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Abstract

The electron absorption-, photoluminescence- and electron paramagnetic-resonance spectra of Mn** in red beryl from Wah
Wah Mountains (Utah USA) and of pink- and purple vesuvianite from Jeffrey Mine (Asbestos, Canada) were measured at
room- and low temperatures. The crystal field stabilization energies are equal to 130.9 kJ/mol for the red beryl, and 151.5—
158.0 and 168.0 kJ/mol for for the pink- and the purple vesuvianite, respectively. The red photoluminescence of Mn** was not
intensive either at room- or at low temperatures. The high Mn content in the crystals caused the emergence of an additional
emission band and short photoluminescence-decay lifetimes. The latter are only 183 ps for beryl and 17 ps for vesuvianite.

Keywords Mn>* ion - Luminescence - Optical absorption - Beryl - Vesuvianite

Introduction

Mn>* belongs to 3d* electronic configurations, where
the ground term °D is the only quintet term, whereas
the other terms are triplets and singlets. In the octa-
hedral crystal field, the °D term splits into the lower
SEg and upper 5T2‘g terms. The configurations of the
lowest energy of the Mn* ion are: E(°D) — t2g3eg;
T,(D) — ty,°e,” °T1CH) — t,,% 'T,(') — t,,* and
'E('I) — t,,* (Sugano et al. 1970; Powell 1998). The energy
level diagram of d* ions is presented in Fig. 1. Splitting of
the ground °D term can be intensified or induced by the
Jahn-Teller effect of transition metal ions. The distinct
Jahn-Teller effect causes the d* ion to occupy a crystal site
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of symmetry lower than octahedral. As a result, in many
natural- and synthetic Mn>*-bearing crystals, the site sym-
metry is reduced tetragonal (Burns and Strens 1967; Hale-
nius 1978) or monoclinic (Hélenius 2004). The scheme of
the ground- and first-excited states of the d* ion in differ-
ent symmetry sites is sketched in Fig. 2. As only the °E
level has a configuration with one non-paired electron, the
Jahn-Teller stabilization energy for this level is expected
to be the highest. For the other levels, smaller stabilization
energies are expected.

The optical absorption spectrum of Mn** consists of an
intensive, broad, often two-humped band due to 5Eg — 5T2g
transition with Jahn-Teller splitting of the 5T2g level or of
two dichroic bands in the lower symmetry fields. On the
short-wavelength side of this main 5Eg — 5TZg absorption
band, a characteristic deep feature is observed in some cases.
It is attributed to a Fano-antiresonance effect between the
3E and the °T, levels. With increasing crystal field strength,
a shift of absorbance band towards shorter wavelengths is
observed and splitting of upper-level e, orbitals is measured
in the red- or NIR range of the spectrum (Kiick et al. 1998b;
Gaft et al. 2011). The less frequent spin-forbidden transi-
tions °E, — °T,,(’H) and °E, — ’E,(*H) may be measured
as narrow lines.

Mn** 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 absorption spectra of
Mn**-bearing minerals have been measured for grossular

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00269-017-0934-x&domain=pdf

476

Physics and Chemistry of Minerals (2018) 45:475-488

wim

Fig.1 Simplified sketch of the Tanabe-Sugano diagram for a d* elec-
tron configuration in octahedral symmetry

(Gaft et al. 2013), Mn-hydrogarnets (Halenius 2004), Mn-
andalusite and kyanite (Abs-Wurmbach et al. 1977; Halenius
1978; Kai et al. 1980; Smith et al. 1982; Langer et al. 1982;
Abu-Eid et al. 1978; Gaft et al. 2011), yoderite (Langer et al.
1982), orthozoisite and clinozoisite (Langer et al. 2002),
rhodonite (Paido and Watanabe 2008), epidote (Smith
et al. 1982; Burns and Strens 1967), vesuvianite (Platonov
et al. 1995; Panikorovskii et al. 2017), beryl (Nassau and
Wood 1968; Fridrichova et al. 2017), diopside (Hélenius
and Skogby 1996), clinopyroxene and amphiboles (Ghose
et al. 1986), montmorillonite (Sherman and Vergo 1988),
chlorite (Halenius 1984) and tourmaline (Smith 1978). The
polarized- or un-polarized spectra measured for red- and
purple crystals contain the main 5Eg — 5T2g transition band
at 535-565 nm. In contrast, the spectra recorded for yellow-
or green crystals comprise two bands at 450 and 630 nm.
The crystal-field splitting 10Dq for Mn-bearing minerals
collected by Burns (1993) varies from 19,800 cm™! for
garnet to 12,800 cm™! for tourmaline. Lower 10Dq values
have been calculated for blanfordite (11,650 cm_l), winchite
(11,640 cm™), juddite (11,925 cm™!) and montmorillonite
(12,999 cm™"). The Mn>" crystal-site symmetries in these

minerals are usually lower than octahedral and estimated to
be tetragonal (D, in andalusite, epidote and beryl, C,, in
vesuvianite, montmorillonite), trygonal (D3, in yoderite) or
monoclinic C,, in andalusite, Mn-hydrogarnet and hentiter-
mierite, C, in amphiboles and beryl (after Chithambo et al.
1995).

The luminescence spectra of Mn>* ions in minerals and
synthetic materials have been rarely measured. A strong
Jahn-Teller effect introduces various channels for non-
radiative relaxation and the quenching of manganese lumi-
nescence. The intensive Mn>* luminescence at room- and
low temperatures was measured only by Kiick et al. (1998b,
¢) for Mn**-doped garnets Y;AlL,0,, (YAG), Y;Gas0,,
(YGG), Gd;Gas0,,(GGG), Y;Sc,Ga;0,, (YSGG) and
Gd;Sc,Ga;0,, (GSGG). At room temperature, the two spin-
allowed transitions 5TZ—SE’, SE" were observed as bands
at 620—-659 nm and 758-842 nm. At low temperatures,
only the 'T, level is thermally populated. At T= 12K, two
broad bands ('T, — °E’, °’E”) with maxima at 14,300 cm™!
(700 nm) and 11,700 cm™" (850 nm), as well as a structured
band around 9000 cm™! (1100 nm, 1T2 — 3TZ), were meas-
ured. The decay times at T=12 K are a few milliseconds
while, at higher temperatures, lifetimes decrease to ca 0.5
ps. Moreover, the Mn?* luminescence of YMnO; (Takahashi
et al. 2002) and ZnAl,O, (Cornu et al. 2014) are known.

