Single-crystal electronic absorption spectroscopy of synthetic chromium, cobalt and vanadium-bearing pyropes at different temperatures and pressures
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Abstract

Single crystals of synthetic vanadium-, chromium- and cobalt-bearing garnets, Pyr:V0.06, Pyr:V0.13, Pyr:Cr0.04, Pyr:Co0.10, and Gt:Co3.00, and a natural vanadium-bearing grossular Gross:V0.07 (Cr3+(0.005), were studied by electronic absorption spectroscopy in the wavenumber range 35000-5000 cm-1 under ambient conditions and at temperatures up to 600 K and pressures up to 8 GPa. The T- and P-behavior of the absorption band energies and intensities show the following for the different transition metal bearing garnets: 

Cr: The thermal expansions of chromium octahedra are similar and Racah parameter the same   in synthetic Cr-doped pyrope, (poly1.3(10-5 K-1 and in natural pyrope, (poly 1.5(10-5 K-1, and B=655 cm-1, respectively. Ca2+[8] free garnets have a slightly stronger crystal field at the Y[6]-site and, therefore, the energies of the two spin-allowed Cr3+ dd-bands are ca. 300 cm-1 higher in Mg-pyrope than in natural Ca-bearing pyrope. 

Co: Increasing temperature causes only a small thermal expansion of the cobalt dodecahedra. Increasing pressure gives rise to appreciable compression, which is similar to that of the Fe2+-dodecahedra in almandine, where k=125(25 GPa. T- and P-dependence of the Co band intensitiesmay be caused by strong spin-orbit coupling.

V: Occurs in at least two valence states and structural sites: (i) V3+ in octahedral sites gives rise to two spin-allowed bands, at 17220 cm-1 and 24600 cm-1, whose temperature dependence is typical for spin-allowed dd-transitions in centrosymmetric sites. (ii) V4+ which causes a set of dd absorption bands similar to those observed in the spectrum of V4+-doped Zr[SiO4]. The P behavior of the V-absorption bands indicates an interaction between V3+ and V4+ species.

 electronic spectra, high temperature, high pressure, garnet, 3d-ions

Introduction

Natural silicate garnets have been the subject of numerous absorption spectroscopic investigations because of their diverse chemical compositions, their optical isotropy, and the ease in obtaining large, high quality crystals (e.g. Burns 1993 and references therein). The garnet structure (Menzer 1926; Novak and Gibbs 1971) offers a good model system for the investigation of the electronic absorption properties of Cr3+[6], Fe3+[6] and Fe2+[8] in silicates at different temperatures and pressures (e.g. Abu-Eid 1976; Smith and Langer 1983; Langer 1990; Taran et al. 1994; Langer et al. 1997; Taran and Langer 2000; Taran and Langer 2001). Synthetic silicate garnets doped with small amounts of Cr, Ni, V and Co have been studied in the ultraviolet, visible and near infrared range from ca. 32000 cm-1 to ca. 2500 cm-1 at ambient conditions (Ross et al. 1996; Geiger et al. 2000). It is now important to investigate the effect of P and T on such transition metal containing garnets and, hence, we undertook electronic absorption measurements on Cr-, Co- and V-doped pyropes and Co3Al2Si3O12 garnet at 300 K and 600 K and at elevated pressures up to ca. 8 GPa. To aid in the interpretation of the spectrum of V-doped pyrope, the spectrum of a natural V-bearing grossular (i.e. tsavorite) was also measured.

