energies in the UV region,
weak absorption can be observed. We think it represents the low-energy edge of an intense ligand-
metal charge-transfer transition whose maximum occurs at higher wavenumbers. It probably arises

from some transition metal ion or ions, possibly Fe and/or Ni, occurring in trace concentrations.

Spectrum of light-blue gahnite. Light-blue gahnite Ghn-2 contains clearly measurable manganese
and possibly trace Co based on the microprobe results (Table 1). Its absorption spectrum shows of a
number of relatively weak absorption bands and lines (Fig. 3) situated on the low-energy absorption
edge of an oxygen-metal charge transfer transition that extends from the ultraviolet into the visible
region with decreasing intensity. The weak features are labeled a to f and they have peak maxima in
cm™ at ~10000 (a), 15800 (b), 16790 (c), 22210 (d), 23420 (€) and 26140 (f). Band b is apparently a
doublet, showing a higher energy shoulder at about 15980 cm™.

The general appearance of these absorption features (i.e., energies, intensity ratios, widths)
is unlike those observed in the published spectra of different Mn®"-bearing minerals and compounds
(e.g., Cotton et al. 1962, Goode 1965, Mehra and Venkateswarlu 1966, Huffman et al. 1969,
Malakhovski and Vasilev 1983, Halenius et al. 2007, 2011). In addition, they are different from
those observed in the spectra of predominantly Mn®"-doped gahnites that are discussed below. The
Mn content of Ghn-2 (Table 1) is about an order of magnitude lower than those in the Mn-bearing
gahnites Ghn-12, 13 and 14. Although the energy of the narrow absorption line € in the spectrum of
Ghn-2 is close to that of the line j in spectra of Ghn-12, 13 and 14, no other absorption feature
would indicate the presence of Mn®".

This leaves Ni as the only other transition metal to be considered in our spectroscopic

analysis and we consider first the possibility of Ni*". It should be noted, though, that the literature
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on the optical absorption spectroscopy of Ni** in minerals is limited. Some results and
interpretations obtained on synthetic crystals and compounds are, furthermore, of questionable
quality and are sometimes contradictory. With this caveat in mind, we begin our analysis of the
spectrum of Ghn-2. Bands ato f (Fig. 3) are unlike those observed in the spectra of various phases
having Ni*" in octahedral coordination (e.g., White et al. 1971, Faye 1974, Rossman et al. 1981,
Manceau and Calas 1985, Manceau et al. 1985, Reddy et al. 1991, Taran et al. 2008). The sharp,
relatively weak bands b and e are observed neither in the room-temperature spectra of V'Ni*"- nor
[VNiN-bearing crystals. The spectra of ZnO, ZnS, CdS, Cs,ZnCl and Cs,ZnBr4 containing some
tetrahedrally coordinated Ni*', that were recorded at 78 K, do show narrow absorption lines
(Weakliem 1962), but their energies are different than those of bands b and e. The spectrum of Ghn-
2 is also dissimilar to that of synthetic Ni-doped MgAl,O4 spinel (Sakurai et al. 1969). The
spectrum of these latter workers shows a number of absorption bands at 4500, 9300, 10150, 13200,
14000, 16000, 17000, 21000, 23200 and 27500 cm™. They were assigned to spin-allowed and spin-
forbidden dd-transitions of both octahedrally and tetrahedrally coordinated Ni**. These values differ
from the energies of bands a to f in the spectrum of Ghn-2. Lorenzi et al. (2006) measured the
diffuse reflectance spectra of synthetic blue and green Ni-bearing gahnite powders containing small
amounts of Al,O3 in the former and NiO in the later. The spectra of both samples show smiliar
absorption features in the lower wavenumber visible region to those in the spectrum of Ghn-2 (Fig.
3). Interpretations of their powder spectra and the precise gahnite color are difficult to make
because of expected band intensity differences between non-centrosymmetric tetrahedral and
centosymmetric octahedral Ni*" and the presence of NiO in the green smaple, respectively.

In spite of all this, we think that the absorption features in the spectrum Ghn-2 are related to
Ni?". However, we cannot determine whether the Ni*' is octahedrally or tetrahedrally coordinated or
perhaps both. The absorption features also cannot be interpreted fully using Tanabe-Sugano (T-S)
diagrams for either d® or d* electronic configurations (d* corresponds to Ni*" in a tetrahedral crystal

field - Sviridov et al. 1976, Burns 1993). We analyze the various issues. Sakurai et al. (1969)

10
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assigned their measured bands at ~4500 and ~9300 cm to the 'YNi** spin-allowed transitions T,
(’F) — °T, CF) and °T; (°F) — T, P), respectively. This agrees with an analysis using a Tanabe-
Sugano diagram for the electronic d* configuration (Java applets 2022) with a crystal field splitting,
A, equal to 5040 cm™ and a Racah parameter B value of 356 cm™'. If this is the case, the
wavenumber of the third spin-allowed transition *T; (°F) — *A, (°F) should be about 9548 cm™',
which is a little higher than that for band T1 CF) = *T) CP) that has a value of ~9300 cm’’
(Supplementary Fig. 4). This means, in contradiction to the interpretation of Sakurai et al. (1969),
who assigned the band at ~17000 cm™ to the latter electronic transition, no spin-allowed band of
"Ni** should be expected at energies greater than ~9550 cm™. It follows, therefore, that the broad
and relatively intense bands ¢, d and f (Fig. 3) would be best assigned to spin-allowed transitions of
VINi**. We consider this possibly now.

Assume that band a at ~10000 cm™ (Fig. 3) is, as assigned by Sakurai et al. (1969), the spin-
allowed transition 3A2g -7 T CF) of V'Ni*" (Supplementary Fig. 4). Burns (1993 - Tab. 5.19), who
refers to the results of Reinen (1970)", gives a similar value of 9800 cm™ for this band. A second
spin-allowed transition of V'Ni*", ? Az — 3T1g (’F), is assigned to a band at ~16000 cm™ (Sakurai et
al. 1969; Burns 1993) and here A = 9800 and B =907 cm™ (Burns op. cit.). We calculate for the d®
configuration A = 9797 cm™ and B =907 cm™ (Java applets 2022), which is in excellent agreement
with the proposed values. Finally, the third possible spin-allowed transition of V'Ni*", 3 Arg — T, e
(*P) should have a wavenumber of ~27009 cm™. Burns (1993) and Sakurai et al. (1969) assigned
this transition to a band at 27000 and 27500 cm™, respectively. Assuming that the first transition
3 Ayg — 3T2g (*F) does have an energy of 10000 cm™ (i.e., band a in Fig. 3), our measured intense
band c at ~16790 cm™ could be assigned to * Ay — T, ¢ (°F). Similar calculated values are obtained

using a Tanabe-Sugano diagram for an electronic d® configuration (Java applets 2022) taking A =

! There are differences between the reports of Reinen (1970) and Burns (1993 - Tab. 5.19). The
former studied ZnGeOy spinel and the latter refers to MgAl,O4. This results in calculated values of

A of 9500 vs. 9800 cm™ and B of 860 vs. 907 cm™, respectively.
11
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10000 cm™ and B = 1200 cm™. Our calculated energy of the third spin-allowed transition, 3A2g -
3 T, (’P), is then ~31222 cm’'. However, the broad and intense band f, which is probably a spin-
allowed transition (Fig. 3), appears at a lower energy around 26140 cm™.