Unlike that of Mn?*, Mn®** luminescence is not well
known in minerals. Mn** emission was reported recently
in orange Mn-containing kyanite (Gaft et al. 2011) and in
grossular (Gaft et al. 2013). A broad luminescence band was
detected under excitation at 355 nm at 7=300 K in orange
kyanite with a maximum at 765 nm and a long decay time
of 830 ps (Gaft et al. 2011). This red band disappeared at
77 K. In our opinion, this emission should originate from the
5T — E transition. Using a time-resolved procedure, Gaft
et al. (2013) measured a broad emission band at 653 nm at
room temperature (G =50ps, D= 100 ns) in natural grossular
from Mexico. This emission was split at 7=100 K into two
bands at 633 and 698 nm. The nature of the double emis-
sion peak has not been explained. Mn** (and Mn?*, Cr**
and Mn**) luminescence has been noted in yellow sapphires
(Palanza et al. 2010). For beryl, only thermoluminescence
measurements have been made (Chithambo et al. 1995). To
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date, no photoluminescence in Mn**-vesuvianite or beryl
has been reported.

Ultrafast laser spectroscopy is a spectroscopic technique
that uses ultrashort pulse lasers in the study of dynamics
on extremely short timescales. Compared with continuous
wave (CW) and long-pulse lasers, the femtosecond laser may
induce different phenomena when it interacts with matter.
No case of the application the ultrashort excitation in stud-
ies of the luminescence properties of minerals is known to
us. For the crystals studied in this work, some competitive
effects to CW measurements can be expected. Among them,
an alternative way of Mn** luminescence excitation is rec-
ognized and/or the possibility of short-lived point-defect
emission.

Materials and methods

The red beryl studied in this work was extracted from
cavities in rhyolite from the Wah Wah Mountains, Beaver
County, Utah, USA (Wood and Nassau 1968). The crystal is
a flat pinacoid {001} up to 15 mm across and 14 mm thick.
The purple- and pink vesuvianite crystals studied by us,
and the green variety of vesuvianite, are from the asbestos
chrysotile Jeffrey Mine (Asbestos, Canada). The crystals are
tetragonal prisms elongated parallel to the Z-axis. They are
often variously colored with zones of deep purple (lilac) or
pink and yellow. Several small crystals (2 X2 X7 mm) were
chosen which, in so far as was possible, were homogenous
deep purple- or pink colored (magenta). Several grains of
these minerals were selected for electron microprobe analy-
sis. Powdered samples (0.2 g) were prepared for chemical
analyses and EPR measurements. Fragments of vesuvian-
ite crystals of similar color to those measured by electron
absorption spectrophotometer, and which exhibited orange
luminescence, were selected.

Chemical analyses

The major chemical constituents of the crystals were deter-
mined using an electron-microprobe analyzer (CAMECA
sx100; 15 kV, 40-50 nA). The following lines and standards
were used: CaKa, SiKa, MgKa (diopside). TiKa (rutile),
AlKa (orthoclase), FeKa (Fe,O53). MnKa (rhodochrosite).
Corrections were made using the PAP procedure provided
by CAMECA. The results calculated for an average of 5
measuring points are presented in Table 1. Chemical analy-
ses were performed using an Epsilon 3 (Panalytical, Almelo,
Netherlands) energy-dispersive X-ray fluorescence (EDXRF)
spectrometer with a Rh target X-ray tube operated at a maxi-
mum voltage of 30 keV and a maximum power of 9 W. The
spectrometer is equipped with a thermoelectrically-cooled
silicon drift detector (SDD) with an 8-pm Be window and a

Table 1 The chemical composition of the studied crystals

Compound

Red beryl

Purple vesuvianite

Pink vesuvianite

Major chemical constituents [wt%] ASA MC-

Sio, 65.10 36.8 36.8

TiO, 0.30 0.09 0.04

ALO, 16.08 15.15 1500

Mn,0, 1.52 1.17 2.09

Fe,0, 4.20 0.61 0.59

Cr,04 0.00 0.40 0.50

MgO 0.20 5.52 3.42

CaO 0.00 36.70 36.70

BeO? 12.60 0.00 0.00
Trace elements content from X-ray fluorescence [wt%]

Mn 0.53+0.034 0.41+0.038 0.73£0.037

Fe 1.47+0.22 0.212+0.036 0.207+£0.037
Trace element content from X-ray fluorescence [ppm]

Ti 2,250+150  691+40 222+12

Cu 30+£2.0 4.8+0.25 4.7+0.26

Zn 0.11+0.013 110+6.9 284 +17

Ga 104 +6.8 9.1+0.55 -

As 6.5+0.42 - -

Rb 928 +44 - -

Sr - 45+2.7 27+2.0

Y - 21+1.3 -

Zr 184+9.8 74+4.1 46+3.5

Nb 47+3.0 - -

Cs 0.41+0.035 - -

Th - 11.6+0.68 -

U 146 +8.5 - -

4Calcultaed to close sum to 100%

resolution of 135 eV at 5.9 keV. Quantitative analysis was
performed using Omnian software based on a fundamental
parameter method and under the following measurement
conditions: 12 kV, 300 s counting time, helium atmosphere,
50-pm Al primary beam filter for Ti and Cs; 20 kV, 120 s
counting time, air atmosphere, 200-pm Al primary beam
filter for Mn and Fe; 30 kV, 120 s counting time, air atmos-
phere, 100-pum Ag primary beam filter for Cu, Zn, Ga, As,
Rb, Sr, Y, Zr, Nb, Th and U. The current of the X-ray tube
was fixed so as not to exceed a dead-time loss of ca 50%. The
results are presented in Table 1.

Electron absorption and photoluminescence
spectroscopy

Absorption spectra of the red beryl and of the purple- and
pink vesuvianite were measured at room- and low (7 K)
temperatures using a Cary-Varian Model 2300 spectropho-
tometer in the spectral range from 2000 nm (5000 cm™Y) to
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340 nm (30,000 cm™). The beryl sample was placed with its
Z-axis parallel to the propagating light and a w (o) spectrum
recorded.

