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Abstract: The color change of the pink and colorless LiAlSiOg spodumene crystal due to irradiation
and heating is explained. The hypothesis about the change of Mn®** to Mn** after irradiation was
rejected. For the studied crystals, it was shown that both Mn?* and Mn>* occupy the M2 (not the M1)
crystal site. Spodumene crystals which are primary pink (kunzite) contain Mn** (and Mn?*) at the
M1 site. By contrast, those that become pink due to irradiation and heating contain Mn3* and Mn?*
at the M2 site. The emission band of the former is 625 nm, and for the latter, it is 591 nm.

Keywords: pink spodumene; manganese; irradiation effect; optical absorption; luminescence

1. Introduction

Spodumene (LiAlSipOg) is a member of the clinopyroxene group which contains chains of
corner-sharing SiO, groups running along the c-axis and interconnected by chains of edge-sharing
AlOg octahedra and irregularly shaped polyhedra of six-fold coordinated lithium ions. It is monoclinic
with space group Cy,® (C2/c) and unit cell parameters are a = 9.479 A, b = 8.403 A, ¢ = 5.223 A and
B =110.14° [1]. Li and Al occupy the special Wyckoff position 4e with site symmetry 2 (C,), while Si
and O are on the general Wyckoff position 8f with site symmetry 1 (C;). The sketch of spodumene
structure is presented in Figure 1. Octahedrally coordinated AI3* ions occupy M1 sites and <Al-O
>1.923 A. Six-fold coordinated Li* ions occupy M2 sites and <Li-O >2.214 A. The M1 (A1**) cation
is coordinated by four O1 and two O2 atoms; the M2 (Li*) cation is coordinated by two O1, two O2
and two O3 atoms. O3 oxygen is a bridging oxygen as it is bonded to two silicon atoms. O1 and
O2 oxygen are both non-bridging. The quadratic elongation and bond angle variance are equal to
1.0148 and 44.0518 deg.2 and 1.2157 and 542.8684 deg.2 for the M1 and M2 sites, respectively [2], so the
M2 site is larger and more distorted than M1, although the distortion index (bond length) for these
sites is almost the same: 0.0388. These values were calculated from structural data [1]. Quadratic
elongation parameters, bond angle variance of octahedral angles and standard deviation are defined

.2
as<A>= XL, (1), Gz(oct):zgl(ei—%o)/ll and o = y§ £y
and average the Me-O bonds lengths and 0; individual O-Me-O angles, respectively [2]. Distortion

(- lo)2 where [; and [ are individual

iloy?

index (bond length) index was proposed by Brown and Shannon [3] as A = % Z?:l ( T
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Figure 1. Sketch of spodumene structure on (010) using Vesta 3 program and American Mineralogist
Crystal Structure Database. (a) Double ¢ unit; (b) M1 polyhedron only; (c) M2 polyhedron only.
5iO4 tetrahedrons—light brown color; M1 octahedrons—blue color; M2 octahedrons—green color;
O1 atoms—magenta balls; O2 atoms—red balls; O3 atoms—brown balls; Si atoms—yellow balls;
Al atoms—blue balls; and Li atoms—pale green balls.

Gem-quality spodumene crystals are pink-to-lilac, emerald green, pale greenish-yellow, pale
violet-blue, pale green and colorless. Some of the color varieties are customary names, such as kunzite
(pink), hiddenite (Cr-emerald green) or triphane (colorless to yellow). Emerald green spodumene
crystals are well known from Hiddenite, North Carolina and San Diego (USA); pink-to lilac from
Pala, California (USA); and other colored and colorless varieties from, e.g., Laghman, Konar and
Nuristan Provinces (Afghanistan), Skardu District (Pakistan), Minas Gerais (Brazil) and Siberia (Russia).
The main elements which cause the spodumene colorization are Mn, Cr, Fe and V. Their presence
and effect on the color of spodumene crystals are usually confirmed by the results of electron and
Mossbauer spectroscopy.

The following scientific reports, among the many, are most important to explaining the
spectroscopic properties of Fe-ions in spodumene crystals [4-11]. Cr-spodumene crystals have been
described by Cohen and Janezic 1983 (fide [12-15]). As the natural spodumene crystals, in which the
content of vanadium is greater or even equal to the content of chromium, are not known [16], it should
be considered fact that the absorption bands V2* ion should be close to those of Cr3*. It is widely
accepted that Cr®* occupies the M1 site, as does Fe3*, while Fe?* occupies both the M1 and M2 sites.

There are also numerical reports on the spectroscopy of manganese ions in spodumene crystals.
Chandrasekhar and White [17] proposed the presence of Mn?* the M1 site, while [14] demonstrated
that Mn?* ions occupy, in spodumene, the larger M2 site. It was postulated by [5] that if the Mn?* ions
are present in sites M1 and M2, the crystal is colorless; by contrast, when Mn®* ions occupy site M1
and Mn?" are in site M2, the crystal has pink color. Finally, for a reverse occupation scheme, i.e., Mn**
ion in site M2 and Mn?* ion in site M1, the color is green. Recently, the influences of lattice defects on
luminescence properties of Mn?*, known as persistent luminescence, have also been presented [11].