Experimental methods

The synthesis conditions, microprobe analytical results and UV/VIS and IR spectra measured at ambient conditions for the different synthetic garnets are reported in Geiger et al. (2000).  The same crystals, labeled by them as B006 (Cr), B008 (V), K017 (V), K005 (Co) and KG001 (Co), were studied here at different temperature and pressure conditions. The concentrations of the dopant 3dN-ions are given in Table 1. This Table presents also analytical data on the natural V-bearing grossular.
The crystals were prepared for spectroscopic measurement as thin platelets polished on both sides. Their thicknesses were measured by a micrometric screw and are between 0.500 and 0.015 mm. The thickness’ were chosen based on the concentration of the 3dN-ions so that the maximum absorbance did not exceed about 1.5. The high-temperature and high-pressure spectra were measured as described in Taran and Langer (2001) and Langer et al. (1997). A single-beam microspectrophotometer was used which consists of a SpectraPro-275 triple grating monochromator that is controlled by a PC and connected to a MИH-8 polarizing microscope. A miniature electric furnace and a high-pressure diamond anvil cell, which can be placed into the spectrometer, were used for measuring the spectra at high temperature and pressure, respectively. All spectra were normalized to 1 cm thickness. 

Attempts were made to curve fit the spectra in those cases where the spectral bands are complex and overlapped such as in the case of Pyr:V and Pyr:Co. However, the results were questionable, because more component bands were necessary for a convincing fit of the spectral envelopes than were obvious from an examination by eye. Hence, the band energies were measured directly from the observed band maxima and their shoulder positions. Energies of component bands appearing as shoulders may, therefore, be subject to errors up to 200 cm-1. Those bands having clear maxima have estimated errors of 50 cm-1. Band intensities for both band maxima and shoulders were estimated as linear absorption coefficients, whereby the baseline was defined by the tangents to the next high- and low-energy minima of the spectral background. This procedure results in a maximum error in intensities of 20% for shoulder bands and about 5% for distinct observable bands. Estimated errors inTandP are 0.17 cm-1K-1 and7.5 cm-1GPa-1, respectively, for clearly discernable maxima and0.67 cm-1K-1 and 26.5 cm-1 GPa-1 in the case of shoulders. The accuracy of  linT- and  linP-values depends strongly on the intensity of the respective band or shoulder. It is also approximately 20% for shoulders and 5% for different bands in both high-temperature and high-pressure spectra. 
Results and discussion

The single-crystal electronic absorption spectra measured at 300 K and 600 K for chromium-containing pyrope are shown in Fig. 1, for Co-bearing pyrope and end-member Co-garnet in Fig. 2 and for the two different vanadium-containing pyropes, plus the natural vanadium-bearing grossular, in Fig. 3. High-pressure spectra could only be recorded on very thin (ca. 0.015 and 0.030 mm) platelets of Gt:Co3.00 and Pyr:V0.13. Figs. 4 and 5 show their spectra. The ambient pressure spectra, measured in the DAC, are quantitatively the same as those obtained outside of the DAC (cf. Fig. 4 and Fig. 2b and also Fig. 5 and Fig. 3c). 
The band energies,  [cm-1], and their temperature and pressure behavior, [cm-1/K], P[cm-1/GPa], lin[cm-1/K] and linP[cm-1/GPa], are listed in Table 2. The pressure dependency of all bands of Gt:Co3.00 are, in addition, displayed in Fig. 6. 
In the case of Cr- and Co-doped pyrope (Figs. 1 and 2) the spectra measured at ambient conditions agree well with published data on synthetic (Ross et al. 1996; Geiger et al. 2000), as well as on natural chromium-bearing pyrope (Taran et al. 1994; Langer et al. 1997). The two lowest energy bands of Gt:Co3.00 at 3460 cm-1 and 4320 cm-1 (Ross et al. 1996; Geiger et al. 2000) could, however, not be measured here due to the spectral limitations in the microscope-spectrometer. The spectrum of Pyr:V0.06 measured at ambient conditions also agrees with those in the literature (Geiger et al. 2000). All the observed effects in the spectra are completely reversible with respect to P and T.