Summarizing our analysis, the spectrum of Ghn-2 cannot be interpreted well by Tanabe-
Sugano diagrams either for electronic d® or d* configurations. The narrow b and e lines should be
field-independent transitions (e.g., Manning 1968, Bersuker 2010). Therefore, their energy levels in
T-S diagrams should not change as a function of crystal field splitting as in the ground state
electronic levels *T; ("“"Ni*") or 3A2g ("'Ni*) - (Supplementary Figs. 4 and 5, respectively).
However, it appears that there are no such levels having the appropriate energies. For the Tanabe-
Sugano diagram of 'VNi*" (Java applet 2022 - d* configuration), 'E; ('G) has a wavenumber of
15713 cm™ and is, therefore, similar to that of absorption line b with a wavenumber of 15790 cm’.
However, its energy should be strongly a function of crystal field splitting (Supplementary Fig. 4)
and, thus, a band assigned to °T; CF) — 'E ('G) should be relatively broad.

It is possible that Ghn-2 could also contain some Ni*" and, therefore, we consider the
electronic behavior of this cation as well. Once again, the literature on the optical absorption spectra
of Ni**-bearing phases is limited and even less so than that case for Ni*'-containing phases. In an
early investigation, McClure (1962) measured a number of absorption bands including two features
at ~16500 and 19600 cm™ in the spectrum of synthetic Ni**-bearing corundum. He assigned them to
spin-allowed crystal-field transitions of Ni**. However, there is no indication of the latter band in
the spectrum of Ghn-2 and the former could be masked by band ¢ (Fig. 3). The diffuse reflectance
spectrum of Ni3+-bearing LaAlOs; perovskite (Sanz-Ortiz et al. 2011) shows a broad absorption
envelope with structure having different maxima at about 20000, 24000 and 29000 cm™ and, in
addition, a broad band at 39300 cm™. All of them were assigned to spin-allowed electronic
transitions of Ni*" of low-spin configuration and they are different in energy from the bands
observed in Ghn-2. The spectra of Ni-doped gadolinium-gallium garnet, containing both Ni*" and

Ni*" (Vasileva et al. 2012), are also different than that of Ghn-2. These workers assigned bands
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between ~10900 and 5200 cm™ to Ni*“and Ni**, whereas in the spectrum of Ghn-2 all bands occur
at higher energies in the visible region except for the one located at ~10000 cm™ (Fig. 3). Thus, we
find no evidence for Ni** in gahnite sample Ghn-2.

To conclude, we think the observed bands labelled a to f (Fig. 3) in the spectrum of Ghn-3
are caused by Ni*". The different bands and their proposed assignments are listed in Table 2. The

same is done for the other transition-metal-bearing gahnite samples discussed below.

Spectra of pink and purple gahnites. Gahnite samples Ghn-3 to Ghn-9 are all predominantly Cr-
bearing and they contain some Ni as well, based on microprobe analysis. In a couple of cases, the
amount of Ni is very low though, about 0.001 apfu and, here, the uncertainty might be greater than
given by simple standard statistics (Indeed, the UV/Vis /IR spectra appear to provide a better
determination of whether Ni is present). This may hold true for other very minor elements as well.
The various microprobe-based compositions are given in Table 1.

The spectra of Ghn-3 to Ghn-8 are shown in Fig. 4. The spectra of different Cr**-bearing
spinel species have been published and analyzed. We discuss these first and then we come to our
gahnites. Synthetic Cr’*-doped MgALO, and ZnAl,0,, for example, have been studied (e.g.,
Hélenius et al. 2010, Verger et al. 2016). Their predominant absorption features are two broad and
intense bands with maxima at about 18430 and 25870 cm™. They were assigned to the spin-allowed
4A2g - 4T2g (4F) and 4A2g — T o (4F) electronic transitions, respectively. Another absorption
feature (i.c., shoulder) was also observed at ~24200 cm™. It results from the splitting of the excited
4T1g (*F) level in a slightly distorted octahedral field of point symmetry Dsq (Wood et al. 1968). The
splitting of 4T2g (*F) is much less and, therefore, it takes on a skewed band shape (Hélenius et al.
2010). In terms of our gahnites, only Ghn-6 exhibits a spectrum very similar to the published Cr**-
bearing spinel spectra. That is, two intense spin-allowed bands with maxima at ~18800 and ~25650

cm’' and a shoulder at ~24200 cm™ are observed (Fig. 4).
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Spin-forbidden transitions of Cr’* are not observed in the spectra of our Cr’-bearing
gahnites. We do comment, though, on their occurrence in various published spectra of other spinel
phases. Narrow absorption lines, termed R; and R, (i.e., a doublet), with maxima at about 14650
and 14960 cm™ were observed in the spectrum of Cr**-containing MgALO4 recorded at 77 K (Wood
et al. 1968). They were assigned to the split spin-forbidden 4A2g - 2Eg (*G) transition of Cr’". The
spectra of synthetic MgAl,04-MgCr,04 and ZnAl,04-ZnCr,04 spinel solid solutions (Ikeda et al.
1997, Hélenius et al. 2010, Verger et al. 2016) show a relatively broad and weakly asymmetric band
with a maximum at about 15000 cm™ for more Cr’ " -rich compositions. At low Cr’* contents, it is
absent. The intensity of this band increases in a non-linear fashion with increasing Cr** content in
the spinel. Verger et al. (2016) assigned this broad and asymmetric feature to the spin-forbidden
4A2g — T, ¢ transition. We note that its energy, as given by the Tanabe-Sugano diagram for the
electronic d* configuration (e.g., Burns 1993 - Fig. 5.24), is similar to those of the R, ;lines. We
propose, therefore, that the differences in the intensity and broadness of the absorption feature or
features at roughly 15000 cm™ reflects a Cr’*-Cr’" exchange pairing interaction in the spinel
structure. Absorption behavior is, therefore, strongly composition dependent. Why this feature is
not observed, however, in the spectrum of synthetic end-member MgCr,0, spinel (Taran et al.
2014) is not clear.

