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ABSTRACT
The UV/Vis single-crystal absorption spectra of two almandine-bearing and several
spessartine garnets were measured and their respective Fe*" and Mn”" spin-forbidden
electronic transitions analyzed. Spin-forbidden bands of Fe’* are also considered, because
many aluminosilicate garnets contain some Fe*'. The spectra of the almandine-bearing garnets
were recorded at room temperature (RT) between about 10000 cm™ and 30000 cm™. The
spectrum of a nearly end-member spessartine (97 mol % Mn2+3Alzsi3012) was measured
between about 15000 cm™ and 30000 cm™ at RT and 78 K, the latter for the first time. The 78
K spectrum shows absorption features not observed at RT. Five additional spessartine-rich
garnets with different Mn®"/(Mn?" + Fe*") ratios, and two with unusual chemistries, were
recorded up to 26000 cm™'. The spectra of the two almandine-bearing garnets agree well with
published results and show a number of overlapping Fe?"" bands located between about
14000 and 25000 cm™'. The spectra were deconvoluted to gain more insight into the electronic
transition behavior. These results, together with an analysis of other measured spectra, reveal
several absorption features that were previously unrecognized or misassigned. The spectrum
of spessartine shows a number of Mn®" bands and most are clearly spaced from one another. A

2+/3+
and

synthesis of various UV/Vis spectroscopic results is made and assignments for the Fe
Mn** bands are attempted. The intensities of the Mn?" spin-forbidden bands and the ligand —
metal charge edge observed in the various spessartine spectra are discussed. Spectra of
almandine and spessartine have been interpreted using Tanabe-Sugano diagrams that are
constructed for cations in octahedral coordination, point symmetry O;. However, such as
analysis does not appear to be fully successful because Fe*" and Mn”" in garnet have triangular
dodecahedral coordination with point symmetry D,. The interpretation of the spectrum of

spessartine is especially problematic. An analysis shows that published model calculations of

Fe®" electronic transition energies in garnet are not in good agreement with each other and are
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also not in full agreement with experimental spectra. First principles calculations are needed to
better understand the spin-forbidden transitions of Fe**, Fe’* and Mn?" in garnet.
Key words: UV/Vis absorption spectroscopy, garnet, almandine, spessartine, spin-forbidden

electronic transitions, transition metals, crystal field theory.
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INTRODUCTION
Almandine and spessartine are commonly occurring aluminosilicate garnets with the ideal
end-member crystal-chemical formulas {Fez+3}[A12](Si3)012 and {Mn2+3}[A12](Si3)012,
respectively, where triangular dodecahedral {X}, octahedral [Y], and tetrahedral (Z) notations
represent the three special crystallographic cation sites and their polyhedral coordination in
space group la3d. Garnet is a remarkable phase in a number of ways and much research in
the Earth sciences has focused on the different rock-forming species of this group (Geiger
2013a). A crystal-chemical aspect of significance is the eight-fold or triangular dodecahedral
coordination of Fe** (a?6 ) and Mn?* (d’) by oxygen anions and the various physical properties
arising from this. Both cations are more typically bonded to six oxygens in an octahedral
coordination environment in the crystal structures of many oxides and silicates of the crust or
upper mantle.

Different types of electronic transitions in garnet, as expressed in the NIR/Vis/UV
regions of the electromagnetic spectrum, can result from the Fe** and Mn”" cations. The
transitions can be studied by optical absorption spectroscopy and they give information on
chemical bonding. There have been a number of spectroscopic investigations made to
understand the electronic transitions and bonding in almandine- and spessartine-bearing
garnets (e.g., Clark 1957; Manning 1967; 1972; Slack and Chrenko 1971; Moore and White
1972; White and Moore 1972; Runciman and Sengupta 1974; Runciman and Marshall 1975;
Smith and Langer 1983; Geiger and Rossman 1994; Geiger et al. 2000; Taran et al. 2002;
Khomenko et al. 2002; Taran et al. 2007; Krambrock et al. 2013; Platonov and Taran 2018).
Computational and theoretical studies relating to the Fe*" spin-forbidden (Zhou and Zhao
1984; Guo-Yin and Min-Guang 1984) and spin-allowed (Newman et al. 1978; Geiger et al.
2003) electronic transitions and their energies have been made. A lot has been learned over the
years, but many spectroscopic and crystal-chemical issues are not understood and much

remains to be done.
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In our UV/Vis spectroscopic investigation of almandine-pyrope (Mg3;Al,Si301;) and
almandine-spessartine solid solutions (Geiger et al. Part I), we measured a large number of
aluminosilicate garnets with different compositions. During the course of this work, it became
apparent that the precise nature of some spin-forbidden transitions of Fe*" and Mn®" is not
fully understood. In the case of almandine, several weak absorption features of both F e*" and
Fe’" were observed that were not considered in prior published spectroscopic investigations.
Prior assignments of a few spin-forbidden transitions are contradictory. A determination of all
Mn*" spin-forbidden transitions in spessartine-bearing garnets is also problematic because
UV/Vis spectra were only recorded at room temperature. Moreover, it has not been possible to
assign the transitions fully (Smith and Langer 1983). Because we studied a series of closely
binary almandine-pyrope, {Fe* 3,Mgs.3}[AL](Si3)O1,, and almandine-spessartine,
{Fe2+3an2+3_3x} [AL2](Si3)O12, solid solutions in a systematic and experimentally consistent
manner (Geiger et al. Part [), we could use variations in chemistry to better determine certain
absorption features. This type of investigation on such well-defined solid-solution systems was
not done before. Furthermore, it became apparent that computational investigations
concerning the energies and assignments of some spin-forbidden Fe*" electronic transitions
(Zhou and Zhao 1984; Guo-Yin and Min-Guang 1984) as well as Fe** (Wang et al. 1985)
contradict one another and also experimentally measured spectra.

