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Abstract For the first time ever, the luminescence spectra
of Cr’" centers in two chlorite crystals are presented.
Chromium ions occupy the strong crystal-field site M4 in
the brucite sheet and the intermediate crystal-field site in
the inner octahedral sheet for purple and green chlorite,
respectively. We discuss the influence of an effective
positive charge on the Cr’™ ion and an effective negative
charge of ligands on the differences in the values of the Dq
and B parameters. It is concluded that the presence of Fe*™
ions and other point defects, as well as concentration
quenching, causes the very short luminescence lifetimes of
chromium ions.
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Introduction

The crystal structure refinement of Cr-chlorite was done by
Phillips et al. (1980) as a consequence of earlier articles
(Bailey and Brown 1962, Brown and Bailey 1963, Lister
and Bailey 1967). Phillips et al. (1980) proposed discarding
the names “kotschubeite” and “kdmererite” as well as the
use of the prefix “chromian” for Mg and other chlorites.
They also definitely rejected the idea that Cr’" ions could
be presented in a tetrahedral coordination. Several papers
(Phillips et al. 1980, Zheng and Bailey 1989) have since
shown that all Cr-chlorites are triclinic IIb-4. In chlorite’s
structure, there are four octahedral positions for Mg2+,
AIPT and other ions, such as Fe?t, Fe*t, Cr*t, Mn?* or
Ni?*. The M1 and M2 positions are localized in a talc-type
layer, but M3 and M4 are in the brucite sheet. The average
M1-(O,0H), M2-(O,0H), and M3-OH distances for Cr-
clinochlore are about 0.207 nm, and for M4-OH, it is
0.1963 nm (Phillips et al. 1980, Zheng and Bailey 1989).
In the purple chlorite specimens studied by Phillips et al.
(1980), the Cr*" ions preferred the M4 octahedral site in a
brucite sheet, contrary to the suppositions of Zheng and
Bailey (1989), who proposed, with regard to their green
color similar to fuchsite, that chromium ions are present in
an inner octahedral sheet in site M1 or M2. The Cr,O3
contents of ten chlorite specimens studied by Phillips et al.
(1980) varied from 1.52 to 8.31 weight percent (wt%), and
in chlorite studied by Zheng and Bailey (1989) they were
equal to 1.68 wt%.

Cr-chlorite specimens have not been adequately studied
with spectroscopic methods. Many papers show the chan-
ges occurring in the Raman and IR spectra as a function of
Si — Al and Fe — Mg substitutions. The increase of
Me** — Si*" substitution causes the frequency of the
fundamental Si—O vibration to decrease; however, the
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number of Si—O vibrations do not increase. For a higher
amount of A" in tetrahedral coordination, the Si™V_0 and
AI"V-0 bands overlap at about 990 cm™'. Some correlation
between vibrational bands and the chemical composition of
Cr-chlorites was determined from the IR spectra by Tud-
denham and Lyon (1959), and from a micro-Raman study
by Prieto et al (2003). For crystals of a purple Cr-chlorite
from Erzerum (Turkey), it was found that the frequency of
the peaks at 681 and 199 cm ™' strongly depended on (Fe,
Al, Cr) » Mg substitution (Prieto et al. 2003). The
Cr-clinochlores are distinguished by vibrations at 822/811
and 655/647 cm™! (Tuddenham and Lyon 1959). The
effects of substituting central cations from the octahedral
sheet of the trioctahedral phyllosilicates on the inner
hydroxyl group was studied by Scholtzova et al (2003).
Replacement of Si by Al results in a negative charge on
oxygen, which is directly coordinated to the Al; and as a
consequence, a distortion of the lattice occurs and a
broadening of the OH stretching absorption is observed.
The vibrations of the Mg;(OH)g and of the medium intense
band at 669 cm™~" are shifted to lower frequencies when
Mg is substituted by Al, Fe and other atoms. The fre-
quencies of OH-Me vibrations of the brucite sheet is lower
than those in the inner octahedral sheet, often at
3,580 cm ™ '-3,450 cm ™! (Farmer 1974). Shirozu’s studies
of Raman spectra (1980, 1985) have shown that vibrations
of hydrogen bonding (SiSi)O....OH and (SiAl)O....OH
take place. The substitution of Al — Si and Fe (or other
ion) - Mg induced shifts of these bands to a lower
frequency.