Electron absorption measurements were made at room-
and low (7 K) temperatures for several vesuvianite speci-
mens. The polarized absorption spectra were obtained for
polarization parallel to and perpendicular to the Z-axis.
Additionally, the spectra were measured at low (7 K) tem-
perature. As the absorption bands were weak, measurements
at low temperatures increased the possibility of clearly dis-
tinguishing all absorption transitions.

Steady time-luminescence spectra of the studied samples
were obtained using a Jobin—Yvon (SPEX) FLUORLOG
3-12 spectrofluorimeter at room temperature with a 450W
xenon lamp, a double-grating monochromator and a Hama-
matsu 928 photomultiplier. Measurements at low tempera-
ture were made using a Physik LPD3000 laser (pumped by
a Lambda Physik LPX100 excimer laser). Some of the lumi-
nescence spectra were recorded using a Dongwoo Optron
DM 158i excitation monochromator and a DM711 emission
monochromator with a 750 mm focal length. An ozone-free
Xenon lamp DL 80-Xe and diode lasers were the excitation
sources.

Some emission experiments involved an excitation source
comprising a femtosecond laser (CoherentModel “Libra”)
coupled to an optical parametric amplifier (LightConver-
sionModel “OPerA”). The source delivers 100 fs pulses at a
repetition rate regulated up to 1 kHz at a wavelength tuned
between 230 and 2800 nm. The pulse energy is 6-150 pJ,
depending on the spectral region. The excitation light was
focused on the single crystals using a lens with a focal length
of 15 cm.

Luminescence decay curves were measured using pulsed
excitation delivered by a Continuum Surelite optical para-
metric oscillator (OPO) pumped with the third harmonic
of an Nd:YAG laser. The decays were measured with a
Hamamatsu R-955 photomultiplier connected to a Tektronix
Model TDS 3052 digital oscilloscope. For low-temperature
measurements, samples were placed in a continuous-flow

liquid-helium cryostat equipped with a temperature
controller.

Electron paramagnetic measurements

Electron paramagnetic resonance (EPR) spectra were
obtained using a X-band spectrometer with a TE 011 rec-
tangular cavity and 100 kHz field modulation. The magnetic
field induction ranged from 0.06 to 0.4 T (at room tempera-
ture). The microwave frequency was measured using a Hewl-
ett Packard 534 microwave frequency counter.

Results and discussion
Absorption spectra

In beryl (ideal formula Be;Al,[SigOg]) crystals, the man-
ganese (Mn”") ions occupy AI** sites (Artioli et al. 1993)
of Oy, site symmetry though trigonal C;, symmetry may be
expected, as for Cr’* in emerald. The (A1, Mn)-O distance is
1.916 A. For red beryl from the Wah Wah Mts, Nassau and
Wood (1968) showed bands Mn>* bands at 480 and 510 nm
for perpendicular polarization and, for parallel polariza-
tion, at 545 nm. Other absorption bands appearing at 480
and 380 nm are recognized as due to the presence of Fe>*
(Wood and Nassau 1968). On the spectrum of red beryl from
the same locality measured for parallel polarization at 6K,
and published on the Caltech internet page (http://minerals.
gps.caltech.edu/FILES/Visible/Beryl/be602.gif), an inten-
sive non-symmetrical absorption band with a maximum at
560 nm and a sharp line at 430 nm appear.

For beryl crystal from Utah, Fridrichova et al. (2017)
allowed the possibility of tetragonal distortion of the
crystal site of the Mn>* ion. They recognized the band at
~7190 cm™! as reflecting transition among °B and °A sub-
levels of the ground E level in the case of such tetrago-
nal distortion. However, the possibility that this band may
come from water molecules was rejected by them. The

Fig.3 Absorption spectra of red °Ta
beryl: a T=7K; b T=300 K
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spectroscopic parameters were obtained as follows: the
crystal-field parameters D, as 1770 cm™!, tetragonal field
parameters D, and D, as 515 and 1150 cm™!, respectively
and the Racah parameter B as 835 cm™'. The crystal studied
by Fridrichova et al. (2017) contains, on average, 6 times
less Mn than the crystal studied by us.

The absorption spectra of the beryl, measured at low tem-
perature and for parallel polarization, are shown in Fig. 3a.
At low temperature (7 K), the 548 nm band splits to 499 nm
(20,040 cm™') and 558 nm (17,921 cm™") lines correspond-
ing to two spin-allowed transitions from the Jahn—Teller split
SE ground state to the 5T2 level. The splitting is equal to
2119 cm™. From the energy of the °E — T, absorption band
maximum, the crystal-field parameter D, is determined as
1825 cm™!. The Crystal Field Stabilization Energy (CSFE)
for Mn3* ions in this crystal is % -10- Dq = 10,950 cm™!
i.e., 130.9 kJ/mol. On the short-wavelength side of this main
absorption band, a characteristic feature in the form of a
deep is observed which is attributed to a Fano-antiresonance
effect (at 511 nm) between the °E and the 5T2 levels. This
Fano antiresonance effect is caused by the mixing between
spin—orbit components of these levels and it is attained at
the crossing of a spin-forbidden, crystal-field independent
term with a spin-allowed, crystal-field-dependent term.
Accordingly, the ratio between the crystal-field strength
D, and the Racah parameter B was roughly estimated to
be Dq/Bz 2.23 and, thus, the Racah parameter B should
be estimated as 818 cm™!. Moreover, two very sharp lines
at 370 nm (27.027 cm™") and 429 nm (23,310 cm™") may
be associated with °E — 3A,(°F) and E — 3T,(*H) transi-
tions, respectively. In NIR, a broad and weak absorption
at 1510 nm (6622 cm™") is also observed (Fig. 3b). It can
be assigned to a transition between sublevels of ground °E
level °E’ — E”. This band may also be due to an overtone
of water-molecule vibration.