Chromium-bearing pyrope

The energies of both Cr3+ dd-bands, 18000 cm-1 and 24700 cm-1 (Tab. 2), are slightly greater than those in a natural pyrope, where they are located at about 17700 cm-1 and 24390 cm-1 (Taran et al. 1994). The difference is probably due to the absence of Ca2+[8] in the synthetic pyrope. Thus, the value 10Dq = 18000 cm-1 can be used as a reference value for Cr3+-containing Mg-pyrope. The Racah parameter, B, of Cr3+[6] in synthetic pyrope, as calculated from B = (1/3)((2(1-(2)(( 2-(1)/(9(1-5(2) (e.g. Burns 1993), where (1 and (2 are the energies of the low- and high-energy spin-allowed dd-bands, respectively, is the same B=655 cm-1 as that in a natural pyrope. The thermal expansion of the Cr3+ octahedral is (poly 1.3(10-5 K-1, similar to that of the natural pyrope, where (poly 1.5(10-5 K-1 (Taran et al. 1994). These values are calculated from 10Dq=f(T), by analogy with the calculation of the mean linear polyhedral compressibility (see Langer 1990).
Cobalt garnets

Spectra were measured at ambient conditions on pyrope, Pyr:Co0.10, and end-member Co-garnet, Gt:Co3.00 (Fig. 2). Despite the different concentrations of Co2+[8], the energies of the Co2+ dd-bands in both garnets are similar (Tab. 2). This indicates that the mean R[8] (M-O) distance remains nearly constant upon exchanging Mg2+ by Co2+, which is consistent with their similar ionic radii, 0.89 Å for Mg[8] and 0.901 Å for Co2+[8] (Shannon 1976). The linear band intensities calculated for the spectrum of Gt:Co3.00 at ambient conditions are by a factor of about 30 greater than those of Pyr:Co0.10. This follows from Beer,s law, lin= lin  c, where lin is the linear molar extinction coefficient [cm-1l mol-1] and c is concentration [moll-1].

The small wavenumber shifts, or their lack thereof, of bands a to h towards lower energies with increasing temperature (Tab. 2) suggest a small thermal expansion of the Co-centered dodecahedra. We would like to point out in this context that X-ray diffraction data generally do not give information on local mean M-O bond distances in solid solution phases, because the diffraction method averages over the whole crystal. Local bond distances can only be measured in the case of end-member compositions (Langer 2001). 

The intensity of the Co2+[8] bands decreases with increasing temperature (Fig. 2a). This effect is especially strong for bands e to g in the visible range. As the broadening of these bands is negligible, their integral intensity decreases with temperature. In comparison, this effect is not so prominent for bands b, c and d occurring in the NIR range. The decrease in intensity is unexpected for the non-centrosymmetric dodecahedral site of point symmetry 222. Theory suggests (e.g. Bersuker 1996) that the integral intensity of dd bands should increase with increasing temperature in the case of a centrosymmetric site and not change for non-centrosymmetric sites. This is, indeed, observed for both spin-allowed dd bands of Cr3+, Fe2+ and spin-forbidden dd bands of Fe3+ in oxygen-based minerals (Taran et al. 1994, Taran and Langer 2000, 2001). Their temperature behavior is clearly different from that observed in the spectrum of Pyr:Co0.10 (Fig. 2a). 