Returning to the analysis of the spectra of our other Cr’-bearing gahnites, namely Ghn-3 to
Ghn-8, but not Ghn-6, we note that a number of weak absorption features with maxima at about
10000, 15800, 17000 and 28650 cm™ are observed (Fig. 4 - and marked by red arrows). Ratios of
band intensities are similar for all spectra, indicating that these transitions have the same physical
origin. In addition, the intensities of these bands are a function of the measured Ni contents, for
example, the line at ~15800 cm™ (Supplementary Fig. 6). Therefore, we think that all these weak
absorption features are Ni-related electronic transitions. Furthermore, the three most intense bands
correspond to the a, b, and cbands of Ni*" observed in the spectrum of Ghn-2. Note, also, that band

b in Fig. 4 has an apparent doublet-like structure similar to that observed in Fig. 3. The higher
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wavenumber Ni*" bands d, e and f observed in the spectrum of Ghn-2 are presumably obscured by
the broad intense spin-allowed band *A,, — *T14 (*F) of Cr’" in the spectra of samples Ghn-3 to
Ghn-8. The spectra of the two most Ni-rich samples, Ghn-3 and Ghn-5, also show a very weak
absorption feature at ~13010 cm™. It is not observed in the spectrum of Ghn-2 because the Ni
content is too low.

Because we have no information on the original intent of the gahnite synthesis experiments,
it is not possible to determine whether nickel oxide was added deliberately to the starting mix of a
number of samples in order to affect the crystal color or whether it was an unintended contaminant.
In terms of color, Dunin-Bartkovskiy et al. (1972) proposed that the purple color of these gahnites is
a result of the presence of Cr and Cu. However, the measured spectra do not show any sign of spin-
allowed bands of Cu®" in the visible and NIR regions and no Cu was detected by microprobe

analysis (Table 1).

Spectra of blue gahnites. Gahnites Ghn-10 and Ghn-11 show more intense blue colors compared
to crystal Ghn-2 (Supplementary Fig. 1). The microprobe analyses of the former two samples
indicate very minor amounts of the transition metals Mn, Co and Ni that may possibly lie just above
the level of detectability (Table 1). The optical absorption spectrum of Ghn-11 is shown in Fig. 5
(the spectrum of Ghn-10 is similar and is not shown). It shows two broad and intense absorption
features centered at about 7400 and 17000 cm™ and having superimposed fine structure. The
spectrum is similar in appearance to that of a natural Co-bearing gahnite, ignoring the Fe-related
bands of the latter (Taran et al. 2009). The two major bands in the spectra of the synthetic crystals
are also assigned to the spin-allowed *A; = T (*F) and *A, — *T, (*P) electronic transitions of
VCo®* of d” configuration, respectively. According to Bosi et al. (2012), a relatively weak spin-
allowed A, — *T, (4F ) band occurs at about 4000 cm’ in the spectra of synthetic (Mg;xCox)AL,O4

spinels. We did not make measurements down to these lower wavenumbers.
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The fine-structure splitting shown by the two spin-allowed bands is caused by spin-orbit
interactions and is often observed in the spectra of C02+-bearing phases (Taran et al. 2009 and

references therein).

Spectra of yellow to orange gahnites. Three differently yellow to orange colored gahnites, Ghn-
12, Ghn-13 and Ghn-14, were studied. Their compositions are given in Table 1 and Mn is the most
abundant transition metal. Their spectra are shown in Fig. 6 and all three are similar in appearance
in terms of the various absorption features. The spectra show absorption in the higher wavenumber
visible region that increases moving into the UV. Because manganese is the most abundant
transition metal in these crystals, this broad feature is interpreted as being the low-energy edge of a
very intense O — Mn®" charge transfer band whose maximum lies in the deeper UV region. A
number of absorption weaker bands and lines are superimposed on this edge. How can they be
assigned?

Consider first the spectra of a flux-grown end-member galaxite, Mn>*ALO4 (Halenius et al.
2007), various composition spinels belonging to the (Mg.,, Mn**;)Al,Oy binary (Hélenius et al.
2011) and a melt-grown Mn*"-bearing MgA 1,04 spinel (Jouini et al. 2006). All spectra are similar
in appearance and they show five spin-forbidden transitions arising from tetrahedrally coordinated
Mn”". Hélenius et al. (2007) analyzed the spectra of a number of different Mn”*-rich compounds as
well and they noted, once again, that five spin-forbidden bands are observed.

The spectra of gahnites Ghn-12, Ghn-13 and Ghn-14 display, in comparison, at least seven
bands some of which are narrow and weak (Fig. 6). They are labelled g, h, i, j, k, | and mand they
have maxima at about 20730, 21810, 23190, 23440, 23780, 25220 and 27190 crn'l, respectively.
Bands g and h can be assigned to the field-dependent transitions ‘A, (6S) - T, (4G) and “A, (6S)
T, (*G), as given in Table 2, and their wavenumbers indicate tetrahedral coordination of Mn?**
(e.g., Sviridov et al. 1978). “Band” h shows structure and consists of at least three weakly resolved

components. In the spectrum of end-member galaxite (Halenius et al. 2007) it appears as single
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Gausian-like absorption band, labelled v, and having a wavenumber of 22250 cm™. “Band” i also
shows some structure, that is a doublet with two maxima at ~23120 and ~23230 cm’. Both “band” i
and band j have wavenumbers typical for the field-independent A, — *Ay, *E (*G) transitions of
tetrahedrally coordinated Mn2+, where “band” i corresponds to Ay > ‘E and | to °A; — *A;. In the
spectra of galaxite (Halenius et al. 2007) and Mn>'-bearing s.S. spinels (Jouini et al. 2006, Halenius
etal. 2011), °A; — *Ay, “E (*G) is characterized by just a single band at about 23400 cm™. The
precise nature of this electronic transition in the various spinel species may be related to the
symmetry of the local Mn>"O, tetrahedra in their respective crystal structures. Our Mn*"-poor
gahnites may possibly have Mn?'0, groups somewhat distorted from Ty symmetry causing A —
*A; and °A| — “E to have slightly different energies.

The nature of band k is not fully clear. An assignment to the °A; — *T, (*I) transition is
unlikely because it should be weaker because AS = 2, than spin-forbidden transitions with AS =1
given, for example, by the bands g, h, i, j and |. To the best of our knowledge, this transition of
energy 23780 cm™' has not been observed in the spectra of any Mn?*- or Fe**-bearing compounds®.
The narrow band | at ~25200 cm™ can be assigned to the transition °A; — *T, (‘D). Its energy is
lower than that of a band at 25970 cm™ observed in the spectrum of galaxite (Halenius et al. 2007).
Band mat ~27190 cm™ in the spectra of Ghn-12 and Ghn-13 (Fig. 6) occurs as a weak feature
superimposed on the intense high-energy ligand-metal absorption edge. It is assigned (Table 2) to
the field-independent transition °A; — “E (‘D). It is observed at about 27780 cm™ in the spectra of
end-member galaxite (Hélenius et al. 2007) and Mn*"-doped MgA1L,Oy4 spinels (Jouini et al. 2006).