Panikorovskii et al. (2017) proposed the follow-
ing formula for different vesuvianite-group minerals:
X gX4Y1Y2,Y 35T 5(Z,07)4[(Z204)10-.(Hs04) J(W)O, _3,
where x < 3, X are seven- to nine-coordinated sites (Ca, Na,
K, Fe?*, REE), X4 has a square antiprism coordination (Ca,
Na), Y1 has a square pyramidal coordination (Fe3+, Mg, Al,
Fe?*, Cu*), Y2 and Y3 have octahedral coordination (Al,
Mg, Zn, Fe**, Fe**, Mn**, Mn**, Ti, Cr, Zn), T (B, Fe) is
the additional site with triangular- and tetrahedral coordina-
tion, ZO, (Si, H,0,) and Z,0; are ortho-and di-orthosilicate
groups, respectively, and W=OH, F, Cl and minor O.

The crystal structure of the Mn-bearing vesuvian-
ite from the Asbestos deposit was refined by Fitzgerald
et al. (1986) who determined the chemical formula to be
(Cayg 6sMng gsMg.26) AlsAL(Al 51Mg) 49)(Si7 49Al 51)
O49(OH)g . Armbruster and Gnoss (2000) and Arm-
bruster et al. (2000) also proved that, in manganvesuvian-
ite Ca;oMn>*(AL,Mn** Fe¥), (Mg,Mn*"),Si 404 (OH)y

from the N’chwanignig II mine manganese deposit (South
Africa), Mn as Mn>* mainly prefers the Y1 site with five-
fold coordination rather than the sixfold coordination of Y3
or Y2 sites. The metal-ligand distances for Y1 sites (Cy, site
symmetry) are larger than for Y3 and Y2 which have lower
symmetry, most probably C,,.

Ptatonov et al. (1995) have measured optical absorption
spectra for yellow-, pink- and lilac vesuvianites from
Lower Silesia (Poland) using a microscope spectrometer
with perpendicular- and parallel polarization. Their sam-
ples were prepared as thin slabs from crystallites
(< 1-10 mm). For perpendicular polarization, only one
strong band was measured for both the yellow vesuvianite
at 23,600 cm™' (424 nm) and for the lilac variety at
18,500 cm™! (540 nm), but, for the pink crystal, two bands
were observed at 23,100 and 18,500 cm™!. They proposed,
that, in yellow vesuvianite, Mn3* ions are accommodated
in five-fold coordinated sites with C,, symmetry and, in
lilac vesuvianite, in AlFe-octahedra with C,, symmetry,
while in pink vesuvianite in both type of sites. Because
metal-ligand distances for Y1 sites are larger than for Y2,3
sites, the absorption band at 18,500 cm~! should be
assigned to these sites. However, Platonov et al. (1995)
claimed that the crystal-field force distinctly increases for
C,, symmetry sites due to the Jahn-Teller effect. This con-
clusion may need verification as it is inconsistent with the
relation between metal-ligand distance and crystal field
splitting 10D, ~ ! . In addition, a crystal

(metal-ligand distance )°
field with symmetry lower than tetragonal also strengthens
the Jahn-Teller effect.

Other absorption spectra for purple vesuvianites are
given on the website of The California Institute of Technol-
ogy (http://minerals.gps.caltech.edu). For purple vesuvian-
ite from the Jeffrey Mine (Asbesos, Canada), the follow-
ing bands appear: for perpendicular polarization intensive
bands at 425 nm (23,530 cm™") and 610 nm (16,400 cm™")
and for parallel polarization weak absorption band at
450 nm (22,222 cm™") and 517 nm (19,340 cm™"). (http://
minerals.gps.caltech.edu/FILES/Visible/vesuvianite/
Vesuvianite%201079,%20Quebec-2.39%20mm.gif). For a
deep purple crystal from the N’chwaniging II mine (South
Africa), for perpendicular polarization, an intensive band
at 550 nm (18,180 cm™") was measured (http://minerals.
gps.caltech.edu/FILES/Visible/vesuvianite/Vesuvian-
ite%201932%20N%27chwaning%20-%2019um.jpg), and
for a purplish-green vesuvianite from Paraiba (Brazil), two
bands at 520 nm (19,230 cm™!) and 700 nm (14,285 cm™")
(http://minerals.gps.caltech.edu/FILES/Visible/vesuvian-
ite/Vessuvianite%20Paraiba%202907%204.27mm.gif) that
were probably from Mn** and Cr** ions.

Panikorovskii et al. (2017) presented cyprine
Ca;oCu’*(Al,Mg,Mn),,Si;304(OH)g, for which in two
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zones, chromium, manganese iron and copper are present
in different crystal sites. The absorption band at 15,400 cm™"
(~650 nm) was attributed to d-d transition of Cu’* ion.

The authors claimed that the five-coordinated C,,
position was completely occupied by Cu®* ions, whereas
Mn** and other ions occupied other sites. The other bands
(23,500, 21,100, 20,000, 18,000 and 12,000 cm™') are
associated with the Mn>* transitions.

The polarized optical spectra of purple- and pink Mn-
vesuvianite from the Jeffrey Mine measured at 7=7 K are
shown in Fig. 4a—c. Very sharp absorption line at 462 nm
(21,650 cm™!) is associated with °E — 3T2(3H) transition.

For the purple vesuvianite, the following bands and transi-
tions are identified:

e °B,,CE) > A, ,CE)—1464 nm, i.e., 6350 cm™", for Ellc
and E_Lc polarization,

¢ °B,(E) —’B,,(Ty)—516nm, ie., 19380 cm™, for ELc
polarization,

¢ °B},(E) = ’E,(T,)—446 nm, i.c., 22,422 cm™", for Elic
polarization.

2,0 a
1,8
516
1,6
3
c 1,4
g Elc
2
2 1,24
446
1,0
Ellc
0,84
T T T T T T T T T
350 400 450 500 550 600 650 700 750 800 850

Wavelength [nm]

It is proposed here that these transitions relate to Mn>* in
the crystal sites Y1 with C,, symmetry. The transitions in the
tetragonal field are described by the following equations:

°B,CE) = °A,CE)=4-D +5-D,
°By,CE) = "B, (’T,) = 10- D,
B,CE) > ’E,(T,) =3-D,—5-D +10- D,

D, and Dy are tetragonal field parameters. An axial elon-
gation is indicated by the same sign, an axial compression
by opposite signs. The Crystal Field Stabilization Energy
(CFSE) equals 2-10-D, +3(4-D,+5-D,). For pur-
ple vesuvianite, IODq =19,380 cm™!, D,=1410 cm~! and
D,=238 cm~!. The Racah parameter B=760 cm~! and
CFSE=15,043 cm™, i.e., 168 kJ/mol were also determined.