The increase in band energies with pressure (Fig. 6) is a result of compression of the dodecahedra, thereby increasing the crystal field strength of Co2+[8]. Ross et al. (1996) assigned band a to transitions derived from 4A2g ( 4T2g (4F), bands b to e to those derived from 4A2g ( 4T1g (4F) and bands f to g to those derived from 4A2g ( 4T1g (4P). Because the pressure response of all measured bands is similar (Fig. 6), the two lowest energy bands, which could not be observed in this study, are expected to show similar behavior. The compressibility of the Co2+-dodecahedra in Co3Al2Si3O12 is similar to that of the Fe2+-dodecahedra in almandine, Fe3Al2Si3O12, because the pressure behavior of the component bands of the split 5E 5T2 transition for Fe2+[8] is similar (i.e. (2 at 5800 cm-1: +89.1 cm-1/GPa and (3 at 7600 cm-1: +59.4 cm-1/GPa - Smith and Langer 1983) to that of the Co2+[8] 4A2g ( 4T2g (4F) transition at 5200 cm-1 (Tab. 2). This proposal is consistent, because they have similar ionic radii Co2+[8] 0.90 Å and Fe2+[8] 0.92 Å (Shannon 1976). What is unexpected, is the strong pressure-induced intensification of the Co2+[8] transitions, excepting band e, which almost disappears near 4 GPa (Tab. 2, Fig. 6). Similar behavior was observed for bands related to electronic transitions of exchanged-coupled Fe2+/Fe3+ pairs (Taran et al. 1996), while, in comparison, intensity of “ordinary” dd-bands of Cr3+, Fe3+ or Fe2+ depend only very weakly on pressure (e.g. Langer 1990, Langer et al. 1997). In the garnet structure the dodecahedral sites share common edges (e.g. Novak and Gibbs 1971), and an exchange interaction between cobalt ions could occur. However, this seems unlikely because, as far as we are aware, no examples of exchanged-coupled Co2+/Co2+ pairs have been identified so far. No exchange-coupled Cr3+/Cr3+ pair interaction on intensity of the spin-allowed dd bands of Cr3+ is known either. Note, that the electronic configuration of Cr3+, d3, is analogous of Co2+ (d7 = d(10-3)) and this account for similarities of their spectra. For these reasons, the pressure-induced intensification of Co2+[8] dd bands is unexpected.

Ross et al. (1996) assigned band e to a transition derived from 4A2g ( 4T1g (4P), although it is a fourth Co dd band. Three bands are expected from a lifting of the degeneracy of the 4T1g-state. They state that "The band system centered around 18300 cm-1 (i. e. bands b to e) ... also involves some spin forbidden transitions...".  We agree with this proposal and assign band e to a spin-forbidden transition derived from 4A2g ( 2T1g (2D) (cf. Tanabe-Sugano diagram for Co2+[8]), because it explains its unusual pressure behavior. The reason for the decrease in intensity of e-band with pressure is not clear. It is unlikely that it is caused by an increase in energy separation between it and a neighboring spin-allowed dd-band, from which it could obtain intensity through spin-orbit coupling. Indeed, the energy separation decreases slightly with pressure (Fig. 6).

The pressure-induced intensity changes for the other spin-allowed Co2+[8] bands are not understood. To the best of our knowledge, there are no comparable observations in the literature.

The band intensification may indicate that the dipole strengths of the transitions increase with pressure. In the case of dd-transitions, which are formally forbidden by Laporte’s selection rule as transitions between electronic states of the same parity (Lever 1984, Bersuker 1996), two factors can influence the dipole strength: (1) the fraction of odd crystal field components of the 3dN-ion and (2) the energy separation between the dd-transitions and nearest parity allowed electronic transition(s), from which dd-transitions can “borrow” intensity (e.g. Ballhausen 1962). Note, that the parity allowed transitions in the case of (2) are usually considered to be electronic ligand-metal charge-transfer transitions causing strong UV-absorption in electronic spectra of 3dN-ion containing crystals. Since hydrostatic compression usually causes coordination polyhedra to become more regular in geometry (Hazen and Finger 1982), odd crystal field components should decrease, thus decreasing the intensity of the dd-bands. One may expect that such an effect should be most prominent in the case of distorted 3dN-polyhedra with large differences between metal-ligand bonds. Indeed, we have observed a considerable pressure-induced decrease in intensity for spin-allowed Fe2+ dd-bands in the strongly distorted M2 site of orthopyroxene (Taran and Langer, unpublished). 
Due to the pressure-induced the shift of spin-allowed dd-bands to higher energies and, as a consequence, a decrease in the energy separation between dd-bands and ligand-metal charge-transfer bands, mechanism (2) should come into play.  One could propose that the intensification of the Co2+ dd bands in garnet is caused by this mechanism. However, a comparison with the very slight, if any, pressure-induced enhancement of the spin-allowed bands of Cr3+ and Fe2+ in minerals (e.g. Langer 1990, Burns 1993, Langer et al. 1997), whose high-pressure shifts are similar to those of Co2+, suggests that this is not the case. We think that the intensity enhancement of Co2+[8] dd-bands is caused by an increase in spin-orbit coupling upon compression. Formally, however, spin-orbit interaction should not affect the intensity of bands caused by an electronic transition between states of the same spin multiplicity, i.e. spin-allowed bands.  Note also, that band e, which we think represents a spin-forbidden transition of Co2+[8] and should, therefore, gain intensity from spin-orbit coupling (e.g. Lever 1984), decreases in intensity and eventually disappears with increasing pressure.