Bosi et al. (2007) assigned two broad absorption bands at 21200 and 10800 cm’, occurring
on an intense high-energy edge in the spectra of Mn-rich MgAl,O4-MgMn,04 solid solutions, to
spin-allowed crystal-field transitions of octahedral and tetrahedral Mn’*, respectively. Because there
is no indication of an absorption band at about 10800 cm™ in the spectra of gahnites Ghn12 - Ghn14

(Fig. 6), we assume that only a small amount of manganese in the crystals could occur as ¥'Mn’". It

2 3+ 2+ 5 . .
Fe™ and Mn"" have a d’ electronic configuration.
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could substitute for Zn at the tetrahedral site and contribute to the intense UV absorption edge at
about 21000 cm™.

We note that in all three of our gahnites, Ghn-12, Ghn-13, Ghn-14, there are small but
measurable amounts of Fe (Table 1). It may occur as Fe*" and, thus, cause increased absorption in
the UV region due to the presence of an intense O — Fe’* ligand-metal charge-transfer band. This
may also explain why the spectrum of synthetic end-member iron-free galaxite (Halenius et al.
2007) shows very weak absorption between 20000 and 25000 cm™, although its Mn content is one

order of magnitude greater than that in Ghn-12, Ghn-13 and Ghn-14.

Analysis of crystal field and Racah parameters. Electrostatic repulsion occurs among electrons in
an atom. For an ion in the free state (i.e., A =0 or Dg = 0), the total interelectronic repulsion can be
described by the so-called Racah parameters A, B and C. For crystals, B and C can be calculated
from the measured energies of the field-independent Mn*" spin-forbidden electronic transitions A
—*A1, *E (*G) and °A; — *E (*D), as described by Moore and White (1972) and Halenius et al.
(2007). We analyze and discuss the value of these parameters in Appendix II (supplementary

information).

Spectra of green gahnites. Gahnites Ghn-15 and Ghn-16 have Fe as the most abundant transition
metal (Table 1). The spectra of both are shown in Fig. 7. They differ in appearance from the spectra
of flux-grown MgA1204-Fez+A1204 solid solutions (Halenius et al. 2002), but are similar to the
spectra of natural type II S.S. spinel-hercynite and gahnite-hercynite solid solutions (Taran et al.
2005). Spectra of the latter system showed various spin-forbidden bands that were assigned to
single, “isolated” "VFe*" and Y'Fe®" ions, and also bands reflecting local Fe?*-Fe®* pairs indicating
electronic exchange coupling. The coupling occurs between iron cations located in adjacent

octahedral and tetrahedral coordination sites.
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The spectra of Ghn-15 and Ghn-16 indicate different electronic transition types. At the
highest wavenumbers, the low-energy edge of a very intense ligand-metal charge-transfer
absorption feature, possibly O — Fe®" and/or 0> — Fe*', is observed. In the NIR region
absorption related to the high-energy flank of a spin-allowed °E — T, band of "VFe*" (Taran et al.
2005) occurs. Between these two intense absorption features, a number of weaker bands can be
observed. A number of them are labeled as r, g, p, 0 and n (note that band 0 is not observable, but
can be obtained through curve-fitting the spectra of natural spinels) and they are assigned to various
spin-forbidden transitions of Fe*". The narrow band q is typical for a field-independent transition
and it can be assigned to °A;, — ‘A, *Eg (*G) of V'Fe’" (Taran et al. 2005). The sharp peak at
about 22000 cm™ is diagnostic of Fe** in minerals (Burns 1993). The intensity of band ¢ could be
enhanced by “borrowing” some intensity from an O — Fe’* charge-transfer transition in the case
their energies overlap. Its intensity could also be increased through electronic exchange involving
coupled Fe**-Fe?" pairs, as could those of the other Fe** bands as well (Taran et al. 2005, Andreozzi
et al. 2019). A second field-independent transition, °A1g - 4Eg (‘D) of Fe*, at higher energy could
be expected from the Tanabe-Sugano diagram for the electronic 3d’ configuration, but it is probably
obscured by the very intense O — Fe’" charge-transfer edge. In the spectra of Fe’-bearing
minerals a narrow band appears between 26000 and 27000 cm™ (Burns 1993) and is frequently
more intense than the band °A;, — *A,, ‘E, (*G). Band r (Fig. 7) is likely the °A s — *“Ts, (‘D)
transition of V'Fe**, which is typically much less intense than the two above noted field-independent
bands °A;; — *Ag, *E, (“G) and °A 1, — E, ('D). The relatively broad bands n and p may be spin-

Vi 3+
Fe

forbidden 6A1g - 4T2g and 6A1g - 4T1 ¢ transitions of , whose intensities are affected, once

VIEe**- VFe?" pair interaction (Taran et al. 2005). Band 0 may be a split component of

again, by a
the 6A1g — T ¢ transition of VIEe®, caused by trigonal distortion of the octahedral site in the spinel
structure (point symmetry 3 m) (Taran et al. 2005).

Because other transition metals occur in very low concentrations (0.002 a.p.f.u. or less)
based on the microprobe results, the weak absorption features at ~17260, 18030 and 19600 cm™ are
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also probably related to Fe (Fig. 7 and shown by red arrows). They may possibly be spin-forbidden
bands of single, “isolated” Vpe?* cations, although, as noted by Taran et al. (2005), who observed
similar absorption features in the spectra of a natural spinel of type I, their intensity does not
correlate well with iron content. They could not exclude that they could be caused by the presence
of VCo*". As discussed above, the spin-allowed bands of "VCo®" are intense, see (Fig. 5), even at

very minor concentrations of cobalt.

Colorimetric analysis

In terms of spinel, as best we know, color calculations have only been made on synthetic
Zn(Aly,Cr' )0y crystals obtained on powder diffuse reflectance spectra (Verger et al. 2016). We
consider, here, the color of our gahnites using their single-crystal optical absorption spectra in the
visible region together with the CIE 1931 color-space-chromaticity diagram. This allows a
quantitative description and analysis of the different crystal colors.

Figure 8 shows the loci of the colors for the different transition-metal-doped gahnites of this
work as well as that of end-member galaxite (Hélenius et al. 2007) all normalized to a sample
thickness of 0.5 mm. A photo of twelve gahnite platelets of approximately 1 mm thickness
(Supplementary Fig. 1), which was made under day-light illumination, allows a comparison of
calculated and observed colors. To describe chromaticity with the CIE diagram, the dominant
wavelength, Ay, and the hue saturation value, p, are better suited than the parameters X and y. A, (or
the complementary A") give the dominant spectral hue (or purple colors that are mixtures of red and
blue). The hue saturation parameter, p., gives the amount of spectral color (or various purple
colorations) that is mixed with white light (point C) needed to reproduce a given color having the
coordinates x and y. It can vary between 0 and 1 in value. What can be concluded in terms of the
colors of the different gahnite crystals investigated here?