In this report, we investigate the spin-forbidden transitions of Fe*" in two almandine-
bearing garnets (i.e., one almandine and one pyrope crystal) and Mn®" in several
compositionally different spessartine-rich crystals using UV/Vis single-crystal absorption
spectroscopy. Spectra are measured and deconvoluted as needed. An effort is made to achieve
an up-to-date synthesis of older published and our new experimental spectroscopic results.
Assignments for the observed and fitted absorption bands are made. A critical analysis is made

that considers the number and energies of measured Fe*" spin-forbidden transitions versus
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those calculated from the theoretical studies. The spectrum of nearly end-member spessartine
was recorded at low temperature (i.e., 78 K) for the first time. The results are used to analyze,
adopting crystal field theory and a consideration of the spectra of other Mn”" phases, the
various possible Mn®" spin-forbidden electronic transitions. In addition, five spessartine-rich
garnets with different Mn®"/(Mn®" + Fe®") ratios, some of whose spectra show unusual and
poorly understood absorption features, are examined and discussed. The role of V'Fe*" in the
UV/Vis spectra of aluminosilicate garnets is also considered, inasmuch as it often occurs in

relatively small concentrations in almandine, pyrope and spessartine.

SAMPLES AND EXPERIMENTAL METHODS

The garnets used in this investigation are described in the first part of our investigation
(Geiger et al. - Part I). The spectroscopic set-ups and measurement details are also given in
this report. Care was taken to prepare crystal platelets of the necessary thickness in order that
various absorption features were correctly recorded.

The deconvolution and curve-fitting analysis of the spectra were done using Jandel
Scientific Peakfit 4.11 software. All the spin-forbidden bands were assumed to have Gaussian
shapes. Based on our experience, the intense ligand-metal (L-M) charge-transfer (C-T) low-

energy absorption edge is best fit using a combination of Gaussian-Lorentzian line shapes.

RESULTS

The UV/Vis single-crystal spectra of two almandine-bearing garnets, one almandine (Lind 3 -
{Fe2+z‘05Mg0.91Ca0.03} [Al goF e3+0‘02Ti4+O‘01]Si2~99012) and one pyrope (Turtle Land Mine
17405762 - {Mgs.19Fe*"069Ca0.13} [Al1 00Fe*0.08Cr> 0,01 Ti* "0.01]Si3.00012) and their fits are
shown in Figure 1. Spectra of a nearly end-member spessartine (GRR 43 -

{Mn*" s5Fe* 0,10} Al 02Si3,00012), recorded at 78 and 293 K, are shown in Figure 2. Figure 3

shows the spectra of five spessartine-rich crystals with different Mn®"/(Mn*" + Fe*") ratios
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(other cations are ignored in this ratio and two samples are of unusual chemistry - see

discussion below). All spectra are given in terms of linear absorption coefficient per cm.

DISCUSSION
UV/Vis spectra of almandine-bearing garnet and fitting of spectra
Spin-forbidden Fe** transitions. We focus our analysis primarily on the various spin-
forbidden electronic absorptions of the measured spectra. Consider the spectra of two garnets,
one almandine and the other an almandine-bearing pyrope (Fig. 1). The early and wide-
ranging experimental spectroscopic investigation of Moore and White (1972) provides a
starting point for our analysis. They measured the spectra of a number of different
composition silicate garnets including several almandines and some spectra were recorded at
78 K. They labeled, using letters of the alphabet between “a” and “r”, their observed bands
(spin forbidden ones between 14000 and 27500 cm™) and attempted to assign the various
electronic transitions. Runciman and Marshall (1975) recorded the UV/Vis spectrum of a
garnet with about 82 mol % almandine and 2.7 mol % spessartine at 17 K. Most bands narrow
and the spectroscopic resolution increases at lower temperatures. Smith and Langer (1983)
measured the UV/Vis spectrum of a synthetic almandine crystal and assigned their observed
bands.

Our two measured room-temperature spectra are, in large part, in agreement with these
published results. We make, though, an up-to-date analysis on the full number of possible
bands, their transition assignments and energies and this differs from previous investigations.
Some absorption features that were not observed or considered before are described. Our
spectroscopic curve fitting reveals new information. We also consider computational studies,
published after the three experimental works noted above, that were made to calculate Fe**
electronic transition energies (Zhou and Zhao 1984; Guo-Yin and Min-Guang 1984). Table 1

attempts to summarize the various and extensive experimental and computational results.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8500. http://www.minsocam.org/

The spectra of almandine-bearing garnets show that the lower energy Fe*" spin-
forbidden bands d to h are well pronounced (Fig. 1 and see also Fig. 2 in Geiger et al. Part I -
submitted). The bands d, e, f and g are broader than those at higher energy. The presence of
band i is expressed as a weak high-wavenumber shoulder on the intense band h (band i is more
pronounced in spectra of almandine measured at 78 K, Moore and White 1972, and 17 K,
Runciman and Marshall 1975). Absorption feature j needs special comment, as it is weak and
poorly defined in some garnet spectra. Moore and White (1972) assigned j to a spin-forbidden
band of Mn?". However, it can be observed in the spectra of garnets with no measurable Mn?*
(e.g., Lind 3 - Fig. 1). In addition, it can be obtained in curve fits (see below). This weak
feature could, therefore, be related to Fe*" (and it is given as j* in Table 1). Bands k and q
appear to be weaker in intensity than bands d to g and are best observed in the spectra of
almandine-rich garnets. A few almandine spectra (e.g., GRR 3256 - Geiger et al. - Part I)
appear to show a weak shoulder on the high-wavenumber edge of band k. Runciman and
Marshall (1975) considered this small absorption effect to represent an electronic transition.
We do not consider it further. Finally, there appears to be weak absorption occurring between
band m and q at about 24200-24300 cm’ (Fig. 1). Moore and White (1972) observed a feature
or features (their bands o and p) in this wavenumber region for an almandine garnet recorded
at 78 K. They assigned it to a Mn?* spin-forbidden transition(s) (however, the most intense
Mn*" spin forbidden band in spessartine, labelled band p by them, occurs between 24300-
24600 cm™ - see section on spessartine below). Because we observe this weak feature at
24200-24300 cm™! in spectra of garnets with no measurable Mn?* (e.g., Lind 3 - Fig. 1b), we
think it is better assigned to Fe*" (band m' in Table 1).