As Mn*" ions occupy other octahedral crystal sites (most
probably with C,, symmetry) in the pink vesuvianite, the
following transitions can be recognized:

e °B,(’E) — °A,(E)—1460 nm, i.e., 6850 cm™, for Elic
and ELc polarization,

1,5 4

Absorbance

104 Elc

440 Ellc

T T T T T T T T T
350 400 450 500 550 600 650 700 750 800 850
Wavelength [nm]

1,6 4

1,54

1,44

1,3

Absorbance

1,24

1,14

1,0

OH

ANIR

T T T T T 1
1000 1200 1400 1600 1800 2000

Wavelength [nm]

T T T
400 600 800

Fig.4 a Absorption spectra of purple vesuvianite crystal measured at 7=7 K. b Absorption spectra of pink vesuvianite crystal measured at
T=17 K. ¢ Absorption spectrum of purple vesuvianite in Vis—NIR region at 7=7 K
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e 5B,CE) — °A,(°T,)—440 nm, i.e., 22,727 cm~! and
420 nm, i.e., 23,810 cm™, for Elic polarization,

e 5B,(’E) — °B,(°T,)—508 nm, i.e., 19,685 cm™!, for ELc
polarization,

e °B,CE) — °A,(’T,)—538 nm, i.e., 18,315 cm™! and
585 nm, i.e., 17,094 cm_l, for Ellc polarization.

In addition, since the bands of °B (°E) — >A,(°T,) and
SB,(°E) — °B,(°T,) transition looks double, it is possible
that the absorbance was measured for two sites—most prob-
ably Y2 and Y3. If yes,

(Abs-Wurmbach et al. 1977; Ghose et al. 1986; Sherman
and Vergo 1988; Platonov et al. 1995; Gaft et al. 2011; Frid-
richova et al. 2017; Panikorovskii et al. 2017) can indicate
that for crystal sites with symmetry lower than axial and for
which OH groups could also be ligands (Mn-monmorrillon-
ite, amphibole, henritermierite, epidote and pink vesuvian-
ite), the Dq parameter varies according to a known relation-
ship D, ~r (Mn-O, OH)™". The remaining crystals do not
exhibit the same relationship. For example, beryl has one
of the smallest Mn—O distances and Dq is not the largest.
The cause of this apparent incompatibility is the Jahn—Teller

10-D, = %[E(SBI (CE) = *A,(T,) + ECB,(E) = °B,(T,)) + ECB,CE) = °A,CT,))]

— JECB,CE) = °A,CB)

Thus, 10D,=17,118 cm™" and CFSE=13,225 cm ™, i.e.,
158.3 kJ/mol for the one site and IODq= 16,410 cm™" and
CFSE=12,678 cm™, i.e., 151.7 kJ/mol for the second site.
The Racah parameter B=760 cm™~!. The character of the
Mn**—O bond in vesuvianite crystals is more covalent than
in beryllium, as their Racah parameter B (760 cm™!) is lower
than that of berylium crystals.

The absorption band at 12,500 cm™" (800 nm) measured
by Platonov et al. (1995) and Panikoroskii et al. (2017) could
be recognized as transition A e 5Eg(Sng). However, at
low temperature, this level is depopulated and the transition
>A,, — *E,(°T,,) cannot occur. Thus, the band correspond-
ing to it cannot appear on the absorption spectra measured
at low temperature (Fig. 4a, b).

The current results are not in conflict with those of Pan-
ikorovskii et al. (2017). The amounts of Mn in the cyprine
vesuvianite crystal are greater for zones 2 than for zones 1.

(Panikorovkii et al. 2017), as they are for the pink vari-
ety compared to the purple variety in this study, although
the polarization of bands of the pink vesuvianite spectrum
(Fig. 4b) and those of zone 2 (Panikorovskii et al. 2017) is
different. Moreover, the positions of the vesuvianite absorp-
tion bands measured by us differ to some extent from those
measured by Platonow et al. (1995) and Panikorovskii et al.
(2017). This may be due to a difference in chemical compo-
sition, interaction of cations from the second coordination
pile and Mn—Mn interaction, as indicated by luminescence
measurements.

The comparison of CFSE values for the red beryl and for
two crystal sites in the vesuvianite structure supports our
interpretation that Mn>* prefers the more distorted sites, not
only those with tetragonal symmetry.

The values of the Dy parameter for the crystals studied
in this paper do not depend only on the average Mn—O dis-
tance but also on the distortion of the crystal sites. Compari-
son of our results with those in the references cited earlier

effect, which may be stronger and weaker for the same ion
even in the same type of structure, as Kiick et al. (1998a, c¢)
has shown for the garnet series. Thus, this problem seems
not to be so simple, and the influence of the second coor-
dination zone or different covalent content of the chemical
bond should be considered. First of all, much more data
is necessary. Our results show the dependence of the Dq
parameter on the deformation of the lattice site.

Emission spectra

Emission spectra for the red beryl crystal at room- and low
(7K) temperature are shown in Fig. 5. At room tempera-
ture, intensive emission bands of the 5T2 — JE' transition
at 630 nm (15,873 cm™!) and of the 5T2 — SE” transition at
823 nm (12,150 cm™!) were recorded. The decay time of the
630 nm emission at T=300K is very short —0.6 ps. These
emission bands can be related to transitions from the °T,
level to two sublevels of the ground °E state. Femtosecond
excitation led to no further luminescence bands.