In this work, we present complementary spectroscopic data focused on two issues:
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(1) For Mn?*: what is the lattice site of Mn?* and what are the crystal-field parameters of this ion?
(2) For Mn3*: the problem of color change during irradiation and heating?

Except Cr-emerald green spodumene, the color of other spodumene varieties has been described
as unstable, changing under irradiation and heating. It was shown [18,19] that the colorless spodumene
crystal after irradiation changes to green or pink (lilac). Nassau [20] proposed that the change
involving the conversion of the pink (Mn?®*) to deep green (Mn**), is due to oxidation-reduction with

s

Fed*: Mn3t + Fe3t  irmdiaion " Mn*+ 4 Fe?T with the reverse process occurring upon exposure to light.
The green spodumene crystal after optical bleaching or heating up to 250 °C changes its color to the
pink (lilac) and this change is reversible. Heating above 500 °C causes spodumene to become colorless.
Three bands at 530 (strong), 430 and 680 nm (weak) were measured on the absorption spectrum of
primary pink spodumene from Pala Mine District (San Diego, California). After irradiation, the band
at 650 nm dominates, as does the absorption band in ultraviolet, while after heating (250 °C), the band
at 540 nm is visible again, together with bands at 625 and 675 nm. The intensities of the latter two
increased compare to the intensity of 540 nm band [18]. It was concluded that these effects correspond
to the change of valence of the manganese from Mn>* for pink crystal to Mn** for green.

For primary and irradiated pink spodumene from Minas Gerais (Brazil), it was also
hypothesized [21,22] that due to irradiation, the valence state of Mn®* is not changed to Mn**,
but instead, some other lattice defects are formed and Mn3* crystal site becomes more distorted.
The thesis was put by [23] that Mn®** in spodumene crystal occupies the site with effective tetragonal
distortion, most probably the M1 site, and this site has become more distorted as a result of irradiation.
Consequently, the color is changed from pink to green but returns when the irradiated crystal has been
heated [18,21]. For primary pink spodumene, [21] measured three weak bands at 11,100 cm~! (900 nm),
12,000 cm™! (833 nm) and 22,000 cm™! (454 nm) and one intense at 18,600 cm™! (537 nm), while for
irradiated green, the bands at 10,500 cm™! (952 nm), 15,600 cm™! (641 nm) and 21,500 cm™! (465 nm)
were measured. Souza et al. [22] supported the opinion that after irradiation of spodumene crystals,
the valence state of manganese was not changed, while the bands at 630 and 470 nm are related to
formed lattice defects, not to manganese ions; their intensities increase with the dose of irradiation and
not with the percentage of Mn content.

From a summary of the above opinions, it is evident that the crystals of pink spodumene have
slightly different absorption spectra. The reason of their coloration is certainly Mn®*. However, this ion
may occupy the M1 or M2 site in spodumene crystal lattice, and a different number of other lattice
defects may be present in it.

The main research objectives of this paper were to verify:

(@) Whether Mn3* in spodumene crystal changes into Mn** after irradiation;

(b) How the crystal-field splitting parameter (Dg) and crystal-field stabilization energy (CFSE) of
Mn3* change after irradiation and what the symmetry of Mn>* site is (tetragonal or monoclinic);

(c) Whether Mn3* exists in the M1 or the M2 site; which one is the case for natural crystals, and which
one is for artificial pink spodumene crystals?

2. Materials and Methods

Spodumene crystals of various colors were studied by us and an afterglow effect for them was
shown [11]. In this paper, we present new spectroscopic results concerning four samples: a pink crystal
(sample 3) from Langham Province (Afghanistan); a pale yellow crystal (sample 13) and a colorless
one (sample 14) from Nuristan Province (Afghanistan); and finally, another colorless spodumene from
Skardu District (Pakistan).

The Si and Al contents were determined using an electron-microprobe analyzer (CAMECA sx100;
15 kV, 40-50 nA). The following lines and standards were used: SiKe, (diopside) and AlKa (orthoclase).
Corrections were made using the PAP procedure provided by CAMECA. The results calculated for an
average of 10 measuring points are presented in Table 1. The concentrations of trace elements were
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measured by ICP-MS method at the ACMA Lab (Canada). The Li,O3; content was calculated to be
close the sum of major oxides SiO,, Al;O3, NayO, FeO and MnO. Because Na, Fe and Mn content were
in the amount of several hundred ppm, their oxides were added to the sum of the main components.
It was not considered appropriate to use as much as 15 g of the sample for ICP-MS determination
of the main elements. This would require the destruction of a significant part of the crystal. The Li
content was only calculated, and not measured directly. The results are listed in Table 1. It lists only
the trace elements whose contents were at least 2 times higher than the method detection limit.

Table 1. The chemical compositions of the studied samples.