Runciman and Marshall (1975) consider that 11 bands are present between about
22500 cm™ and 26000 cm’™ in their spectrum of a spessartine-poor almandine recorded at 17
K. All of their proposed bands, some of which are weak and often highly overlapping, can

neither be observed in our room-temperature spectra nor obtained by curve fitting (see below).
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Spin-forbidden Fe*" transitions. Moore and White (1972) assigned their three bands 1, m and
1 (Fig. 1) to spin-forbidden transitions of Fe** occurring at the octahedral site of garnet (Table
1). Smith and Langer (1983) assigned these bands to Fe*" (Table 1). They assumed apparently
that their synthetic almandine crystal was ideal {Fez+3} [Al2](Si3)O12, and that it did not contain
VIEe™™ (We note that >’Fe Mssbauer spectra of most synthetic almandines show the presence
of small amounts of V'Fe**, Geiger unpublished).

Following this, a reevaluation of the various possible Fe’" transitions in almandine-
bearing garnet is necessary. Figure 5 shows the Tanabe-Sugano diagram for a cation with the
electronic ¢’ configuration calculated taking B = 895 cm™ and C ~ 3866 cm™ giving C/B ~
4.5. We conclude that the split crystal-field independent split transitions 6A2g (°s) —» 4A]g, 4Eg
(*G) give rise to bands | and m. Band r, which is relatively intense, is assigned to 6A2g - 4Eg
(‘D). The transitions 6A2g T Ig (*G) and 6A2g - 4T2g (*G) may occur at lower energies, but
their bands should be broad and very weak (see the spectrum of andradite, Ca3VIFez3 *Si304, -
Taran and Langer 2000; Platonov and Taran 2018). At small concentrations of Fe’", as in
many almandine, pyrope and spessartine crystals, these two latter electronic transitions have
not been observed to the best of our knowledge. Note also, that the diagram in Figure 5 differs
from that, for example, of andradite, where B = 613 and C = 3308 cm™' giving C/B = 5.4
(Platonov and Taran 2018). Therefore, the energies of the 1, m- and r-bands measured in the
spectra of the almandine-pyrope garnets (Table 1) are lower than those obtained from Figure
5.

Burns (1993) gives, without explanation, the relative energies of Ligand — Metal C-T
transitions for different cations as Cr’* > Ti’* > Fe’" > tet. Fe’" > oct. Fe’” > Ti*". Marfunin
(1979 - page 218) states that the band maximum for O* — Fe*" C-T (apparently for six-fold
coordination) should be centered at about 50000 cm™ in the far UV, but that its low-energy

edge extends into the visible region. This is important because the intensity of spin-forbidden

9
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bands can be increased by “borrowing” intensity from a L — M C-T transition that involves
the same cation (e.g., Marfunin 1979; Bersuker 2010). This appears to be the case for the Fe*
spin-forbidden bands in the spectra of almandine-bearing garnets and especially for band r
(Fig. 1 and see also spectra in Geiger et al. Part I).

High wavenumber Fe*"**

spin-forbidden transitions in the UV region. There have been
several spectroscopic studies on almandine-bearing garnets that have shown weak absorption
features located at energies above about 27500 cm™ (see Table 1) They were not addressed by
Moore and White (1972). These weak transitions are difficult to measure experimentally
because they are located on the low-energy edge of the extremely intense O(xygen) — M(etal)
C-T band, but attempts have been made.

Khomenko et al. (2002) noted a band at about 28000 cm™ in a study of various
almandine garnets. We label it band s (Table 1). It could possibly be an electronic sextet-
quartet transition of Fe’” arising from the ground °A ¢ state to the excited T, ¢ level originating
from the *P term (Fig. 5). Spin-forbidden Fe** electronic transitions originating from the *I
term generally have a low probability and, to the best of our knowledge, have never been
observed in the optical spectra of Fe® “_bearing minerals and compounds.

Manning (1967) and Krambock et al. (2013) noted a band at about 29000-29100 cm™.
We labeled it t (Table 1). Sangsawong et al. (2016) and Sripoonjan et al. (2016) noted a band
at roughly 29700 cm™ and assigned it to Fe*" and it is labeled u. Runcimen and Marshall
(1975) observed three high wavenumber bands (Table 1) in their 17 K spectrum of almandine.

We did not observe with certainty any of these weak spin-forbidden bands in our two
spectra of almandine-bearing garnets (see also spectra in Geiger et al. - Part [ submitted).
Further experimental research involving low-temperature spectroscopic measurements could
possibly give more clarification and confirmation on these poorly understood higher energy

Fe**** spin-forbidden transitions in almandine-bearing garnets.
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Deconvolution of almandine-bearing garnet spectra. Because the UV-Vis spectra of
almandine-bearing garnets are complex, involving a considerable number of overlapping spin-
forbidden bands, curve fitting could provide useful information. Not much has previously been
done in this area. An early simple attempt to deconvolute the spectrum of almandine was made
by Manning (1972). Taran et al. (2007) also made fits to the spectra of various almandines, but
here the emphasis was on understanding an intense intervalence charge transfer band of the
type {Fe’'} + [Fe’"] - {Fe’"} + [Fe*'] that dominated much of the visible region.

We undertook a curve-fitting analysis, having available a large number of various
garnet spectra (this work and Geiger et al. - Part I), with the intent of gaining further insight
into the measured UV/Vis spectra and Fe*" and Fe®* band behavior. Present computer fit
programs enable more information to be gleaned from spectra than was obtained prior to
roughly 1990. It is surprising that many UV/Vis garnet spectra recorded since then are not
deconvoluted. A discussion of the procedure is in order, because it can be partly subjective for
several reasons. Subtle experimental issues can come into play.