Vanadium-bearing pyropes

Vanadium can be incorporated into the octahedral site in garnet substituting for Al3+ as V3+ (Geiger et al. 2000). In this case, two bands, caused by transitions derived from 3T1g (3F) ( 3T2g (3F) and 3T1g (3F) ( 3T1g (3P), are to be expected. This is, indeed, observed in the spectrum of the natural garnet Gross:V0.07 (Fig. 3a). Because dodecahedral Ca2+ results in a lowering of Dq of a 3dN-ion in an adjacent edge-shared Y[6] site (e.g. Matsyuk et al.1994), these two transitions in pyrope occur at higher energies compared to those in grossular. However, both synthetic Pyr: V samples show additional absorption bands. Hence, there should be at least two different vanadium species. The first is V3+ on Y[6], which gives rise to band f at about 17500 cm-1 and band h at around 24600 cm-1 (Geiger et al. 2000). The energies of both are about 1000 cm-1 higher than in Gross:V0.07. This assignment is confirmed by their T- and P-behavior, which is typical for spin-allowed transitions occurring on a centrosymmetric site. 

The other bands a, d and e (Tab. 2) have wavenumbers similar to V4+ bands observed in the spectrum of vanadium-doped zircon (unpublished work by Langer). Thus, the second species is probably V4+ substituting for Si4+. The number of related bands is larger than that of a d1-configurated V4+ cation occurring in a regular tetrahedron. In such a case, a single band related to the 2E ( 2T2  transition would be expected. However, for lower point symmetries, which is the case in garnet, the number of bands may increase. Note also that the weak, narrow c-band (Fig. 3b), which looks like a spin-forbidden than a spin-allowed dd-transition, is unusual, because no spin-forbidden transition is expected for the d1-configuration of V4+. The spectra of Pyr:V0.06 and Pyr:V0.13 show that the fraction of tetrahedral V4+ is greater in the former (Fig. 4/ b and c), although, on the whole, the absorption features are more intense in Pyr:V0.13 than in Pyr:V0.06. This is consistent with the higher V-content in Pyr:V0.13 (Tab. 1). We were unable to collect good quality spectra of Pyr:V0.06 at  9500 cm-1 because of its low vanadium concentration. Thus, we could only constrain the high-energy tail of band b with the overlapped band c (Fig. 3b).  The intensity of band b, as well as that of band a, appears to increase with increasing temperature (Figs. 3/ b and c). 

The temperature behavior of the V4+ bands, i. e. a, b, d and e, is different from that of the V3+[6]  bands. 

Increasing pressure changes the spectrum of Pyr:V0.13 in a manner which suggests that the relative fractions of the two vanadium species changes, whereby the high-pressure spectrum of Pyr:V0.13 appears similar to that of Pyr:V0.06 at ambient conditions, ignoring the pressure induced band shifts (compare Figs. 4b and 5).