Oxide Content Sample 3 Sample 14 Sample 13 Sample 36a
Major chemical constituents (wt%)
Sio, @ 64.510 64.48 64.46 64.44
Al,O32 27.280 27.25 27.19 27.28
Li,O* 8.016 7.970 7.885 8.028
Na,O5 b 0.110 0.13 0.11 0.090
FeOP 0.025 0.09 0.27 0.130
MnO P 0.059 0.079 0.085 0.032
Trace element contents from ICP-MS (ppm)
Element (MDL **)

Mn (2) 459 612 663 250

Fe (20) 200 700 2100 200

Be (1) 16 17 16 15

Sc (0.1) 0.9 1.1 1.1 1.1

Na (20) 820 990 840 660

Sc(0.1) 0.9 1.1 1.1 1.1

Ti (10) 20 30 20 20

Cr (1) 3 4 4 4

Cu (0.02) 2.27 0.74 0.61 1.52
Zn (0.2) 13 17.5 114 26.3
Ga (0.1) 67.87 64.80 64.93 46.18

Rb (0.1) 33 44 0.2 0.5

Cd (0.02) 0.07 0.06 0.14 0.10
Sn (0.1) 109.7 157.2 132.5 129.0

Cs (0.1) 43 1.0 0.3 0.7

W (0.1) >200 15.5 0.7 11.1

Pb (0.02) 0.93 0.26 0.49 1.39
sum (from Be to Pb) 1251 1305 1094 918

a From EPMA; P from ICP-MS; * calculated to clos sum to 100%; ** MDL, method detection limit.

The spodumene crystals were irradiated for 24 h by X-ray from a Cu-anticathode (U =40 kV and
I =30 mA). The irradiated crystals were heated in air for 2 h at 250 °C.

Non-polarized absorption spectra of spodumene 3 and 14 were measured at room temperature and
low (7K) temperatures using a Cary-Varian Model 2300 spectrophotometer in the spectral range from
1000 nm (10,000 cm ™) to 340 nm (30,000 cm ™). Steady time-luminescence spectra were determined at
room temperature using a Jobin-Yvon (SPEX) FLUORLOG 3-12 spectrofluorimeter with a 450 W xenon
lamp, a double-grating monochromator and a Hamamatsu 928 photomultiplier. Both emission and
excitation measurements were spectra were measured with the electric vector E parallel to each of
two crystallographic axes on each (100), (001) and (010) surface. The three different excitation spectra
~y, a and  were measured at room temperature, where «,  and y are the indicatrix axes, and the
crystal. These orientations, beam directions and polarizations are as described by the Porto notation.
Measurements at low temperature were made using a Physik LPD3000 laser (pumped by a Lambda
Physik LPX100 excimer laser).
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3. Results and Discussion

3.1. Chemistry of Studied Spodumene Crystals

The Mn and Fe contents in the studied samples are close to the values known from other research.
The pink spodumene sample from Afghanistan studied by [23] contains 700 ppm of Mn. In another
pink spodumene sample [17], 600 ppm of Mn, 900 ppm of Fe and trace amounts of Ca, Mg, Be and
Na were found. In the pink spodumene from Minas Gerais (Brazil), Mn content (460 + 10 ppm) was
greater than the Fe content (165 + 8 ppm) [21]. Moreover, large concentrations (in arbitrary units) of
Na, K, Ti and Mg were detected [24]. In samples studied here, besides Mn and Fe, only Na content
stands out. In the oldest reference [18] for spodumene crystals from Pala, California, the Mn content
was several thousand ppm. However, this content was found in colorless, yellow and green varieties
in probably equally value. It can be said that the essence of the pink color of spodumene crystals is not
the total manganese content, but whether and how many ions of this element have valence (3+).

Among samples studied by us, the colorless crystal (sample. 36a) stands out with the smallest
amounts of trace elements. As was shown in [11], it features a large number of lattice defects.
However, these defects are short-lived, as the emission from them has been measured only for
short-term excitation.

3.2. Irradiation and Heating Effect

The absorbed dose of X-ray used in our research was estimated to be 0.4 Gy, so it was negligibly
small compared to those of used by [21,22,24]. As previously mentioned [22], due to gamma irradiation
with high dose up to 1 kGy, the intensity of bands at 630 and 470 nm strongly increases with the dose
of irradiation and not with the percentage of Mn content. A change in the color of the spodumene was
usually observed after irradiation and annealing at 250 °C. Paper [23] shows that the crystals subjected
to irradiation and then annealing at T = 700 °C become colorless. This means that almost all Mn** has
changed to Mn?*.

As it was for shown earlier [11], the pink spodumene crystal (3), upon being irradiated, changed
color to green, but after heating (250 °C/2h), reverted to pink. Similarly, the colorless crystal (14),
when irradiated, changed color to green, and after heating (250 °C/2h), to pink. The pale yellow
crystal (13) turned bright green when irradiated but reverted to pale yellow after heating (250 °C/2h).
The colorless crystal (sample 36a) after X-ray exposure did become colored. For all studied spodumene
crystals, some lattice defects have been present and their number increased after irradiation [11].
Due to irradiation, some part of Mn?* changes to Mn®*, but this valence state was not permanent
for sample 13, in contrast with samples 3 and 14. In the first one, the lattice defect did not stabilize
Mn3*. The valence change of Mn?* to Mn®* under irradiation may be permanent (as with crystal 14)
or unstable, as with the second sample. According to [11], sample 13 contained significantly more
lattice defects than samples 14 and 3, and these defects were not located near the MnZ* ions, because
no energy transfer effect has been observed. For this reason, the valence of Mn** was not permanent.
The situation was opposite for crystals 3 and 14. The number of lattice defects and their proximity to
Mn3* made the created valence (3+) permanent.