At low temperature, the double-structured emission band
has maxima at 617 and 674 nm and another other weak band
at 810 nm. The luminescence lifetime of the 617 nm line
is 15 ps, but that of 674 nm is 183 ps; the luminescence
decay curves are single exponential. The emission bands
at 674 and 810 nm originate from the 'T, — °E transition.
For this red beryl, no luminescence from Mn** or Cr** was
noted (see Kiick et al. 1998a). With femtosecond excitation,
a single-emission band at 669 nm appears. Results of calcu-
lations of Jahn-Teller stabilization energies for the SE, 5T2
and 1T2 levels (Tables 2, 3, 4) show that these are as those
for Mn**-doped garnets measured by Kiick et al. (1998a),
but the most significant difference is the much shorter lumi-
nescence-decay time at low temperature.

It has been assumed that the origin of the band at 617 nm
may be due to (a) 5T2 — JE transition, (b) transition from
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Fig.5 Photoluminescence spectra of red beryl: a Excitation spectrum
for A.,, = 630 nm at T=300 K; b emission spectrum at 7=300 K and
under xenon lamp excitation A, = 480 nm; ¢ emission spectrum at

T=300 K under laser excitation 4,, = 445 nm; d emission spectrum
at 7=7 K under laser excitation 4., = 445 nm

Table 2 The Jahn-Teller

A . Spectroscopic parameters Crystal
stabilization energies of ground
level °E of studied crystals Unit Red beryl GSGG/YAG* Pink vesuvianite Purple
vesuvi-
anite
Absorbance
Avis [nm] 548 524/510 435 516
D, [cm™!] 1825 1908/1960 1712/1641 1938
AR [nm] 1510 1361/1389 1460 1464
Exir [cm™!] 6622 7350/7200 6850 6830
AE;(’E) [cm™!] 1655 1838/1800 1712 1708

AE;;CE) = E'jli

two sublevels of the T, state which was split or (c) 'E — °E
transition. All such explanations based on a single-emission
center should be rejected, as the energy difference between
617 and 674 nm centers is equal to 1370 cm™'. The width
of the 617 nm band is much smaller (855 cm™") than that of
the 674 nm band (1459 cm™!).

At low temperature, the probability of the higher state
being populated is proportional to exp(—AE/kT). This

@ Springer

implies that the emission observed at 617 nm is due to a
luminescence center other than the Mn>* ion. A plausible
reason for this emission is that it comes from Mn** ions
present in octahedral sites. Gaft et al. (2013) have reported
the 605 nm emission band of Mn?* beside the emission band
at 653 nm of Mn>* for a grossular. EPR measurements show
that in the red beryl being discussed here, Mn?* ions are
absent. The luminescence-decay time of 17 ps is too short
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Table3 The Jahn-Teller stabilization energies of excited level °T, of
studied crystals

Spectroscopic parameters Crystal
Unit Red beryl ~ GSGG/YAG*
Emission at 300 K
A 0T, = F [nm] 628 659/620
E, [em™'] 15,798 15,167/16,143
2, 3T, — E" [nm] 823 842/758
E, [em™'] 12,150 11,884/13,199
T [ps] 0.6 <0.5/1,110
AECT,) [em™'] 3774 3283/2944
AE;(CT,) [em™'] 538 366/301
(AECT,)”
AE;(CTy) = ==

even if the energy transfer from Mn>* to Mn>* is assumed.
The excitation spectra monitored at 617 and 676 nm are the
same and no line characteristic for Mn** appear.

On the other hand, with the very low intensity of the
1T2 — JE” transition (band at 813 nm) at low temperature
in mind, it could be proposed that the bands at 617 nm and
676 nm correspond to the 'T, — °E’ and 'T, — °E' transi-
tions, respectively. However, in this case, the fact that the
value of the Jahn-Teller stabilization energy of the 'T,
level decreases greatly (Table 4) indicates that this hypoth-
esis should be rejected. Another possible explanation,
commonly called on in spectroscopic studies, is that there
are two different Mn>* sites. However, neither the struc-
tural data nor the spectroscopic properties of other ions,
e.g., Cr’*, support such. The band cannot be described
also as the zero-phonon line (ZPL) of the 1T2 — JE transi-
tion; the energy difference between the 674 and 617 nm
bands, i.e., 1370 cm™! is too great. The high Mn content
of the red beryl opens the possibility of luminescence from
Mn**-Mn>* pairs. However, emission from pairs appears
always at longer wavelengths and the luminescence decay

is not a single exponential. No additional emission band
was observed for the doped garnets of Kiick et al. (1998a)
with 0.05-0.4 at% Mn** compared to 0.28 at% in the red
beryl. The high Mn content also suggests, though rather
questionably, comparison with similar spectra illustrating
intra-atomic Mn** photoluminescence in YMnO, (Taka-
haski et al. 2002; Nakayama et al. 2014) and in GaMnN
(Zenneck et al. 2007). Any possible interaction of point
defects with nearby Mn®* ions is weak; the 617 nm emis-
sion band is not seen on the spectrum at 300 K or on the
spectrum measured during ultrashort laser excitation.

It was difficult to measure the luminescence spectra of
Mn-bearing vesuvianites at room temperature. Purple vesu-
vianite provided the only good-quality spectrum. Using con-
tinuous radiation from a xenon lamp, a wide emission band
with maxima at 617 and 660 nm was measured (Fig. 6a).
Failure to measure the >T, — SE” emission band expected at
700-800 nm was due to the strong intensity of the excitation
source. The width of the 617 nm band is greater (1368 cm™)
than that of the 660 nm band (803 cm™").

The low temperature (7K) luminescence spectra of pur-
ple- and pink vesuvianite from the Jeffrey Mine contain
Mn** emission bands at 657 and 666 nm (Fig. 6a, b). The
characteristic luminescence of Cr** is shown in Fig. 6¢c. The
luminescence of Cr’* corresponds to two R, lines at 700 nm
(14,278 cm™") and 694 nm (14,407 cm™"). Only one R, line
peaked at 688 nm (15,528 cm™!). The intensity ratio of these
lines at low temperature (7 K) prevents any other assignment
of them. The two R, lines indicate that the Cr** ions occupy
two non-equivalent crystal sites.