Both the Ni-doped (Ghn-2) and Co-doped (Ghn-10 and Ghn-11) gahnites have a

predominant blue coloration. The former sample has a weak greenish tint with A, = 498.5 nm
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compared to the two latter crystals that are distinctly deeper blue with Ax= 480.5 nm. Its low p;
value of 0.01 indicates that the color is pale. The colors of Ghn-10 and Ghn-11 show higher
saturation and their p. values are 0.20 and 0.22, respectively. Therefore, they plot farther from the
locus C than Ghn-2 (Fig. 8). Although Ni-bearing and Co-bearing gahnites are both blue, their
spectra are very different. In the case of Ghn-10 and 11, the spin-allowed ‘A, — *T; (‘P) Co*"
transition gives rise to a broad band that absorbs the green, yellow, orange and red components
(Fig. 5) of the white illuminating light. Blue, and to a lesser extent violet radiation - whereby the
latter is less sensitive to the human eye than the former - are transmitted. The spectrum of Ghn-2 is
very different. The spin-forbidden absorption bands of Ni** (Fig. 3) are much weaker compared to
the spin-allowed Co®" band in the visible region. Transmittance is greatest in the blue region and,
partly but less so, in the green and yellow regions. A weak greenish blue coloration result.

The loci of the six studied Cr**-(Ni*")-bearing gahnites are located below C in the purple
region (Fig. 8). Their crystal colors are largely determined by the two intense spin-allowed
transitions of Cr’" with their absorption centered in the violet and green regions. The pink-red color
of Ghn-6, whose sole transition metal is Cr’" as based on spectroscopy, is the simplest to interpret.
The spectra of the other gahnites of this series show the presence of Ni*" and they affect the crystal
colorations. These gahnites are shown from right (Ghn-6) to left (Ghn-5) in Fig. 8. Their color
variations reflect the degree of transmission of red light due to the presence of the two Ni**
absorption bands ¢ and b. The A’ values vary from ~499 nm for Ghn-6 to ~561 nm for Ghn-5. The
values of color saturation, p., are rather low, varying from 0.08 for Ghn-7 to 0.17 for Ghn-5.

The three Mn2+-bearing gahnites, Ghn-12, 13, and 14, have spectra that are complex,
showing a number of absorption features. The O — Mn*" charge transfer edge and the different
spin forbidden bands lead to absorption above 19000 cm™ in the higher energy part of the visible
region. The calculated colors of the three samples are yellow-orange with varying tints and
saturations. The values of Ax and p. are 574.5 nm and 0.28 (Ghn-12), 575 nm and 0.33 (Ghn-13),

and 576 nm and 0.49 (Ghn-14). The color of end-member galaxite was calculated using the
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spectrum of Hélenius et al. (2007), which was digitalized, and it is shown for comparison. It has a
Mk value of ~573 nm, which is the closest to the green region of the four Mn>*-containing spinels.
Its pe value of ~0.58 is the largest of all the samples and reflects its high Mn?®* content.

The spectra of Fe-bearing gahnites Ghn-15 and Ghn-16 show varying absorption over the
entire visible region. This arises from the low-energy oxygen — Fe charge transfer edge and the
different spin-forbidden Fe bands of various energies. The colors of the two crystals mainly arise
from the relatively low absorption in the two windows of light transmission occurring in the green
and blue regions centered at about 22500 and 20000 cm™, respectively (see Andreozzi et al. 2019,
their Fig. 10). The loci of Ghn-15 and Ghn-16 have the same A value of ~564 nm, but they differ in
their p. values of ~0.06 and ~0.23, respectively.

In closing, we note that the two-dimensional CIE color diagram cannot fully describe the
true colors and nuances of coloration of different gahnite crystals because color should be
represented three dimensionally. The third important coordinate is brightness Y (see “Color and
color simulations and calculations” — see Appendix I) and it is not considered in this analysis. The
use of Hex color labels overcomes, at least partly, this limitation.

For those interested in a detailed discussion of optical colorimetry, we recommend the

excellent treatment of Judd and Wyszecki (1963).

Implications

Owing to their various chemical and thermal stabilities, mechanical hardness, as well as
interesting electrical and thermomechanical properties, different composition spinels have or could
have a number of technological applications. They are also of importance as gems and for use as
pigments in paints. Crystal engineering is an ongoing research field and the spinel group provides a
vast compositional system for further investigation.

The results of this study show the need for more UV/Vis/NIR spectroscopic measurements
in order to understand more fully detailed crystal-chemical behavior that cannot, for example, be

provided by diffraction measurements. The nature and origin of crystal color was investigated and it
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was discussed how this can be done in a quantitative manner. Little work has been done on this
subject in the field of mineralogy. Other minerals and/or mineral groups, both natural and synthetic,
need investigation in this direction. Research needs to be done to make crystal color descriptions
more quantitative and to understand better the chemical and physical origins of color. Finally, we
note that more advanced model calculations than provided by simple crystal field theory and
Tanabe-Sugano diagrams are needed to interpret optical absorption spectra more completely and

correctly.
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Table 1. Gahnite sample labels, their platelet thicknesses used for spectroscopic measurement and their compositions.

a.p.f.u. (atoms per formuala unit) calculated on the basis of four O atoms*

Sample Th(ﬂ;rg: s

Al Cr Fe Mn Co Ni Cu Zn Total
Ghn-1 0.48 (3:882) b.d. (0%000014) b.d. b.d. (00.6000015) b.d. (82335) 3.000
oz | oo |5 gl we | o | o | oo Toe [ oo om
Ghn-3 0.72 (313§§> (8:8(1)?) (096000015) (096000012) (093)00012) (8:88?) b.d. (813(8)3) 3.001
Ghn-4 1.02 (é:ggg) (3:833) (096000014) (oo.booools) (09&?00029) (8:885) b.d. (823?);) 2.999
Ghn-5(c) 0.83 ((l):ggg) (8:8(3)3) (00.6000027) (096000015) b.d. (8:8342‘) b.d. (823(7)3) 2.999
Ghn-7 1.05 ((1)132;) (8:8(1);) b.d. (oo.boooolzt) (00.6000015) (8:88?) b.d. (8:(9)(9)% 3.000
Ghn-9 0.68 ((l):ggg) (8:8(1)515) (096000()28) (8:88%) (096000015) (096000()28) b.d. (8:(9)(9);) 2.998
Ghn-10 0.91 2.000 b.d. b.d. 0.001 0.001 0.001 b.d. 0.995 | 2.998
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(0.004) (0.0004) | (0.0004) | (0.0003) (0.004)
Ghn-11 | 109 o003 | ¢ | P9 | 0ooon | 00008 | 00006y | P | 0003 | 3000
Ghn-12 0.68 ((l):gg?t) (0?6000014) (8:8841‘) (8182?) (096000012) (096000014) b.d. (gigg) 3.000
Ghn-13(c-r) 0.60 ((l):gg?t) (096000015) (8:83?) (8:8(7);) b.d. (096000015) b.d. (8:3(2)(7)) 3.001
Ghn-14 0.82 (g:ggg) b (giggi) (8:8(9)2) b (8:88% b.d. (81332) 3.000
Ghn-13 1.05 ((l):gg?t) (096000014) (8:833) (096000014) b.d. b.d. b.d. (82332) 2.999
Ghn-16(c-r) | 0.81 ((1):33491) (096000015) (8:832) (0().6000015) b.d. (0%000028) b.d. (8:313) 3.000