3.3. Spectroscopy of Mn?* in Spodumene

7

Divalent manganese is one of the most common and well-known activators of minerals
luminescence. For all minerals, and an overwhelming number of synthetic phosphors, this ion
occurs as high-spin complex possessing the unique electronic configuration (1‘23)3(6'5;)2 with a single
occupation of all five d orbitals and zero crystal field stabilization energy (CFSE). The ground term is
%S and the excited terms in order of increasing energy are: 4G, 4P, D, 'T and *F. Due to the crystal field,
the terms split into levels. For example, the first excited term *G split into levels 4T2g and 4T1g, whose
energy strongly depends on crystal-field force Dy, and two levels *A; and *Eg, whose energies are
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independent of D;;. As the energies of levels 4A1 and 4Eg states are expected to be equal, these states
are often described as the (4Eg4A1) state.

Only the luminescence of Mn?* was measured for studied crystals. The results are given in
Figure 2a—f. Nonetheless, for pink spodumene (sample 3), an additional line was measured at 690.7 nm
and identified as the Ry line of Cr**. The luminescence spectra measured at room temperature contained
a wide *T;(*G) — ©A;(®S) band at 591 nm. With a lowering of the temperature (7K), the emission
band shifts towards longer wavelengths (Figure 2a) due to the shortening of the Mn-O distance.
The intensity of luminescence depends on the Mn-content (Figure 2b,c, Table 1). The emission bands
are symmetrical; their main full width at half maximum was 1920 cm™! at room temperature and
1760 cm™~! at 7 K due to reduction of the coupling with lattice vibrations. The luminescence excitation
spectrum of spodumene measured for the 591 nm emission is shown in Figure 2d,e.
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Figure 2. (a) Emission spectra of Mn?* for sample 3, T = 300 K and T = 7 K. (b) Emission spectra of
studied samples, T =7 K. (c) Emission spectra of of Mn2+ for samples 3 and 14, primary and irradiated and
heated, T = 7 K. (d) Polarized excitation spectra of Mn?* for sample 3, T = 300 K. (e) Polarized excitation
spectra of Mn?2* for sample 3, T = 7 K. (f) Polarized emission spectra of Mn?2* for sample 3, T = 300 K.

In the visible region, there are five transitions between the ground and excited states of Mn?2+t
which are measured as v1-v5 bands listed below in the order of increasing energy:

91:8A,(8) = 4T, (*G) = ~10Dq + 18B + 6C — 2650
92:°4,(S) = *T, (*G) = ~10Dq + 10B + 6C - 3855
93 0A,(S) = *E,, 4A18(4G) =10B +5C
94 PA,(S) - 4T2g(4D) =13B+5C+x
85 A, (S) = *E,(*D) = 17B + 5C

Based on the position of v1-vs5 bands and using the above equations, the B, C and Dg parameters
could be calculated. Usually, the B parameter is calculated first, from the difference between the vs and
v3 bands; then, parameter C from these bands; and finally, Dg, calculated from v, or v transitions.
However, if v3 and/or vs band are not a single band, but rather split, then such calculations may carry
a significant error.

The measured v1—v5 excitation bands are presented in Table 2, together with the calculated values of
energy transitions. The calculations were made according to the above equations and to Curie et al. [25]
approximation. This theory [25] takes into account the difference in the covalence of ¢, and e orbitals
and explains the splitting of *E,*A*A state for Mn?* in octahedral and tetrahedral site coordination.
The normalization parameters are Ny, Noand ¢, where ¢ = C+r4' Note the Racah—Treesa parameter ot and the

B
seniority parameter fhave been included. As the v3 band of ©A;(S) — *E,*A(*G) transition is not a single

band, at the first approximation the Racah parameter was calculated from barycenter of it. Then, the
energy of *A;(*G) is calculated as 6A1 (S) - A1(4G) = (10B + 5C)-N?:N2, while energies of *E(*G, *D)
(9B + 5C)N# + (4B + 2C)N?N? 2 V3BN?N?

2 V3BN2N? (6B +3C)N?N2 + (8B +2C)N# |
and similar to the matrix for *T; and *T, [25]. The results obtained by calculations following the
theory of [24] are in better agreement with experimental results than those based on the theories of
Tanabe-Sugano (Table 2). However, even the former are still not satisfactory to us. It means that
the low symmetry of Mn?*-Oy polyhedra caused much greater splitting of “E*A(*G) level (Figure 2d,
Table 2).

are the eigenvalues of the matrix: [
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Table 2. Measured and calculated energies of absorption transitions of Mn?* ion.

Energy of Transitions

Bands Transitions Measured at T = 300 K Calculated (cm™1)
(nm) (cm™1) Tanabe-Sugano?  Curie et al. [25] P
vy 6A1(S) - *T1,(*G) 483 20,700 15,686 19,040
vy 0A1(S) - 4Ty (*G) 431 23,200 19,139 20,855
v3 ®A1(S) = *E4(*G) 408 24,510 24,038 23,400
v3 6A1(S) » *A15(*G) 415 24,096 23,185
A(*A, %E) 414 215
Uy 6A1(S) — 4T54(D) 360 27,777 ? 28,650
Us ®A1(S) — *E4(D) 333 30,030 30,300 32,800

aB=856cm™!,C=3095cm™!,10Dg = 2022 cm™;® B =844 cm™, C = 3190 cm™, 10Dg = 5200 cm™!, N{*N,2 = 0.975,
ACGA,*E) =215cm™ 1.