Halenius (2000) who showed the presence of Cr** jons in
the octahedral Y3 site also anticipated their presence in the
five-fold coordinated C,, (Y1) site. The emission of a green
vesuvianite was documented, and the energy levels of the
Cr’* ion in the C,, site calculated, by Czaja (2002). As the
emission lines at 14,407 and 14,528 cm™! could be identi-
fied as R, and R, lines from the C,, Y1 site (II), the emission
from 14,278 cm™! should originate from the Y2,3 site type

Table4 The Jahn-Teller

S . . Spectroscopicparameters Crystal
stabilization energies of excited
level 'T, of studied crystals Unit Red beryl GSGG/YAGa
Emission at 7 K Other assumption

A T, — B [nm] 676 617 659/620
E, [cm™!] 14,793 16,207 15,167/16,143
M T, = OF [nm] 813 676 842/758
E, [cm™!] 12,300 14,793 11,884/13,199
z [ps] 183 - 4334/8150
AE('T,) [em™] 2447 1414 3283/2944
AE;('T,) [cm™!] 226 75 366/301

AE('T,))’
AE;(IT,) = EX20
‘NIR
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Fig.6 a Room-temperature photoluminescence spectra of vesuvinite:
Excitation (left) and emission spectrum (right) measured at 4., = 660
and 616 nm and A, = 410 nm, respectively. b 7 K-temperature emis-
sion spectra of pink- and purple vesuvianite variations. ¢ 7 K-temper-
ature emission spectra of green-, pink- and purple vesuvianite varia-

(I) (Czaja 2002). This site (I) should be identified as a Y2,3s,
i.e., a site with symmetry C,, and site (II) as a Y1 five-
fold coordinated C,, site. The luminescence lifetime of the
R,-lines was found to be 20 ps. The emission bands of Mn**
measured at room temperature corresponds to the >T, — °E’
transition, and that measured at low temperature (660 nm)
is attributed to the 'T, — °E’ transition. The relative Mn>*
to Cr’* luminescence intensity of the purple vesuvianite

@ Springer

tions. d Emission spectra of vesuvianite without chromium ions: (a)
T=300 K, intensity multiplied by factor of 3; (b) =7 K. e Emission
of pink- and purple variations of vesuvianite during ultrashort exci-
tations (colored lines) measured at 7=300 K compared with room-
temperature spectrum under continuous excitation

described here is higher than that of the pink variety. In the
purple variety, the Cr** ions occupy sites (I) and (II) in equal
measure. In the pink variety, the Cr’* occupancy of site (I) is
much less than that in site (II). If the settlement of the crystal
sites by Cr’™ and Mn>* is competitive, Mn** ions should
mainly occupy site (I) in the pink vesuvianite.

The emission spectra of another pink vesuvianite not
exhibiting Cr*" luminescence were also measured at
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room- and low temperatures (Fig. 6d). On the T=7 K spec-
trum, the band at 620 nm is evident next to that at 658 nm,
though not clearly.

With femtosecond excitation, the purple variety of vesuvi-
anite shows only a broad emission band at 677 nm, whereas
the pink variety shows broad bands at 617 and 444 nm. The
luminescence in the blue spectral range (444 nm) may be
associated with point-defect-related emission (Fig. 6e) as its
decay time is extremely short (0.4 ns). Decay times of both
emission lines at 617 and 677 nm are 0.6 ps and 17 ps at
room- and 7K temperatures for both varieties of vesuvianite,
with or without Cr** ions. The short luminescence decay
time is due mainly to a high concentration of Mn>* ions.

The origin of the 617 nm emission band in the vesuvianite
crystal merits discussion. As for the Mn-bearing beryl, this
band is not caused by any other ion according to the excita-
tion spectrum, especially not by Mn>", as is also shown by
the EPR data. For the vesuvianite crystals, it is easier than
it is for the beryl to accept that the emission bands 617 and
677 nm reflect Mn>* occupancy of different crystal sites.
However, it is not clear why the band at 617 nm disappears
at low temperature. On the luminescence spectra of the
purple crystal measured under femtosecond excitation, this
emission band at 617 nm is also not present; it is in the pink
crystal. Thus, it is suggested here that this band is associated
with a high Mn-concentration in the pink vesuvianite and,
therefore, with an intra-atomic Mn>* photoluminescence or
with Mn>*-point defect interaction.

All luminescence decay curves are single exponential
and their luminescence lifetimes are short. Thus, the energy
transfer among Mn>** ions, or Mn** and Cr** ions, or Mn**
and point defects, has mainly a resonance character.

EPR spectra

The main reason for using the EPR method was to establish
what proportion of any manganese ions present in the stud-
ied crystals was Mn?*. As only an X-band spectrometer was
available, no lines of Mn** were measured due to the very
large zero-field splitting energies of this ion.

For many varieties of beryl, EPR axial- and rhom-
bic spectra of Fe3+ (Blak et al. 1982b; Gaite et al. 2001;
Lin et al. 2013), Ti3t (Bershov 1969; Zheng et al. 2005),
Ti**—Ti** pairs (Wang and Zheng 2007), Cu* (Gaite et al.
2001) and CO,™ and CO;™ radicals (Anderson 2010) have
been presented, as have the spectra of Mn** in heated pur-
ple crystals (Blak et al. 1982a; Gaite et al. 2001) and H°
(Blak et al. 1982a). In the case of vesuvianite, only the EPR
spectrum of Cu”" has been measured and discussed (Dyrek
et al. 1992). For a synthetic purple beryl crystal (0.1 Mn
wt%), Gaite et al. (2001) measured a single Mn?* sextet line
with hyperfine constant A =7 mT. However, on the optical
spectrum, the characteristic absorption of Mn** appeared

and the parameter IODq= 19,000 cm™! and B=700 cm™!
were calculated.

For the red beryl crystal studied by us (0.53 wt%), only a
single isotropic line with g =1.997 and a linewidth of 17.68
mT was measured (Fig. 7a). No evidence of the presence
of single Mn** or Mn** ions, i.e., the well-known sextet
of hyperfine lines, was seen. The main reasons for the line
broadening are saturation of the spin system, spin—spin inter-
action and crystal field disorder. The ground states of Mn>*
(685/2) and of Mn* (°E) are very sensitive to the crystal
fields of their environment at short- and even long range. As
a result, if their environment changes from one to another
equivalent position in the structure, the average distribution
of the crystal fields will induce a broadening of the transi-
tion lines. However, in the beryl crystal studied here, the
high concentration of manganese ions makes it prudent to
consider whether the origin of the measured resonance line
is due to MnZ*—Mn** or Mn>*~-Mn>* interaction, as for rho-
donite (Paido and Watanabe 2008). In a low magnetic field,
no additional resonance lines appeared.