We note the following: i) Absorption can be affected by the presence of tiny inclusions
(solid and liquid) and crystal imperfections (microcracks, surface pits) especially in the higher
energy UV/Vis region. They cause increased absorption and the background can thereby be
affected in a complex manner, ii) Room-temperature spectra of almandine-bearing garnet do
not show the total number of theoretically possible Fe*" spin-forbidden transitions. Some weak
transitions can be obscured by stronger ones because of strong multiple-band overlapping (see
Fig. 1). Some bands may be essentially obscured or hidden, iii) Curve fitting at higher energies
(i.e., roughly above 25000 cm™) poses a challenge, because the low-energy O-M C-T edge
may consist of a combination of overlapping bands having a different physical origin (i.e., 0%
— Fe**, 0 - Fe*", and 0* - Mn?" and even possibly in some garnets 0* - Ti*"). Because

the precise nature (i.e., energy and intensity) of these UV electronic transitions is not known
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and only a part of the O — M C-T low-energy edge is measurable, any model fit of it is partly
subjective. In terms of this investigation, this edge is important because its “tail” has intensity
in the higher energy visible region (Fig. 1) and iv) The spectra of some almandines and
spessartines show a broad Y""Fe*" + V'Fe’™ — Y!'Fe" + VIFe?" IVCT absorption band (Taran et
al. 2007; Geiger and Taran submitted). It can be very intense in some cases, dominating the
absorption in the visible region with a band maximum centered at roughly 21000-22000 cm.
Even in the case where this band is weak and not clearly observable in garnet spectra, it could
contribute to the overall absorption between about 15000 and 25000 cm™ (i.e., as in the
background). It is difficult, if not almost impossible, to determine the presence of this band, a
priori, in all spectra.

Consider now several of the most relevant results obtained from our deconvolution
exercise (Fig. 1 and Supplementary Table 3). We are, in general, able to account for most of
the measured absorption features of our experimental spectra, even weak ones. In other words,
the agreement between observation and the model fit is reasonable. There are notable out
comes and several issues that need explanation: i) The intensities of many of the different
spin-forbidden bands between about 19000 and 28000 cm™ are roughly similar. This is not
totally obvious from the measured spectra alone, ii) The deconvolution procedure requires the
presence of a band at about 24260 cm’' (labeled as m' in Table 1). Indeed, there is a weak
absorption feature in both measured spectra that indicates a possible band at this energy. This
feature was not noted in previous published spectroscopic studies on almandine, iii) Curve
fitting indicates that band i is broader and more intense than band h, but this does not appear to
be the case for the measured spectra, and finally iv) In order to fit the spectra at higher
energies, it is necessary to have a band that has no clear expression in the measured spectra
(see Fig. 1 band “??” and Table 1). Its peak maximum is different for our two garnet spectra
(i.e., for almandine Lind 3 the wavenumber is 25718 cm™ and for pyrope Turtle Lake it is
26340 cm'l). Moreover, the FWHM values of this band are different for the two fits, that is,
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2243 cm™ vs 1219 cm™ - Supplementary Table 3). We have no explanation for this band and a
physical interpretation cannot be made. Its presence may result from the inability to model the
intense O — M C-T edge correctly. Taran et al. (2007) proposed that this hypothetical band
could be related to a 6A1g — 4T2g (*D) transition of V'Fe’" (their Fig. 5). We note that a 6A]g —
4T2g (*D) transition is observed in the optical spectra of compounds with octahedrally
coordinated Mn?" (e.g., Mehra and Venkateswarlu 1966; Manning 1968; Sviridov et al. 1978).

Fe*" and Mn?" have the same electronic configuration, namely d°.

Energies of F et spin-forbidden transitions based on crystal field theory and from
published model calculations

Tanabe-Sugano diagrams and crystal field theory. Tanabe-Sugano diagrams have
traditionally been used as the starting point in the analysis of spin-forbidden transitions. They
are based on Oy, symmetry of a cation’s surroundings. The X cation in garnet has, however, D,
point symmetry and, thus, use of these diagrams is a simple approximation when attempting to
assign Fe’" and Mn®" electronic transitions. Figure 4 shows the various transition energies for

Fe’" of electronic configuration d® as a function of the crystal field strength, Dq (i.e., the bond

5(y(2,0%)
3R°

4

length in a crystal or ligand field model is given by 10Dgq = , where (r ") is the

mean value to the fourth power of the 3d-electron radius, Z; is the effective ligand charge, R is
the mean metal to ligand distance in the coordination polyhedron and e is the charge of the
electron (Dunn et al. 1965; Marfunin 1974; Burns 1993). Most of the transitions from the
ground 5Eg state to the different excited levels, originating from the H-, *P-, °F- and *G-terms
of free ions, do not indicate any large variation in energy as a function of Dg, with the
exception of the *E, — 3 Tig (*H) transition. Its energy decreases with increasing Dyg.

The measured energies of different spin-forbidden Fe** electronic transitions for

various composition almandine-pyrope solid solutions are given in Geiger et al. (Part I). Those
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that are two- and three-fold degenerate in O, symmetry split under D, into the states A, B;, B,
and B; and A — A transitions are forbidden by symmetry (e.g., Runciman and Sengupta
1974). Because of this symmetry lowering, the number of possible electronic spin-forbidden
transitions in garnet increases significantly. Model calculations of a more sophisticated nature
than provided by Tanabe-Sugano diagrams are needed to gain proper insight into all possible

electronic transitions.

Model Fe** electronic-transition calculations. Ideally, experimental garnet spectra could be
interpreted if the various spin-forbidden electronic transition energies of Fe*” (and Fe*") could
be calculated. There have been several computational studies.

Zhou and Zhao (1984) used a model (i.e., “strong-field scheme of ‘once-

995

diagonalization’™ that has one adjustable parameter) to calculate a total of 36 different Fe**
transitions. Their energies lie between 12000 and 51000 cm™. The 12 transitions with energies
roughly above 30000 cm™ would be difficult to measure, because they must be superimposed
on the intense oxygen — metal charge-transfer edge. Here, the absorbance is so high that it is
difficult to record spectra experimentally. With this in mind we start our simple analysis.
Because the X cation in garnet lies in a field of D, symmetry, the 5Eg level splits into °A + B,
levels and A is the ground state. Zhou and Zhao (1984) calculated the energies of various A
— °B,, - °B, and — B transitions and concluded ... the results obtained are in quite good
agreement with the observed values”. Their assignments for different Fe*" electronic
transitions are listed in Table 1. There is reasonable agreement between experimental spectra
and model for a number of transition energies but not all. Zhou and Zhao (1984) proposed, for
example, the existence of transitions at 12232 cm™ and 14986 cm™, but no bands with these
energies have been observed in more recent spectroscopic studies. Furthermore, they did not
calculate any transitions having energies between 19154 and 20229 cm™, although several
spin-forbidden bands can be observed in this wavenumber range.
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Guo-Yin and Min-Guang (1984) published, in the same year, Fe*" electronic transition
energies based on their “superposition” and “point-charge” models (see Table 1). The
agreement between their results and those of Zhou and Zhao (1984) is mixed. In terms of
experiment and their model results, there are also inconsistencies. For example, Guo-Yin and
Min-Guang (1984) assigned band r with a wavenumber of about 27200 cm™' to a number of
different electronic transitions of Fe**. They argued that there are several transitions with
energies close to this value (see their Table I) and that this explains the relatively strong
intensity and broadness of this measured band in various garnet spectra. In other words, the
experimental band r should represent a number of closely overlapped Fe*" electronic
transitions. We think, however, that this absorption feature is better assigned to VIEe3* as
originally done by Moore and White (1972). Guo-Yin and Min-Guang also argued, contrary to
the spectroscopic results and analysis of Moore and White (1972) and other published works,
as well as our present investigation, that three measured transitions at 23700, 24300 and 24500
cm’ are related to Fe*" and not Mn®". This proposal is problematic, as discussed below in the
section on the UV/Vis spectra of spessartine and its spin-forbidden Mn*" transitions.