Additionally, the Mn-O bond is largely ionic, as the nephelauxetic parameter $ (8 = Bin complex/
Bfree ion) is equal to 0.88. The splitting of 4E*A(*G) level for samples 3, 13 and 14 is almost the same
(415-420 cm 1) but slightly greater for crystal 36a (440 cm™1). It is a crystal with a lot of lattice defects
but little content of trace elements [11]. Irradiation and heating did not change the values of v1—v5
excitation bands.

Current results are close to those calculated by [14], i.e., 10Dg = (6000 + 300) cm™!, B =857 cm™!
and C = 3200 cm ™!, and indicate that Mn?* occupies the larger M2 (Li) site in the studied spodumene
crystal. For the other sample of pink spodumene [17], a single emission band of Mn2* has been
measured at 16,000 cm™! (i.e., 625 nm). The thesis was put forward that Mn?* occupies the M1 (Al)
site. It is hard to disagree with that conclusion. The greater emission wavelength (625 nm) compared
to our results (591 nm) corresponds to a larger Dg value; i.e., a smaller Mn-O distance; i.e., the M1 site.

It can therefore be concluded that the Mn?* occupancy of the M1 or the M2 site shows signs of
variability or even randomness.

In [17], the polarization dependence of emission intensity was shown. Such analysis allows
the determination of the orientation of the emission dipole P, the components of which are aligned
parallelly to the crystallographic axes 4, b and c. The following equation have been used:

P, = r-sinB-cosep
Py = r-sin0-sing
P. = r-cosO

where 0 is an angle between the direction of the oscillator and the c-axis, and ¢ is an angle on the ab
plane between the projection of dipole on this plane and the a-axis, which are retrieved as Cartesian
coordinates from the spherical coordinates (radius , polar angle 0, azimuthal angle ¢). The polarization
intensities are proportional to the squares of the direction cosines. Chandrasekhar and White [17]
obtained 0 = 34.0° and ¢ = 45.8°. For all studied spodumene crystals (primary ones and those subjected
to irradiation and heating), the polarization scheme is as given above.

From our measurements (Figure 2e), the intensities for Pa, Pb and Pc in arbitrary units are 2.5 X 10,
0.16 x 10* and 4.4 x 10%, respectively. Based on the results presented in Figure 2e, the angles 0 = 18.2°
and ¢ = 37.8° were estimated; these values are clearly different from data obtained by Chandrasekhar
and White [17].

3.4. Spectroscopy of Mn* in Spodumene

Mn3* is a mineral component that can be responsible for a red to violet or pink color on the one
hand and yellow or green and blue on the other. The polarized or un-polarized spectra measured for
red and purple crystals contain the main 5Eg - 5T2g transition band at 535-565 nm. The yellow or
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green crystals comprise two bands at 450 and 630 nm. The crystal-field splitting parameter 10Dg for
Mn-bearing minerals varies from 19,800 cm™! to 12,000 cm™! [12,26,27]. So far, the Mn3* crystal-site
symmetry in minerals was considered as tetragonal (Dgj, or Cy,), trigonal (D3j,) or monoclinic (Cp).

The pink spodumene crystal (sample 3), upon being irradiated, changed color to green, but after
heating, reverted to pink. Similarly, the colorless crystal (sample 14), when irradiated, changed color to
green, and after heating, to pink (Figure 3).

primary
under UV

under X-ray

after X-ray

after
heating

Figure 3. Studied samples before and after irradiation and heating.

The emission of Mn®** has not been measured for our pink spodumene (sample 3), nor have
references been found that provide Mn®* luminescence data for such crystals. The luminescence spectra
of Mn3* in minerals and synthetic materials have been measured rarely [27]. A strong Jahn-Teller effect
introduces various channels for nonradiative relaxation and the quenching of manganese luminescence.
The luminescence quenching properties of Fe-ion are well known. However, for the studied samples,
the amount of Fe is too low to have any meaningful effect. For the crystal with the highest Fe and
Mn content (sample 13) with a uniform distribution of these elements in crystals, Mn and Fe ions are
present in every 17-unit cell, so an energy transfer between them is almost impossible. Thus, the main
reason for it may be the low Mn content in pink spodumene crystals. All emission spectra of pink
spodemene show the emission band of Mn?*, and sometimes, those of lattice defects [11].

(a) First question: does Mn>* in the studied spodumene samples change its valence due to irradiation?

The absorption spectra of the natural and irradiated crystals (sample 3 and 3 irr.), measured at
a low temperature, are shown in Figure 4a. The concentration of Mn in the crystal was rather small
(459 ppm), similar to that reported by [28], but at least 10 times smaller than that reported by [18].
For the pink spodumene crystal, absorption bands at 400 (very weak), 529, 585 (weak), 624 and 1630
nm (very weak) have been measured. After irradiation and the change of color from pink to green,
absorption bands appeared at 447, 536, 588 (weak) and 628 nm. The absorption spectrum of irradiated
pink spodumene resembles that of the primary pink crystal, the only difference being a shift to longer
wavelengths. Contrary to [5,18,21], no drastic changes, such as the disappearance of 540 nm band and
the appearance the band at 640 nm have been observed.