(c) — core; (c-r) — intermediate between core and rim; n — number of point analyses;

*- the average value over n;

b.d. — below the detection limit (0.0007-0.0009 a.p.f.u. for Cr, Fe, Mn, Co, Ni, Cu); values in parentheses are the standard deviation.
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717  Table 2. Energies of the absorption bands measured in the optical spectra of the various transition-
718  metal-doped synthetic gahnites and their electronic dd-transition assignments (see text).

719

Samples & Spectra | Chromophore | Absorption band (¢cm™) | Electronic transition
Ghn-2 - Fig. 3 Ni** a: 10000 YNi**: 3A,, — °Ta, CF)
b: 15800 n. a.
c: 16790 YNi**: %A, — °Ty, CF)
d: 22210 n. a.
e: 23420 n. a.
f: 26140 n. a.
Ghn-3 - Ghn-9 Cr"and Ni** | a: 10000 YNi*: Ay — *Ta CF)
- Fig. 4 b: 15800 Ni*": n. a.
c: 17000 YNi**: Ay — °Ti, CF)
18470 Cr': Ay, — *Ty, (°F)
24000
25900 Cl‘3+2 4A2g % 4T1g (4F)
28280 Ni*": n. a.
Ghn-10 - Ghn-11 | Co”™ 6670 7
- Fig. 5 7030
7770 ‘A — T ('F)
7990
8150 J
16110
16850 ‘Ar— T (°P)
17260
18240 |
20960 ‘A (°F) - °T1 (CG)
Ghn-12 - Ghn-14 | Mn®" g: 20730 ‘Az (°S) = *Ty (*G)
- Fig. 6 21680
h: 21810 ‘Az (°S) = ‘T, (*G)
22240
23100
i: ‘A1 —‘E
23240
j: 23440 AL — A,
k: 23780 n. a.
I: 25200 °A1— *T, (‘'D)
m: 27190 A1 — ‘E (‘D)
Ghn-15 - Ghn-16 | Fe*"and Fe*™ | n: 10900 VIEe™: SA 1, — *To, (‘G)
- Fig. 7 o 1284218 VIFe™: *Atg— *T1,. (*G)
p:
17350 VEe?": n. a.
18040 VEe?: n.a.
19610 VEe*: n. a.
q: 21690 VIEe™: SA 1, — ‘A, ‘E.'G)
r: 23190 VIFe: °A 1, — Ty, (‘D)

720  n.a. - not assigned
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Figures

Fig. 1. Synthetic gahnites grown by the flux method. The size of the crystals varies from about 1.5
to 5 mm. Different types of habits and/or morphologies can be distinguished (all not necessarily
shown here). The first one, which is relatively rare, displays euhedral crystals with flat smooth faces
and sharp edges. The second, also rare, shows flattened (111) twins. A third rather unusual type,
shows octahedra having square pits at the vertices. The fourth, most common crystal type, includes
individuals with several triangular growth plates of variable thickness on {111} octahedral faces.
This gives rise to a stepped-like appearance. Aggregates of different crystal types can also be

observed.

Fig. 2. Cr, Mn and Fe concentration profiles measured from the center to the rim of crystals Ghn-5,
Ghn-13 and Ghn-16, respectively. The intensity of the red Cr-doped gahnites Ghn-3 to Ghn-9 is the
same through the crystals. The intensity of the orange Mn-doped gahnites Ghn-12 to Ghn-14 and

the green Fe-bearing gahnites Ghn-15 and Ghn-16 increases distinctly near the rims of the crystals.

Fig. 3. Optical absorption spectra of end-member ZnAl,0,4, Ghn-3 (below), and nickel-doped
gahnite, Ghn-2 (above). The spin-forbidden bands of Ni*" are labelled a to f and are shown by the
arrows. Calculated color labels are shown (in the following figures as well) and were obtained as

discussed in the text.

Fig. 4. Optical absorption spectra of chromium-doped gahnites Ghn-3 to Ghn-8. The spectra are
shifted vertically from one another for the sake of clarity. The three spin-allowed bands of V'Cr**
are marked by the black arrows. The bands of Ni*" (see Fig. 3 for comparison) are marked by red

arrows and labeled as for Ghn-2.

Fig. 5. Optical absorption spectrum of cobalt-doped gahnite Ghn-11.
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Fig. 6. Optical absorption spectra of manganese-doped gahnites Ghn-12, Ghn-13 and Ghn-14. The
color of synthetic galaxite, Mn>*Al,O,, with a thickness of 0.5 mm was calculated by digitalizing
the spectrum in Halenius et al. (2007). They state that the color of their galaxite with a thickness of

0.103 mm is yellow.

Fig. 7. Optical absorption spectra of iron-doped gahnites Ghn-15 and Ghn-16. The bands f, m, n, p
and q, as marked by black arrows, are assigned to spin-forbidden transitions of Fe’". They can be
intensified through electronic exchange with neighboring Fe* cations (i.e., local Fe**-Fe*" pairs).
The weak absorption features, indicated by red arrows and not labeled by letters, may be spin-

forbidden bands of “isolated” single "VFe?" cations.

Fig. 8. CIE 1931 color-space-chromaticity diagram (see Appendix I) showing the loci of the various
transition-metal-doped gahnites (Ghn 2 to 16) and that of end-member galaxite (G) calculated from
the spectrum of Halenius et al. (2007) that was first digitalized. C is the locus of the standard

illuminator and represents scattered Northern daylight.
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721  Supplementary Table 1. Chromaticity coordinates for the various synthetic gahnites.
722

Sample Chromaticity coordinates
X y Ak Pe
Ghn-2 0.306 0.318 497 0.013
Ghn-3 0.307 0.283 555 0.127
Ghn-4 0.321 0.293 519 0.113
Ghn-5 0.298 0.268 561 0.173
Ghn-6 0.335 0.298 500' 0.118
Ghn-7 0.316 0.298 528' 0.082
Ghn-8 0.325 0.295 508' 0.115
Ghn-9 0.322 0.302 505' 0.080
Ghn-10 0.266 0.280 480 0.186
Ghn-11 0.262 0.276 480 0.206
Ghn-12 0.358 0.373 575 0.281
Ghn-13 0.367 0.383 575 0.332
Ghn-14 0.398 0.416 576 0.502
Ghn-15 0.317 0.334 566 0.065
Ghn-16 0.331 0.388 563 0.251
Galaxite 0.400 0.440 573 0.574
723
724 ' — supplementary predominant wavelength for purple colors that do not have

725  monochromatic spectral analogous.