Conclusions

The spectra collected herein on Pyr:Cr, Pyr:Co and Pyr:V at ambient conditions agree with published results (Ross et al. 1966, Geiger et al. 2000). Cr3+ is located on the octahedral site in pyrope and shows the same spin-allowed bands derived from the transitions 4A2g ( 4T2g (4F) and 4A2g ( 4T1g (4F), and temperature dependent band-energy shifts and intensity changes as observed in natural Cr3+-bearing pyrope (Taran et al. 1994). The dd-bands occur at slightly higher energies in synthetic pyrope compared to natural pyrope, which normally contains some Ca. Thus, the synthetic crystal studied here can serve as a reference “end-member” for the electronic behavior of Cr3+ in pyrope. The type of bonding, as indicated by the Racah-parameter, is the same in both crystals, B=655 cm-1. 

The intensities of all spin-allowed Co2+[8] dd-bands in both Pyr:Co0.10 to Gt:Co3.00 obey Beer's law behavior. Spectra recorded at 300 K and 600 K do not indicate significant thermal expansion of the Co2+-dodecahedral sites in this T range. The intensities of all Co2+[8] –bands decrease significantly at 600 K, which is untypical for 3dN[i] –ion spin-allowed bands, at least for those with N  6. Temperature and pressure act on the spectra as inversely correlated variables. Spin-orbit coupling for heavier 3dN–ions like Co2+ with N7 may influence on the temperature and pressure behavior of intensity. A pressure induced increase in Co2+[8] band energies results from the compression of the Co2+ dodecahedra.

The spectra of two vanadium-doped pyropes, and the T- and P-dependence of the bands, demonstrate two different vanadium species occur on at least two different structural sites: (i) One is assigned to octahedral V3+ based on the spectrum of V3+-bearing natural grossular, as well as the T and P behavior of the related dd bands. (ii) The second species is thought to be V4+ based on its similar spectrum to that of Zr[SiO4]:V. The intensity behavior of the dd-bands indicates that the fraction of both species changes with increasing pressure.
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Figure Captions

Fig. 1. Single-crystal optical absorption spectrum of synthetic Cr-doped pyrope, Pyr:Cr0.04  measured at 300 K and 600 K. 

Fig. 2. (a) Spectrum of synthetic Co-doped pyrope, Pyr:Co0.10 measured at 300 K and 600 K and (b) end-member Co-garnet, Gt:Co3.00, measured at 300 K. 

Fig. 3. (a) Spectra of natural V-bearing grossular, Gross:V0.07, and  two synthetic V-doped pyropes, (b) low-V pyrope, Pyr:V0.06,  and (c) high-V pyrope, Pyr:V0.13, measured at 300 K and 600 K.

Fig. 4. Spectra of synthetic Co-garnet, Gt:Co3.00, measured at ambient  pressure and 8.05 GPa.

Fig. 5. Spectra of synthetic V-doped pyrope, Pyr:V0.13, measured at ambient  pressure and 7.93 GPa.

Fig. 6. Energies of absorption bands in garnet Gt:Co3.00 versus pressure. The bands are labeled as in Fig. 2.

Table 1. Transition-metal-bearing synthetic pyropes and natural V-bearing grossular (tsavorite). The element concentration is given in atoms per formular unite [pfu].

	Sample No.

(Geiger et al. 2000)
	Sample ID used herein
	Transition metal concentration 
[pfu]

	-
	Gross:V0.07*
	0.07 V

	B006
	Pyr:Cr0.04
	0.04(4) Cr

	K005
	Pyr:Co0.10
	0.10(4) Co

	KG001
	Gt:Co3.00
	3.04(4) Co

	B008
	Pyr:V0.06
	0.06(3) V

	K017
	Pyr:V0.13
	0.13(4) V


Table 2. Wavenumber () and intensity (lin) of dd absorption bands at ambient conditions and their temperature and pressure behavior (and lin).