This line can also be caused by a high iron content.
Among the crystals studied by us, 1.47 wt% was the high-
est amount encountered. When the concentration of the
paramagnetic ion exceeds 1%, as it is for Fe, the exchange
interaction will yield a characteristic broad absorption curve
(Poole and Farach 1972; Marfunin 1979).

Thus, Fig. 7b, c show the EPR spectra of pink- and pur-
ple vesuvianite. In low fields, three lines with g, =6.71,
8,=5.59 and g;=4.46 have been measured for the pink crys-
tal (Fig. 7b) and only one with g=5.93 for the purple crystal
(Fig. 7¢). These lines could be recognized as originating
from Fe** impurities. For ferric ions present in tetrahedral
coordination and an E/D (rhombicity/axiality) factor of 1/3,
the resonance line with g =~4.28 is often measured. The
other g values were recognized by Hutton and Troup (1964)
and Souza et al. (2003) as originating from Fe** substitut-
ing for AI** in different crystal sites of the kyanite struc-
ture. For the allowed transition inside the doublet —% - 41
and for E/D =0.03, three resonance lines at 6.71, 5.59 and
~2.00 are expected. For this same transition and E£/D =0.00,
a resonance line close to 6.0 and a second close to 2.00 may
appear. The EPR measurements show that the studied vesu-
vianite crystals differ in the types of electron defects and in
the crystal sites occupied by Fe** (Castner et al. 1960; Pan
and Nilges 2014; SivaRamaiah et al. 2011; van Die et al.
1987). It is concluded that, in the pink vesuvianite, Fe3t is
present in two sites, a tetrahedral site when Fe** — Si*" and
a second with low symmetry when Fe* substitutes for AI’*
in Y sites. In the purple vesuvianite, the Fe’* ions are pre-
sent in the site with axial symmetry, most probably Y1 (C,,).

For the pink vesuvianite, a very sharp axial line with
& =2.000, g, = 1.999 and linewidth 0.4 mT was measured
(Fig. 7b). For the purple vesuvianite, an additional isotropic
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line with g=1.998 and linewidth 7.7 mT was measured
(Fig. 7c), as were two resonance lines (Fig. 7c). The first
of these is an intensive isotropic line with g=1.998 and a
linewidth of 7.7 mT and the second is the same as for the
pink vesuvianite crystal (insert in Fig. 7c). This sharp reso-
nance line could come from electron centers stabilized by
trivalent cations, two for purple and one for pink.

In our study, we focused attention on the luminescence
properties of Mn>* ion in some minerals. Among the con-
clusions drawn from the spectroscopic results, some relate
to the occupation of lattice sites. These conclusions are not
supported by the results of the diffraction studies. X-ray
crystallographic methods are the most appropriate for defin-
ing crystal site positions and their occupancy by cations.
Our intention, however, was to present and discuss lumines-
cence spectra of the Mn>* ion that are so rarely measured
for minerals.

@ Springer

Conclusions

The red beryl crystal contains significant Fe, Ti
and Zr in addition to Mn. The crystal-field splitting
10D,=18,250 cm™'. The CSFE=10,950 cm™' and the
Jahn-Teller CFSE of the ground level AE;;(’E)=1655 cm™"
are the lowest (Tables 2, 3, 4). The short luminescence decay
time is most likely caused by a high concentration of Mn in
this crystal. The high concentration of the spins is reflected
in the wide EPR single isotropic line with g=1.997.

A strongest crystal field (IODq =19,380 cm™!) was
identified for the purple vesuvianite. In addition, the
CFSE=15,043 cm™' and the Jahn-Teller SCFE of the
ground level AE;;(’E)=1708 cm™! are higher than for red
beryl. It is likely that Mn>* ions are present in sites with C,,
symmetry. Fe** occurs in this site, as can be seen from EPR
spectra. Cr** ions, in some crystals, compete with Mn>* ions
to occupy both crystal sites (mainly C,,, and C,,). At room
temperature, the emission band at 617 nm, additional to the
5T2 — JE transition at 677 nm, appears. The band at 617 nm
may reflect luminescence from intra-atomic transition.
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The pink vesuvianite variety is distinguished by its high
Mn content. In some pink crystals, Cr’* ions occur, as in
some purple vesuvianite. Chromium Cr* ions are present
mainly in tetragonal C,, sites, whereas Fe>* ions substitute
for Si** and occupy C,, sites with rhombohedral symme-
try (E/D # 0). Mn3* ions are also present in C,, sites, it
is possible than in Y2 and Y3 sites. For this type of vesu-
vianite, the following spectral parameters are calculated:
10D,=17,118 cm™" (16,410 cm™"), CFSE=13,225 cm™"
(12,678 cm™!) and the Jahn—Teller CFSE of ground level
AE;7(E)=1712 cm™". Among all the crystals studied for the
purposes of this paper, the pink vesuvianite had the lowest
value of the crystal-field strength (10Dq), but at the same
time, it had the highest the Jahn—Teller CFSE level. The
high concentration of Mn®* in this pink crystal favors the
possibility of intense interactions between Mn>* ions and
the presence of other defects in the crystal structure. These
defects are revealed by emission lines at 617 nm for both
continuous wavelength- and femtosecond-pulse types of
excitation, and by the emission band at 444 nm and a very
narrow (0.4 mT) axial resonance band on the EPR spectra.
The luminescence-decay lifetimes of the 'T, — °E Mn>*
transition for both the pink- and purple vesuvianites are
shorter than that for red beryl due to the transfer of energy
to Cr’* ions.

The emission band measured for the vesuvianite crystal at
617 nm should be a concentration effect. For garnets studied
by Kiick et al. (1998a), the doping level was from 0.05 to
0.20 at% Mn. Though the Mn at% of the crystals studied by
us are 0.28 for the red beryl, 0.41 for the purple vesuvian-
ite and 0.73 for the pink vesuvianite, why no concentration
effects are seen on the luminescence decay curves remains
unexplained.
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