726
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781  Supplementary Figures
782
783  Supplementary Fig. 1. Photo of 12 gahnite crystals after the first stage of preparation (grinding and
784  polishing on both sides to a thickness of about 1 mm), still glued on the surface of a glass plate with
785  epoxy. At a later time, for spectroscopic measurements the samples were detached from the glass
786  plate and cleaned from epoxy, some crystals were re-polished, decreasing the thickness (see Table
787 1), which was done to allow improved spectroscopic measurement recordings. Four additional
788  samples (Ghn-3, Gh-9, Gh-12 and Gh-13) were likewise prepared and investigated.
789
790  Supplementary Fig. 2. The UV-VIS-NIR regions of the electromagnetic spectrum
791  (https://researchguides.library.wisc.edu/c.php?g=241913&p=1611659).

792
793  Supplementary Fig. 3. The CIE 1931 color space chromaticity diagram describing the dominant

794  wavelength, Ay, for the spectral colors and the supplementary wavelength, Ay”, for purple

795  colorations. The boundary curve is the spectral (or monochromatic) locus with wavelengths shown
796  in nanometers. The straight line gives the loci of the most saturated purple colors consisting of

797  mixtures of red and blue light. Here, there is no appropriate monochromatic Ay value and, therefore,
798  the value of the supplementary spectral color Ay” is used.

799

800  Supplementary Fig. 4. Tanabe-Sugano diagram for the electronic d* configuration. The dashed line
801  represents 'Ni*" in spinel MgAL,O, with a crystal field splitting of A = 5040 cm™ and the Racah
802  parameter B =356 cm™. The energy of the °T; CF) — *A; (°F) transition of 9548 cm™ is slightly
803  greater than that of 3T1 (3F) -3 T, (3P) 0f 9300 cm™'. The three levels 3Tl, 3T2 and 3A2 are shown by
804  bold lines because they have maximum triplet spin-multiplicity. Electronic transitions between them

805  are spin allowed.

806
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Supplementary Fig. 5. Tanabe-Sugano diagram for the electronic d® configuration. The dashed line
represents ' 'Ni>" in spinel MgAL,O,4 with a crystal field splitting of A = 9800 cm™ and the Racah
parameter B =907 cm™. The calculated energy of the spin-allowed transition 3A2g —°T, ¢ CP) is

27009 cm™'. The three levels *Aa,, *Tagand T are shown by bold lines because they have

maximum triplet spin-multiplicity. Electronic transitions between them are spin allowed.

Supplementary Fig. 6. Intensity of band b as a function of nickel content per-formula-unit for

gahnites Ghn-2 to Ghn-9 (Table 1). The line is a linear least-squares best fit to the data.
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Supplementary Appendix I

Color is caused by selective absorption of a given illuminating light when it passes through a
transparent substance or when it is diffusely reflected from the surface of non-transparent or powder
material. [lluminating light often consists of a mixture of different monochromatic radiation
occurring in the visible range (Supplementary Fig. 2) in such proportions that the human eye
perceives colorless white light. Upon passing through a transparent substance, different wavelength
radiation can be selectively absorbed or not and in varous amounts. This selective absorption of
radiation in the visible (Vis) region of the electromagnetic spectrum, which is located between the
shorter wavelength ultraviolet (UV) and longer wavelength infrared (NIR) regions, results in color.

A colorimetric system be analyzed based on the fact that any color can be reproduced
through the mixing of various combinations of other colors’. The mixing process can be
demonstrated, for example, by projecting various combinations of colored light beams onto the
same area of a diffuse reflecting white screen. Here, it can be shown that different combinations of
light and their amounts can give rise to the same resultant color. This mixing behavior can also be
shown through the blending of various combinations and amounts of colored pigments to produce
the same color of paint, for example. The way humans perceive color is a subjective psychological
phenomenon, because the precise spectral composition of the mixing colors does not play a role.

The number of combinations of different colors that can mix to produce a certain given
color is infinite. This fact is described by Grassman’s law, which governs the optical composition of
color. It gives the minimal number of colors necessary to reproduce any existing color through
mixing and is equal to three and is given by:

Co=aC; +bC, + cC;, (D),

*We omit any discussion of other types of colorimetric systems, for example, those, based on visual
comparison of a sample with color standards (e.g. the Munsel color system — Judd and Wyszecki

1963).
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where C,, C, and C; are the so-called independent colors. No independent color can be obtained
through the mixing of the other two. For instance, they may be red, green and blue. Grassman’s law
has no physical meaning because it describes the purely psychological aspects of visual color
perception. Following (1), any color, Cy, can be expressed three dimensionally and may be
represented by the sum of three independent color vectors C;, C, and C;, whose magnitudes can be
different (defined by the coefficients a, b and €). C,, C, and Cs are called the primary colors or the
color stimulus for a given colorimetric system.

The Commission Internationale de I’Eclairage (CIE) in 1931 adopted the first three-stimulus
colorimetric system termed RGB. The primary colors were red, green and blue having
monochromatic wavelengths of 700.0 (R), 546.1 (G) and 435.8 (B) nm, respectively. One has F =
rR+ gG + bB, whereby any color, F, can be made through a mixture of R, G and B taken in the
amounts r, g and b. A more convenient representation, where the color stimuli are only additive in
nature, and do not necessarily involve subtraction as in the case of some colors of the RGB system,
is given by the CIE colorimetric system XYZ. Here, the primary colors X, Y and Z are hypothetical
and they mix to produce any possible resultant color. This system arises through a mathematical
transformation of the RGB system. It is based on the same principles, namely, that any color can be
specified by the quantities of three different illuminations. The main difference of the XYZ system
from the RGB system is that the colors of its primary “illuminations” X, Y and Z exist only as
colorimetric equations. The colors themselves are not reproduced. The XYZ description forms the
basis of all modern colorimetric systems.

The primary colors X, Y and Z are represented by three orthogonal unit vectors and all
possible colors, obtained through their mixing, are contained within a closed color-space volume. A
color vector, F, can be written as:

F=xX+yY+zX (2),
where x’, y" and z” are the coefficients that define the relative amounts of X, Y and Z. Equation (2)

describes color quantitatively. For a description of color, the values of chromaticity and brightness
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986  are used. They express the qualitative and quantitative characteristics of color, respectively.

987  Chromaticity is defined by the coordinates:

988

989 X = ' X/ ' ’y = ' yv ' and Z= ’ Z/ ' (3)
X+y+Z X+y+Z X+y+Z

990

991  and, because X+ y+ z= 1, two coordinates suffice for its determination. Usually, X and y are taken.