Finally, in a third computational study, Wang et al. (1985) calculated transition
energies for Fe*" in silicate garnet. They compared their model energies to the absorption
bands observed in the spectra of grossular, spessartine, and almandine. They calculated, for
example, a wavenumber of 27284 cm™ for band r and assigned it to the transition °A; — ‘B,
for Fe’* located at the{X} site of garnet (cf. Table 1). We cannot, however, agree with their
assignment, because we are not aware of any experimental results that unambiguously show

significant amounts of Fe’' at {X}.

The UV/Vis spectra of spessartine
Spin-forbidden Mn*" transitions. Manning (1967) and Moore and White (1972) measured
the UV/Vis single-crystal spectra of several natural spessartines and made assignments for
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several spin-forbidden Mn®" bands. Smith and Langer (1983) studied synthetic end-member
spessartine and also made an analysis of the electronic transtions. They reported more bands
than the former two studies. Table 2 lists measured spin-forbidden Mn?* absorption bands and
their energies for various natural spessartine-rich garnets and the synthetic crystal. The
number of observed bands differs among the published works. Attempts made to interpret and
assign the various Mn®" transtions have not been fully successful. For example, Smith and
Langer (1983) made an analysis using their synthetic spessartine that should not, unlike most
natural crystals, have contained other transition metals in amounts great enough to lead to
absorption bands. They discussed the difficulty in assigning all their measured Mn®" bands
using a Tanabe-Sugano diagram for O, symmetry. Considering the various issues and
uncertainties, we studied the UV/Vis spectra of several natural spessartine-rich crystals of
different composition.

The spectra of a nearly end-member spessartine (sample GRR 43 - composition
Sps97Alm3) measured at room and liquid nitrogen temperature are shown in Figure 2. The
different spin-forbidden Mn”" transition energies are given in Table 2. At room temperature,
the spectrum shows a number of well-resolved bands. Those below about 22000 cm’ appear
to be broader than those between 22000 and 25000 cm™. These bands are narrower and lie at
lower energies in the spectrum recorded at 78 K. The bands below 24400 cm™ tend to show
greater energy shifts upon cooling than those at higher wavenumbers. Bands p and o are
clearly pronounced at 78 K and band n splits into two components with maxima at ~23630 and
23830 cm™' upon cooling. In addition, in the spectrum collected at 78 K, four more possible
bands appear on the O — M C-T edge between 25000 and 30000 cm™ and at least three bands

at lower wavenumbers between 22000 and 15000 cm™ compared to the RT spectrum.

Spessartine crystal chemistry and a crystal field analysis of its spin-forbidden Mn**
transitions. The crystal structure of end-member synthetic spessartine was studied at 100 K,
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293 K and 500 K (Geiger and Armbruster 1997). A notable property of the {X**} cation in
garnet is its marked anisotropic vibrational behavior, as is the case for Mn>" in spessartine.
There are two crystallographically independent Mn?*-O bonds. The shorter Mn2+-O(2) bond
shows no measurable change in length between 293 K and 100 K (i.e., 2.245(1) A), whereas
the longer Mn>"-O(4) bond shows a very slight decrease from 2.404(1) to 2.399(1) A.

How are the various electronic transitions of Mn”" (F ig. 2 and Table 2) to be
interpreted? We start by considering the Tanabe-Sugano diagram for a cation with a d°
configuration (Fig. 5). The local field bond strength for Mn”" in spessartine is given by Dqeubic
= 8/9Dq octahedral 10 the crystal-field model (e.g., Marfunin 1974; Burns 1993). Therefore, one
may assume, as a starting point and in a simple approximation, that the energies of the Mn*"
bands for both coordination environments should not be too different. The lowest wavenumber
Mn*" transitions from the ground A, ¢ State are T g (4G) and 4T2g (4G) for O;, symmetry. They
can split into three further states for D,, but a transition to the excited *A; state, originating
from the 4T2g (*G) level, is forbidden by selection rules (Marfunin 1974). Therefore, the
maximum number of possible Mn®" bands should not be greater than five. The number of
observed bands between 22000 and 15000 cm™ at 78 K is, counting shoulders, at least seven
(Fig. 2 and Table 2).

Following this, we consider the UV/Vis spectra of a number of Mn*"-containing
crystals and compounds in order to obtain more spectroscopic insight. Mn®" is often
octahedrally coordinated by ligands such as F', CI', Br', T, S% or Hy0, as discussed in a
number of investigations (e.g., Mehra and Venkateswarlu 1966; McPherson et al. 1974;
Sviridov et al. 1978; Taralatra and Mukherjee 1989; Caldifioand Rubio 1993; Hernandez et al.
1999; Saleh et al. 2019). There are also spectroscopic investigations on Mn?" silicates such as
rhodonite (Manning 1968; Marshall and Ruciman 1975) and pyroxmangite, bustamite, and

serandite (Manning 1967).
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Mn*" gives rise only to spin-forbidden transitions and they are typically observed at
wavenumbers above 20000 cm™ (The 6A1g - 4T2g (*G) and 6A1g - 4T1g (*G) bands for Mn**
are generally located at higher energies compared to those for Fe**, because Mn”" has a lower
crystal field strength - Marfunin 1979). The UV/Vis spectra of the various compounds noted
above typically show sharp and distinct bands. Those occurring at energies between 23000 and
25000 cm™ are generally assigned to the crystal-field-independent transition °A | > N o 4Eg
(*G). Bands located between 27000 and 30000 cm™ are assigned to the transition ®A;, — “E,
(‘D).