The primary colorless crystal (sample 14) became green due to irradiation, and after heating at
250 °C per 2 h, it turned pink. This has been confirmed in Figure 4b. The spectra for this sample are
very similar to the spectra of sample 3 (Figure 4a). The only difference is the absorption coefficient and a
small, negligible difference of maxima bands values. Sample no 14 contains more Mn than sample 3, but
only a small part of Mn changed valence to Mn**. However, unlike sample 13, this change is permanent.
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Figure 4. (a) Absorption spectra of primary and irradiated sample 3 measured at T =7 K. (b) Absorption
spectra of irradiated and heated sample 14 measured at T = 7 K. (c) Emission spectra of primary and

irradiated sample 3 measured at T =7 K.
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Due to irradiation, when the primary color of crystal sample 3 changes from pink to green, some
point defects may cause variation in the local surroundings of Mn?*, so the double emission band
was measured (Figure 4c). Said effect is not present in the spectra of irradiated sample 14. Irradiation
of crystal sample 14 caused a change in the valence of manganese from (2+) to (3+) (Figure 3) and
increased the number of lattice defects. Many of them were formed in the close vicinity of Mn®* and
balanced its extraordinary charge. Therefore, after heating, some of them remained Mn3*, and the
remainder returned to valence (2+). This is not only seen as a change of crystal color, but also as a
reduction in the intensity of the Mn?* luminescence for this sample (Figure 2b).

It should be recalled here that for the pink spodumene of unknown origin but with a similar
amount of Mn and Fe, one distinct and one weak band at 18,870 cm™' (529 nm) and 23,260 cm™!
(423 nm) were measured [17]. It looks similar to the current spectrum (Figure 4a). These bands had
been identified as coming from 0A; — 4T1g and °A; — 4ng transitions of Mn?*. However, this was
incorrect for two reasons:

Firstly, a sharp, characteristic band of 6A; — 4Alg,‘LEg(‘lG) transition has not been measured, but it
should clearly be seen between 400 and 450 nm from [19], its Figure 68, [29,30] and spectra published
by minerals.gps.caltech.edu.

Second, it was demonstrated ([31] and cited therein) that for Mn-beating silicates, the molar
absorption coefficient ¢ of Mn®* bands is 5-30 times higher than that of Mn?* bands. It is therefore
very likely that the absorption spectrum presented by [17] corresponds to Mn?*.

For synthetic materials doped with Mn**, absorption bands measured at 310-330 nm and
480-500 nm are the results of *A, — 4T} (4F) and 4T, (*F) transitions, respectively [32-34]. The emission
band of Mn** has been measured for different synthetic crystals at 670-690 nm as narrow R lines
reflecting the ?E — *A, transition with, in some cases at room temperature, a broad band reflecting
the 4T, — %A, transition [35-38]. The narrow emission line measured at 690.7 nm (Figures 2a—c and
4c) was the Cr** emission line which corresponds to 2E — A, transition, and was measured only for
primary sample 3. As a result of irradiation and heating, a large number of lattice defects were formed
in the spodumene crystal, so the emission band of Mn?* became wider, and in its wing, the R-line was
not visible.

The bands listed above have been measured on neither absorption nor emission spectra of
irradiated pink spodumene. It can therefore be concluded that in the studied pink spodumene crystal,
Mn3* did not change to Mn**. In the irradiated crystal, only Mn3* and Mn?* are present.

Due to the irradiation, the Mn3*-O distances increased and crystal-field strength decreased.
The change of bond length due to X-rays is known [39]. For spodumene crystal, it was shown [40]
that the HOMO (highest occupied molecular orbital) essentially comprises O atom electrons and
that electrons on HOMO levels would easily transfer and participate in other systems for bonding.
The range of allowed energy of 2p oxygen electrons is large enough to contain electrons from slightly
shifted oxygens. According to our research, the effect of X-rays was as intense as in [39], because it
lasted 24 h, not 20 h. Thus, it has been proven that under the irradiation, the valence of the manganese
ion did not change from 3 to 4, but the Mn-O bond lengths were changed, which caused a change
in color.

(b) Second issue: what is the effective symmetry of the crystal field—tetragonal, as was proposed by
Ito et al. [21], or monoclinic?

The assignment of measured bands to electronic transitions is not unambiguous.

For the primary crystal, the absorption bands at 529, 585 (weak) and 626 nm could be recognized
due to transitions of Mn* occupying the crystal site of tetragonal a of low symmetry, most probably
Cyy or Co.