992  The value of brightness is described by Y. It characterizes the visual perception of light

993  transmittance or reflectance (in the case of non-transparent diffuse reflection) of a substance. The

994  orthogonal chromaticity X-y diagram (Supplementary Fig. 3) is typically used for the illustration of

995  color. It is a two-dimensional projection from the (1,1,1) section in X-Y-Z space, where the

996  orientation of the main color axes is taken in a such way that the X + Y + Z = 1 plane gives a right

997 triangle. Here, all real colors lie in an area bounded by a curve that defines the most saturated

998  spectral colors of monochromatic illuminations in the visible range from 380 to 700 nm and a

999  straight line that connects the ends of this curve. This latter line is the locus of the most saturated
1000  purple colors. Point C is the locus of the standard white illuminator, C, representing dispersed North
1001  sky daylight.
1002 For a description of chromaticity, the dominant wavelength, Ay, and the color saturation
1003 value, p., are typically used. For example, for the color F; having the coordinates x; =0.32 and y; =
1004 0.6, A is about 554 nm and p.= CF;/CAx= 0.81 (Supplementary Fig. 3). Ax describes the dominant
1005  color, which is yellowish-green in this case. p. gives the amount of spectral color, Ax (dominant
1006  wavelength), which should be mixed with the color white, C, to reproduce the color F; having the
1007  coordinates x; and y;. In comparison, the color of F,, which does not have a dominant wavelength,
1008  is purple (i.e., a mixture of red and blue light). Its saturation value, p,, is given, once again, by p. =
1009  CF,/CP = 0.75. Instead of using Ay, the value of the supplementary spectral color A" ~ 502 nm is
1010  taken. All colors, which lay within the triangle defined by 380 nm, point C, and 700 nm

1011 (Supplementary Fig. 3), have an infinite number of purple colors that do not have spectral
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analogues. Therefore, their A" and p, values should be determined as done for color F,. For further

aspects behind the colorimetric system XYZ, the reader is referred to Judd and Wyszecki (1975).

Supplementary Appendix II

Halenius et al. (2007) undertook an analysis of the Racah parameters B and C and the crystal-field-
splitting parameter, A = 10Dgq, by considering the spectra of a number of Mn®" phases including the
spinel galaxite (Mn2+A1204). They labeled the various Mn?** spin-forbidden bands, typically five in
number, from v; to vs(see Table 4 in Halenius et al. 2007) with increasing wavenumber and gave
exact equations to calculate the energies of v and vs and approximate solutions for vi, v, and v4. In
terms of galaxite, B and C can be calculated from their eqns. (3) and (5) and Dq obtained from their
eqns. (1) and (2) and in doing this they obtained B = 627 cm™', C=3424 cm™ and Dg=592 cm’".
We note that eqns. (1) and (2) are not real in a strict sense, because if Dg = 0, the wavenumber of
both v; and v, would be infinite in value, instead of the case where both would have equal energies
corresponding to the electronic term *G (e.g., Burns 1993, Fig. 3.10). Taking the B, C and Dq
values for galaxite and inserting them into their eqns. (1) and (2), one calculates v; = 19167 and v,
=23389 cm’. If, alternatively, one calculates them from the energy matrices of Tanabe and Sugano
for the *T; and T, states of the electronic configuration d’ (i.e., Sviridov et al. 1976) and assuming
a Trees parameter of o = 0, one obtains v, = 19745 and v, = 22145 cm™'. These values agree better
with the experimental spectroscopic values for these transitions of 20300 and 22250 cm™',

respectively. Note also that when Dq = 0, one has v;=v,=23390 cm’! for the electronic term *G.
Similarly, the calculated wavenumber of 26529 cm™ for band v4 (i.e, the °A(S) - 4T2g (D)
transition) in galaxite, as obtained from its energy matrix, is closer to the experimental value 25970

cm” compared to the value of ~25271 cm™ calculated from eqn. (4) of Halenius et al. (2007).

However, in spite of the various differences, if one considers the uncertainties associated with
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1037  crystal-field and Racah-parameter theory, we think eqns. (1), (2) and (4) give roughly similar
1038  wavenumbers to those calculated using energy matrices.

1039 Assuming that the wavenumbers of the two field-independent electronic transitions °A; —

1040 “Ay, “E (“G) (band vs of Halenius et al. 2007), as given by the mean wavenumber value for bands i

1041  and j, and that the wavenumber value of band m (i.e., vs with 5A1(S) » “E (D)) - see Table 2 - we

1042 obtain for our Mn gahnites B =561 and C = 3530 cm™'. We also calculated the wavenumber for the
1043 two field-dependent electronic transitions °A; — *T(G) and — *T»(G), labled v| and v,

1044  respectively (Hélenius et al. 2007), in the gahnites studied here, using their energy matrices

1045  (Sviridov et al. 1976). Ideally, the calculated wavenumber values of v, v; and v4 should agree with
1046  their experimental values for the same value of Dq (c.f. Burns 1993 - Fig. 3.16). This is always the
1047  case for v; and vs, because they are field independent (i.e., a function of B and C but not of Dq) and
1048 B and C are calculated from their energies. However, we obtain an equivocal result for “T\(G) and
1049 *T,(G) that best agree with the experimental values of 20730 and 21910 cm™ for rather different
1050  values of Dq, that is, 472 and 596 cm™, respectively. Adopting a mean intermediate value of Dg =
1051 534 cm™, one calculates v; = 20213 and v, = 23251 cm™. They differ significantly from the

1052  experimental values of 20730 and 21910 cm™ (i.e., +517 and -1305 cm', respectively).

1053 Concluding, we think that the noted disagreements between experiment and theory in our
1054  analysis are mainly due to the fact that the tetrahedrally coordinated Mn®" in our gahnites is

1055  distorted from regular tetrahedral symmetry. This proposal is supported by the observed splitting
1056  and fine structure of the electronic bands °A; — *T, and °A; — *A,, *E (*G) shown in the spectra of
1057  Fig. 6 (see also Table 2). Therefore, the energy matrices that assume cubic symmetry (Sviridov et
1058  al. 1976) are not applicable. Moreover, we think that the Racah parameters B and C probably cannot

1059  be determined from the wavenumbers of the strongly split °’A; — *A;, *E (*G), i.e. i and j bands, and

1060  band m (Fig. 6) assigned to ®A(S) - ‘E (‘D). It is also of note that the ratio C/B = 6.3 significantly

1061  differs from the “typical value” of 3.5 obtained for various Mn”"-bearing phases (e.g., Burns 1993 -
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Table 11.1). This indicates that the Racah parameters B and C, based on our analysis and the use

energy equations for v3 and vs (Halenius et al. 2007), can not be determined quantitatively.
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