In terms of the spectrum of spessartine, Manning (1967) assigned the relatively strong
absorption doublet with wavenumbers of approximately 24000 and 24500 cm™ (the o and p
bands given later by Moore and White 1972 - Table 2) to split components of the crystal-field-
independent transition °A, g (°S) - ‘A, g (‘G), 4Eg (*G). The two weaker bands at about 23500
cm” (band n) and 20800 cm™ (band j) were assigned to A, > 4T2g (*G) and 6A1g - 4T1g (‘G),
respectively. Various questions arise. First, the spin-allowed 5Eg - 5T2g transitions of V"Fe?" in
almandine show a strong splitting of nearly 2000 cm™ (e.g., Geiger and Rossman 1994).
However, the splitting of the spin-forbidden transition *Aj,— *Ag, *Eg of Mn™" is less than
two hundred cm™. Tt is expected that the transition splittings for Fe*" and Mn®" in garnet
should not be too dissimilar. Therefore, we think that the four observed bands between 18000
and 22000 cm™ in the RT spectrum of spessartine (Fig. 2) are components of the split 6A1g -
4T1g (*G) and 6A1g - 4T2g (*G) transitions. They lie at lower wavenumbers compared to the
interpretation of Manning (1967). Second, the five bands observed between 23000 and 25000
cm’ in the 78 K spectrum (Fig. 2) are narrow. Therefore, one may assume that they originate
from the split °A, e > ‘A g 4Eg (4G) transition. Indeed, the low-temperature spectrum of
VIMn**-bearing CdC1, (Ramirez-Serrano et al. 1997), as well as the spectra of a series of Mn*"

salts (Lohr and McClure1968), show similar spectroscopic fine structure for the 6Alg — 4A1g,
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4Eg (*G) transition. However, the reason for this is not understood. Goode (1963) concluded,
based on a study of a series of Mn*'-bearing amines and hydrates, that spin-orbit interactions
cannot account for the spectral fine structure.

We note that the spectrum of Mn”"-doped KCI, where Mn®" is in eight-fold
coordination (Sviridov et al. 1976), is simpler compared to that of spessartine. At room
temperature, the spectrum shows six relatively broad absorption bands between 20000 to
30000 cm™. They were assigned to transitions from the °A; (°S) ground state to various excited
quartet levels in the cubic field (Mehra and Venkateswarlu 1966). Compared to the spectrum
of spessartine, less band splitting is observed.

Finally, we consider possible transition assignments for the weak spin-forbidden bands
at the highest wavenumbers above roughly 26000 cm™ in the 78 K spectrum of spessartine
(Fig. 2). Five bands, three of which are weak in intensity and therefore a bit questionable, are
superimposed on the intense O-M C-T absorption edge. The narrow and most intense band at
about 28990 cm™' could possibly derive from the *A;, — *E, (‘D) transition under D,
symmetry. A 4Eg (*D) transition with this approximate energy is observed in the spectra of a
series of manganese halides (Sviridov et al. 1978), where the Mn*" ions are in octahedral
coordination. The other four Mn®* bands in spessartine could arise through transitions to one
of the excited quartet states T, g (4D), 4Eg (4D) and ‘T, g (4P) (Fig 5) also split in D, symmetry.

To summarize, it is difficult to interpret spessartine’s UV/Vis spectrum and the various
spin-forbidden Mn”" bands in a clear and self-consistent manner. It appears that crystal field
theory and the use of Tanabe-Sugano diagrams are insufficient to explain all the observed

transitions. Smith and Langer (1983) came to a similar conclusion.

Spessartines of “unusual” composition and other spectroscopic behavior. We analyze,
here, the spectra of several additional spessartine-rich garnets (Fig. 3), especially two crystals
of unusual composition, because they show interesting absorption features. Consider first the
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spectrum of sample Lind 2 of composition

(Mny 44Feg.14Mgo 37Cag.04)[Al1.99F€0.01T10.01]S12.99012. It shows high absorption above 22000
cm’ for both the spin-forbidden Mn”" bands and the O — M C-T edge. The O* — V'"Mn** C-T
band in crystals is located just in the UV region according to Marfunin (1979 - apparently for
six-fold coordinated Mn2+). If similar behavior is the case for O — Y™"Mn?" C-T in
spessartine, the relatively strong intensities of the spin-forbidden bands of Mn*" located
between 25,000 and 23,000 cm™' cannot be explained through an interaction with 0" >
VIIMn®* C-T. The weak intensities of the highest wavenumber Mn®" spin-forbidden bands
above 26,000 cm™ (Fig. 2) would argue against this. It is difficult to explain the high-
intensities of both the C-T edge and the spin-forbidden Mn”" bands between 25,000 and
23,000 cm™". It must be noted that spessartine Lind 2 contains three different transtion metals
and Fe occurs at two different structural sites and with two different oxidation states. In terms
of the C-T edge, it may be composite in nature consisting of overlapping 0> — YV'Mn**, O*
— VIHFeH, 0% = VFe*"and O* - VITi* transtions, but this is just speculation.

The spectrum of spessartine MMUR 32999/912 also appears a bit different compared
to the others samples in Fig. 3. Its O — M C-T edge is also relatively intense and, in addition,
the spin-forbidden bands of Mn”" are broad. This garnet has the composition
{Mn**, 57Fe* 0.00Ca0.04} [Al1 9aF e’ 0.06](Si04)2.52(OHj 11,Fo51), where both F~ and OH are
thought to substitute for O at the general x, y, z crystallographic site in garnet (Boiocchi et al.
2012). Thus, there are three different types of ligands that could bond to Mn*". Because of
this, the d-electronic transition energies of Mn>" could be slightly different locally. Broadening
of the spin-forbidden Mn”" bands could result.