If Mn3* is presence in tetragonal field, two bands in visible region should be indicated. According
to [41], the Dg, Dy and D, parameters were calculated (Table 3) from the energy of transitions:

v1: °B1g(°E) 5°A1,(°E) - 1630 nm, i.e., 6135 cm™ =4 - D; + 5 - D;
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V2: °Byg(°E) =°Bog(°T2) — 624 nm, i.e., 16,025 cm™ =10 - Dy
v3: °B1g(°E) 5°Eg(°T,) -529 nm, i.e., 18904 cm™ =3 - D — 5- Dy + 10 - Dg

The crystal field stabilization energy (CFSE) equals CSFE = %-10-Dq + %(4~Ds +5Dy) =
11,083 ecm™; ie., 131.88 kJ/mol. This is less than for pink and purple vesuvianite and for
Mn3+* beryllium [26,27]. Due to irradiation, the CFSE (Table 3) changed to 11,029 cm7!, ie,
131.20 kJ/mol—meaning a 0.5% decrease, as should happen for a reversible process. This difference
could be also expressed in equivalent temperature and is equal to AT = 78 K. However, this does not
correspond to our experimental results. The color change took place only after heating in T = 250 °C.
According to [21] data, for the primary lilac crystal CFSE = 16,910 cm™, i.e., 202.28 kJ/mol (2.096 eV),
and for the irradiated green crystal, CFSE = 14,610 cm™, ie., 174.77 kJ/mol (1.811 eV), meaning a 13.6%
decrease. This difference, too, can be expressed in equivalent temperature and is equal to 3300 K.
The change in CFSE is too large for a reversible process.

Table 3. Spectroscopic parameters of Mn3* in tetragonal site symmetry.

Spodumene Crystals
Spectroscopic Current Study [21]
Parameters Units (3) Pink  (3) Green X-ray Lilac Green
Primary Irradiated Primary y-Irradiated
nm 1630 1630 870 952
SBlg(SE) —>5A1g(5E) (nm)
(em™1) 6135 6135 11,500 10,500
nm 624 628 537 641
B1g(°E) 2By (T)
(em™1) 16,025 15,923 18,600 15,600
nm 529 536 454 465
5Blg(5E) —>5Eg(5T2) (nm)
(cm™1) 18,904 18,656 22,000 21.500
Dg 1603 1592 1860 1560
CSFE 11,083 11,025 16,910 14,610
Dt (cm™1) 197 213 597 226
cm
Ds 1288 1267 2129 2343
Dq(z) 1833 1592 1164 1296
Dg(xy) 1488 1219 2208 1692
1/5
(e - 1.04 105 0879 0.948
Dq(xy)

The calculation of tetragonal distortion of crystal site from spectroscopic data was proposed [42].
From the Dq and D; parameters, the Dq(z) and Dg(xy) parameters can be calculated from:
D: = ~$[Dq(z) - Dq(xy)] and Dg = 1[2-Dq(z) + 4-Dq(xy)] [21].

The Dq(z) and Dg(xy) parameters are associated with the z-axis and xy-axes or equatorial ligands,
respectively. The significant difference between Dg(xy) and Dg(z) implies that the tetragonal distortion
of this site is quite large. Using the approximation of ligand-field theory, we have Dgoc(1/r)°, where
r is the M=O bond length. Hence, the r(xy)/r(z) = (Dq(z)/Dq(xy))"> could be calculated (Table 3).
For samples studied by [21], this ratio approaches 1, as bond length in z direction decreased, while in
the x, y direction, it increased (Table 3). In [21] for the M1 site, directions x, ¥ and z were chosen as in
Figure 5. Configurational isomerism (trans-cis of M-O bonds) was considered to be more important
than the similarity of bond lengths. The longest bonds are M1-Ola, and the shortest M1-O2.
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Figure 5. The sketch of the crystal structure of spodumene projected down a axis, made on the base [1].

In view of our experimental results, the thesis of tetragonal crystal site stabilizing d* ion does
not hold up, as Dq(z):Dq(xy) is greater than 1. Moreover, contrary to Ito et al. [21], bonds in z, x and y
directions increase. From Figure 5, it is clear that the M2 site cannot have fourfold axis symmetry along
z direction, because the nature of O3 and that of O1 oxygen are different. O3 oxygens are bridging,
while O1 oxygens are non-bridging. This leads us to an additional conclusion that in the studied
spodumene, Mn3* does not occupy a site with tetragonal symmetry.

For d* ions in Cy, symmetry sites, considering four absorption bands involving the bands at
628 nm and 440 nm as connected with Mn3*, the following transitions could be proposed:

v1: °B1(°E) —» 5A1(5Eg) were not observed and a value of 6000 cm™! can be assumed for it;
v2: °By(°E) = °A1(°Ty,) at 624 nm (16,025 cm™') and 628 nm (15,923 cm™!);
v3: °B1(°E) = °By(°Ty,) at 529 nm (18,904 cm™!) and 536 nm (18,657 cm™);
vy: °B1(°E) = °Ay(°Ty,) at 440 nm (22,727 cm™') and 447 nm (22,371 cm™).

For the primary crystal, 10Dg = 16,218 em™!, CFSE = 12,290 cm™, i.e., 147.02 kJ/mol (1.524 eV),
and after irradiation, 10Dg = 15,984, CFSE = 12,112 cm™1, ie., 144.89 kJ/mol (1.502 eV). Due to irradiation,
10Dgq and CFSE decreased, this time by 1.4%. This difference could again be expressed in equivalent
temperature and is equal to AT = 255 K, which is confirmed by the experimental results we obtained.

The results presented above and those by Ito et al. [21] show that Mn3* can occupy site with
monoclinic site symmetry only.

(c) Does Mn®* exist in M1 or M2 site?