	Dopant
	Sample

(cf. Table 1)
	Band at ambient conditions
	Effect of temperature
	Effect of pressure

	
	
	

cm-1
	lin

cm-1
	

cm-1/K
	lin

cm-1/K
	 P

cm-1/GPa
	 linP

cm-1/GPa

	V
	Gross:V0.07
	15470   15930
	} 16400
	1.2
	-0.63
	+1.6
	
	

	
	
	
	
	
	
	
	
	

	
	
	23600
	2.3
	
	+0.03
	
	

	
	
	
	
	
	
	
	

	
	Pyr:V0.06/ Pyr:V0.13
	a
	/6900
	/3.6
	/-0.64
	/-0.005
	
	

	
	
	b
	/9060
	/2.6
	/-0.74
	/-0.005
	/+ca. 91
	/+1.03

	
	
	c
	10710/n.o.
	0.1
	
	
	/n.o.
	

	
	
	d
	~14000/~14000
	3.9/20.9
	
	
	/+ca. 43
	/+0.28

	
	
	e
	14720/15190
	4.9/29.5
	
	
	/+ 83.2
	/+0.69

	
	
	f
	16820/17000
	2.2/12.4
	-2.05/-3.23
	
	/+118.5
	/0.00

	
	
	g
	20180/n.o.
	0.13
	n.o./n.o
	
	/n.o.
	

	
	
	h
	24660/24660
	2.7/10.1
	
	
	/+187.9
	/+0.68

	
	
	
	
	
	
	
	
	

	Cr
	Pyr:Cr0.04
	
	18000
	1.6
	-1.33
	+0.003
	
	

	
	
	
	24810
	3.0
	-.095
	+0.001
	
	

	
	
	
	
	
	
	
	
	

	Co
	Pyr:Co0.10/ Gt:Co3.00
	a
	5200/5180
	7.3/173
	-0.13/
	-0.013/
	/+43.3
	/+11.9

	
	
	b
	7040/6990
	2.8/57
	-0.50/
	-0.008/
	/+94.5
	/+10.3

	
	
	c
	8360/8320
	3.6/117
	-0.23/
	-0.004/
	/+91.9
	/+7.2

	
	
	d
	~9070/~9050
	3.3/103
	n.o.
	-0.005/
	/+96.9
	/+3.2

	
	
	e
	17150/17150
	8.0/259
	0.00/
	-0.006/
	/+64.2
	/-10.4

	
	
	f
	17670/17670
	9.1/308
	-0.20/
	-0.009/
	/+52.2
	/+22.7

	
	
	g
	18890/18780
	16.1/564
	-0.23/
	-0.014/
	/+55.9
	/+18.7

	
	
	h
	19750/19600
	14.0/455
	-0.07/
	-0.011/
	/+65.9
	/+5.1

	
	
	i
	22530/22420
	0.4/16
	n.o.
	n.o.
	/n.o.
	


n.o. – not observed
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Fig. 1. Single-crystal optical absorption spectrum of synthetic Cr-doped pyrope, Pyr:Cr0.04  measured at 300 K and 600 K.
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Fig. 2. (a) Spectrum of synthetic Co-doped pyrope, Pyr:Co0.10 measured at 300 K and 600 K and (b) end-member Co-garnet, Gt:Co3.00, measured at 300 K. 
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Fig. 3. (a) Spectra of natural V-bearing grossular, Gross:V0.07, and  two synthetic V-doped pyropes, (b) low-V pyrope, Pyr:V0.06,  and (c) high-V pyrope, Pyr:V0.13, measured at 300 K and 600 K.
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Fig. 4. Spectra of synthetic Co-garnet, Gt:Co3.00, measured at ambient  pressure and 8.05 GPa.
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Fig. 5. Spectra of synthetic V-doped pyrope, Pyr:V0.13, measured at ambient  pressure and 7.93 GPa.
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Fig. 6. Energies of absorption bands in garnet Gt:Co3.00 versus pressure. The bands are labeled as in Fig. 2. 
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