Finally, the spectra of both of these spessartines show an absorption feature located at
slightly lower energies than band n' and labled as ?. It does not appear in the spectra of other

spessartines or it is much less pronounced. We do not have a good explanation for this feature.
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IMPLICATIONS
What are some implications deriving from this study? It is well known that crystal field theory
is incomplete in terms of describing chemical bonding quantitatively. Moreover, the use of
Tanabe-Sugano diagrams to interpret Fe*" and Mn*" spin-forbidden electronic transitions,
occurring in the triangular dodecahdrally coordinated site in garnet, is fraught with
uncertainty. Together, this leads to problems interpreting fully and quantitatively the UV/Vis
spectra of almandine and especially spessartine. More sophisticated, yet still model-dependent,
calculations also appear inadequate in explaining fully the Fe* and Fe*" spin-forbidden
transitions in garnet. There exists little work on analyzing the absorption spectra of complex
silicates using more quantitative bonding theories. State-of-the-art computational and
theoretical investigations are needed to better interpret various spectroscopic results and, here,
UV/Vis absorption spectra are a good case in point. Electronic structure calculations on end-
member spessartine and almandine should be possible. Full, more quantitative investigations
of Fe*" and Mn”" electronic transitions need to be made. Based on the experimental spectra of
almandine and spessartine, their electronic transitions should be quite different in behavior.
Both cations show anisotropic vibrational behavior (Geiger et al. 1992; Geiger and Armbruster
1997) and their potentials can be expected to be rather anharmonic (Geiger 2013b), thus
complicating crystal chemical and electronic transition behavior.

Second, there is little understanding of the nature of the low-energy O — M charge-
transfer edge in the spectra of transition-metal-bearing silicate garnets. Most natural garnets
contain more than one transition metal and in the case of the elements iron and manganese
they can also be in different valence states.

Finally, it is rather surprising, in spite of decades of experimental research, that UV/Vis
spectra on silicates recorded at low temperatures (cf., Runciman and Marshall 1975) are far
from being sufficient to understand electronic transition behavior. At room temperature, bands
are broader and thermal effects often obscure spectral fine structure. More complete and

21

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

550

551

552

553

554

555

556

557

558

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8500. http://www.minsocam.org/

quantitative absorption spectra are necessary to obtain a better understanding behind

electronic-transition and chemical-bonding behavior in garnet.
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Table 1. Fe*" and Fe" electronic transitions for various almandines described by their band labels and wavenumbers, [, as measured by single-crystal
UV/Vis/NIR spectroscopy and from model calculations. Band labels “a” to “r”” and their energy ranges for several natural almandine garnets are from
White and Moore (1972)¢ and Moore and White (1972)° recorded at room temperature and for one almandine at 78 K. Runciman and Marshall ( 1975)®
measured the spectrum of a natural almandine at 17 K. The wavenumbers for synthetic almandine are from Geiger and Rossman (1994)* and Smith and
Langer (1983)". Bands a, b and ¢ are spin-allowed transitions and those at higher wavenumbers are spin-forbidden transitions, excepting the IVCT band.
Bands labelled j*, IVCT, m’, and “??” are from this work"™. Cation and site assignment refers to either Fe** or Fe*" and their coordination in garnet as
taken from the literature and proposed in this work (those given in parentheses are from published studies and are probably incorrect). The second column
from the right-hand-side lists assignments for the spin-allowed transitions of V'Fe*" according Newman et al. (1978)® and spin-forbidden transitions of
VIlEe? and Y'Fe’™ (1, m and r) from Moore and White (1972)%, Zhou and Zhao (1984) and this work'". Guo-Yin and Min-Guang (1984)¢ calculated
electronic transitions of Y"'"Fe*" and they are given in those cases where the wavenumber appears to match experimental band energies. Wang et al.
(1985) calculated transition energies assuming the presence of V"Fe** (see text).

Band 7 (nat.) ¥ (nat.) v (nat.) v (syn.) Cation & Site Electronic Electronic
Label >+ T (em™)e & TV 78K 17K (em™)*” Assignment Transition® & % ™ Transition®
(cm'1)§ (cm'1)®
a 4303-4390 - - 4317%/- Villgpe? S4— B °4;— °B; (D)
b 5868-6011 - - 5733*/5800" Villpe?* 54— 347 A;— 4, (D)
c 7633-7770 - - 7564*/7600" Vil e 54— B? °4;— B, (D)
d ~14750-14250 | 14278 14280 14400" Vilpe2* S4—3B,® 4, — B;(H)
e ~16770-16150 | 16300 16160 16200" Vit 54— 3B, S4,— *B,(H)
f ~17700-17300 | 17473 17240 17600 Ve A—°B,° A, B> (H)
g ~19300-19100 | 19176 18950 19100” Villpe?* A—’B/° *A;— B> (H)
h ~19900-19800 | 19841 19760 19900" Vit S4—3B,° 54,— B, (H)
i ~20100-20300 | 20088 20120 - V™ 7( A 7B A1 4, (H),
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°’4—°B°® 47— 4, (F)
i*f ~20800 - - - VEe*” (Mn®")® 54— °B® 54, B3 (H)
IVCT band® | ~21100 Broad - - - ViTpe? VIEe™ IVCT VliFe?' — VIpe® S TW -
k 21800-21600 21636 21650 21800" M 4 —3B;® 4, B, (P)
1 ~22840-22878 22878 22770 - Vigedt (VIlEe2y* » e s 54,— *B, (F), *B; (F)
split "A ;o — "A14, 'E; (CG)
#
m ~23300-24600 | 23337 23285 23200 Vipe?* Fe*
m’ 24217 ] ; ; VI 2+ A B
results by ﬁttingTW
q ~25000 25025 i i Vil 2+ A~ By Ar> 41 (G), "By (H)
SA N 3B1®
2? ~25717 - - - Villpe2t results by ﬁttingTW
r ~27100-27225 | 27174 27125 27200" o V;§e3+3+ ) “Are— ‘E,(*D)S ™V ;
(" Fe ' /Fe™)
s ~28000" - ~27970 - Fe (VWFe2)® 4 —°B;° -
SA N 331 @
t ~29000°/29100" ~29350 - Villpe?* S4-5°B;® -
SA N 3B] [S)
u ~29674* 129762° - ~30300 - Villpe?” - -

Taran et al. (2007)$, Khomenko et al. (2002)®, Manning (1967)“, Krambrock et al. (2013)", Sangsawong et al. (2016)", Sripoonjan et al. (2016)".
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Table 2. Spin-forbidden Mn** bands and their wavenumbers reported for various spessartine-rich garnets (left). They include a natural spessartine of
Moore and White (1972) together with their band labels®, synthetic end-member spessartine of Smith and Langer (1983)", and several garnets with
spessartine mole fractions between 90 and 95 % of Laurs and Knox (2001)". Those for nearly end-member spessartine GRR 43 at 293 and 78 K as
measured at CIT (middle - the given wavenumbers are not quantitative, because of the digitalization of the experimental spectrum recorded on chart
paper). Three spessartines measured in this work in Kyiv (right).