At first, it may be noted that the known spectra of pink spodumene differ slightly. For the pink
spodumene from Minas Gerais, Brazil [6,21,23,24], the 530 nm band appears as the only one or is
clearly more intense than the 630 nm band. Meanwhile, for samples from Pala, California [18] or
Afghanistan [11,17], the 530 nm band does not stand out as much more intense than the others. Perhaps
in the first one, Mn3* occupies M1 (Al) site, since the absorption spectrum is typical of axial symmetry,
while in the second sample, Mn3* is present in site M2 (Li) with lower symmetry.

Differences in ionic radii of Li*, AI**, Mn?** and Mn* (0.076, 0.054, 0.083 and 0.065 nm,
respectively) [22] indicate that the substitution of manganese ion for Li* is geometrically more
favorable. Such a substitution was found in the y-LiAlO, single crystal [43] in which both Al and Li are
coordinated by four oxygen. Mn?" was located in LiOy tetrahedron. The larger size favor and greater
deformation favored this development. As a result of this low symmetry (C;), the excitation band
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4E*A was split into two bands at 417 and 428 nm, so the splitting was pretty large (674 cm™!). For the
spodumene crystals, the excitation band *E*A was split into two bands at 408 nm, i.e., 24,510 cm~! and
415 nm, i.e., 24,096 cm™!, so the splitting has value 414 cm™! (Table 2, Figure 2e). However, Mn?*t — Lit
substitution must be compensated by the creation of Li* vacancies, randomly distributed in the volume
of the samples. After irradiation, when Mn?* changes to Mn®*, a greater number of electron defects
should be created. Radiation quite easily removes electron from the weak bond O?". The low symmetry
of the crystal field caused the absorption spectra to be similar to those at Figure 4a,b. That was also
very likely the case for the pink spodumene from Pala [18], its Figure 2b.

On the other hand, the Mn?* and Mn3* substitution for AI3* occurs often in minerals. Substitution
of Mn3* for AI** in the M1 site does not require any charge balance. If, during crystal growth,
manganese is introduced into a spodumene crystal as Mn3*, then it most likely occupies the M1 site.
Now, due to the higher symmetry of the crystal field, one can expect an absorption spectrum similar to
those of beryllium [26,27] or to those of the spodumene from Minas Gerais, Brazil [21,24]. It seems
logical to assume that in this case, the majority of manganese ions have (3+) valence. In this case,
it is the emission of this ion which should predominate, not that of Mn?*. We do not have such a
spodumene crystal, nor do we know of any references about Mn3* emission in spodumene. Only the
emission of Mn?* is measured. For example, [17] measured the pink spodumene emission band of
Mn?* at 625 nm and assigned it to the M1 site.

On the other hand, it has been shown in previous works [14] and in the current study that Mn?Z*
in spodumene prefers the M2 site. Such a substitution requires either cation vacancies or additional
electron centers. Mn?* occupying the M2 site can easily change its valence to (3+) after irradiation and
heating, as was observed for spodumene crystal 14.

For the pink spodumene crystal studied here (sample 3), it can be seen that only a part of the
manganese has a valence (3+); the rest remained as ions (2+). The Mn>* occupying the M2 site requires
the presence of even more electron defects than the original Mn?*. In addition, defects must somehow
arise in its vicinity. It can therefore be assumed that the number of Mn?®* in the M2 site will not be
significant. The resulting pink color will not be very intense and can easily be lost.

The M1 cation is coordinated by four O1 and two O2 atoms, and the M2 cation is coordinated by
two O1, two O2 and two O3 atoms. In terms of classical Pauling bond strengths, O1 is approximately
charge-balanced, O2 is highly underbonded and O3 is highly overbonded. The apparent charge
imbalances are largely eliminated by variations in cation—oxygen bond distances: for example, bonds
to the underbonded O2 oxygen atoms are typically shortened, whereas those to the overbonded O3
atoms are lengthened. Changing the Mn-O length is therefore easier for the M2 site than for M1.
Such changes in the length of bonds do not cause significant changes in the CFSE value. For this reason,
they are probably more common.

4. Conclusions

The presented results and discussion allow one to formulate the following conclusions:

1.  After X-ray irradiation, over 24 h, the spodumene crystals, whether colorless or pink, changed
their color to green, but without changing the Mn3* valence to Mn**. Therefore, the presence of
Mn** in the irradiated sample was excluded.

2. It is very likely that Mn®" occupies the M2 site of monoclinic symmetry. According to the
absorption transitions, the changes in 10Dg and in CFSE values for the irradiated crystal are not
very significant, and the color change process can be reversed.

3. Mn®* can occupy the M1 site if is introduced into a spodumene lattice during crystal growth.
The absorption spectrum of such a crystal exhibited one distinct band at 530-540 nm, and the
emission of the Mn?* present in this site is measured at 625 nm.

4.  For other pink spodumene crystals, the absorption spectra as at Figure 4a,b are appropriate for
manganese ions (2+) and (3+) present in the M2 site, and its coloration was caused artificially.
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Such crystals initially contained only Mn?*. Some of these ions changed their valence to (3+) due
to irradiation and heating.

Spodumene is a crystal that easily changes color from pink to green and can easily create optically
active point defects in it. For this reason, it can be used in optics as a material with the possibility
of modulating emission colors.
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