Sp70 (Table 5)° Sp70 (Fig. 8)° Sp100” Sp90/95° GRR 43 (293 K) GRR 43 (78 K) S-18 271209132917  GRR 2956
' Sp97 Sp97 : Sp93 Sp91 Sp84
- - 19000 - 18960 18900 18940 18960 18990
. . . . | - 19780 . . 19800
' (Band h - Fe™) : (Band h -
F62+)
20661 (j) 20661 20800 20704 20780 20680 i 20670 20710 20690
- - 21600 21739 21740 21610 21690 21630 21660
- 233217 23200 23256 § 23300 23190 § 23200 23190 23200
- . . . 23300 23610 . 23670 23650 23670
: 23880
23703 (n) 23702 23750 23753 23740 : - - -
: 23600
24200 (0) 24272 24300 - | 24430 24340 | 24360 24360 24360
24516 (p) 24459 24500 24450 24580 24520 1 24450 24450 24450
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705 Supplementary Table 3. Results of the curve-fitting analyses of the spin-forbidden bands
706 for the spectra of two garnets with different almandine contents (Fig. 1a and b, respectively).
707 Letter designations of the bands follow Moore and White (1972) and as modified in this study.
708 Bands j*, “m"” and “??” are discussed in the text and noted in Fig. 1. FWHM is full width at half
709 maximum. Compare to Table 1.

710 Band | Turtle Lake 17405762 — 23 Mol % Alm Lind 3 — 69 Mol % Alm

Z 1 ; Intensity Energy FWHM Intensity Energy FWHM
713 (em) (em) (em’) | (em’) | (em’) | (em’)
714 d 0.384 14393 1911 1.292 14363 1789
715 e 0.423 16184 995 1.566 16210 1068
:j f 1.000 17388 1095 3.328 17361 1009
718 g 1.295 19162 1671 4332 19120 1838
9 h 0.393 19812 355 1.250 19761 353
720

791 i 0.495 20144 621 1.859 20118 653

722 j* 0.459 20827 1114 1.232 20796 800

723 k 0.513 21839 1191 1.847 21656 1172
Z: 1 0.450 22892 935 1.232 22742 914

726 m 0.521 23566 806 2.036 23568 1095
727 - 0.436 24217 886 0.477 24262 525

Zz q 0.570 25122 1231 1.046 24847 901

730 “r 0.400 26340 1219 1.094 25718 2243
731 r 0.442 27267 963 1.115 27097 973

732

733 Band “??” can possibly be assigned to a 6A1g - 4T1g (‘D) transition of V'Fe’™ (Table 1).

734
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Figure Legends

Figure 1. Optical absorption spectra of two garnets as given by a black dotted line. a.) pyrope
with 23 mol % almandine component (Turtle Lake - 17405762) and b.) almandine with 69 mol
% almandine component (Lind 3). Both samples were measured in Kiev. The red line gives the
fitted spectrum arising from the various underlying component bands. The band labels follow
Moore and White (1972) with a few exceptions. We assign band j* to Fe*” and not Mn®" as
these workers (see Table 1). There is a weak absorption feature that we label as band m'. The
deconvolution analysis gives the band labelled “??”. It does not have any clear expression in
experimental spectra, but is needed to obtain reasonable fits to them. Supplementary Table 3

gives details on the spectral deconvolution and see the text for a full discussion.

Figure 2. Optical absorption spectra of nearly end-member spessartine GRR 43 (Sp97AIm3) at
room (293 K) and liquid nitrogen (78 K) temperatures. They were measured at CIT on a Cary
spectrometer using chart paper and the spectra were then scanned and digitalized. The arrows
mark the positions of various possible spin-forbidden bands and the letters are the designations

of Moore and White (1972).

Figure 3. Optical absorption spectra of five spessartines with different Mn®"/(Mn*" + Fe*")
ratios. All crystals were measured in Kiev. Note: sample MMUR 32999/912 is an unusual F-
bearing crystal (see Boiocchi et al. 2012) and sample Lind 2 is a pyrope-bearing spessartine
(compositions given in Part I of this study). The letters correspond to those given by Moore
and White (1972). Band n' is our designation. This absorption peak was assigned by the latter

workers to "VFe'" (their band m).

Figure 4. Tanabe-Sugano diagram of a transition metal ion of electronic d°configuration (e.g.,
Fe”") taking B = 1080 cm™ and C/B =4.5 in a crystal field of cubic symmetry (plotted using
the Excel file data at http://wwwchem.uwimona.edu.jm/). The vertical dash line indicates an

M 2+
Villpe

approximate 10Dq value for in garnet. The two levels, *Eg and *T,g, are shown by bold

lines, because they have maximum quintet spin-multiplicity and they originate from the quintet

°D term of a free ion (Dq = 0).
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Figure 5. Tanabe-Sugano diagram of a transition metal ion of electronic d° configuration (e.g.,
Fe’*, Mn®") taking B = 859 cm™ and C/B = 4.5 in a crystal field of cubic symmetry (plotted
using the Excel file data at http://wwwchem.uwimona.edu.jm/). The vertical dash line defines
the 10Dq value and the solid circles show energies for the different sixtet-quartet spin-
forbidden transitions. Only the sharp narrow bands arising from the crystal-field independent
%Az — *Alg, “Eq (*G) and — *E, (*D) transitions of V'Fe’" are observed in the spectra of
almandine-pyrope garnets, that is, I, m and r, respectively (Fig. 1). Broader and weaker bands
arising from the ®Az, — *T1 (*G) and ®Age — *Ta, (“G) transitions are obscured by more

intense spin-forbidden bands of Y"'Fe?".
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