Based on Mossbauer spectra, it has been demonstrated
that Fe®" ions are present in M1 and M2 crystal sites, and
Fe** ions are present in M3 and M4 crystal sites, as well as
in a tetrahedral coordination (Goodman and Bain 1979,
Blaauw et al. 1980, Dyar 1987, deGrave et al. 1987, Gre-
gori and Mercader 1994, Smyth et al. 1997). The influence
of AI’™ — Si*" substitution, as well as of the Fe/Mg ratio
on spectroscopic parameters of iron ions has been dis-
cussed in many papers (Annersten 1974, Dyar 1987, Gre-
gori and Mercader 1994). The presence of Fe’™ in
tetrahedral sheet is mentioned by Gregori and Mercader
(1994) because of the unusually low quadrupole splitting
(QS) equal to 0.76 mm/s, and the rather large isomer shift
(IS) value of 1.06 mm/s.

Bish (1977) presented the optical absorption spectra of
ten Cr-chlorite specimens. Observed differences in their
absorption spectra and those of the Cr- muscovite (fuch-
site) led him to conclude that Cr ions should be present in
an interlayer octahedral sheet. The color of the chlorite
specimens studied in this paper cannot be clearly seen,
however, it could be concluded from the absorption spectra
that all of them were red or purple. For almost all of these
chlorite specimens, the crystal field splitting parameter was
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above 1,800 cm™' and parameter B Racaha was less than
800 cm™'. The absorption spectrum of chlorite from Er-
zerum (Turkey), measured in a VIS spectral range, which
consists of Cr** and Fe** bands, has also been presented
by Prieto et al (2003). To the best of our knowledge, no
green Cr-clinochlore has been studied thus far, even though
on the Internet, some collectors have published photo-
graphs of green chlorite from chromite deposits or samples
occurring together with uvarovite—for example, the bril-
liant Cr-clinochlore from the Saranovskii Mine in the
Middle Urals (http://www.mindat.org/locdetailed-2807.
html).

The only luminescence spectra of Cr-chlorite published
were in Czaja (1999) and Czaja (2002). The luminescence
of the Cr’" ion can originate from °E, — *A,, or
*T,, — *A,, transitions for strong and weak crystal fields,
respectively, and from both of these two transitions simul-
taneously at room temperature when the crystal field is
intermediate. Sharp emission lines Ry, R, and broad emis-
sion bands can be measured, sometimes with ZPL at low
temperature and vibronic sidebands. However, additional
luminescence lines sometimes appear at longer wavelengths
in relation to the R lines. Some additional lines have been
studied for synthetic materials with a significant content of
Cr,053 (Imbush 1967, Powell et al. 1967, Szymczak et al.
1975, Deren et al. 1996). For natural topaz crystals, the
contents of various amounts of the Cr, Mn and V have been
shown as well (Gaft et al. 2003). These lines originate on
near-neighbor pairs of chromium ions, where the ions
forming the pair are strongly exchange-coupled and are
usually called “Nj-lines”. Energy transfer from isolated
Cr’* ions to pairs of Cr—Cr can be observed. Imbush (1967)
showed for Al,O3; doped with 0.003-1.0 atomic percent
(at.%) of chromium that the intensity of N-lines at 77 K was
almost equal to the intensity of the R; line. Powell et al.
(1967) showed that at low temperature the intensity of N
lines is higher than that of R lines, even for 0.94 wt%
Cr,03, and, of course, the same is true for greater chromium
amounts. The decay times of R and N lines are very similar
(several milliseconds), however, some differences in the
decay rate at a low temperature have been noticed.

Some of the additional lines in emission spectra can be
attributed to non-equivalent crit centers, which are char-
acterized by different ligands surrounding topaz crystals
(Tarashchan et al. 2006), or to differences in next-nearest
coordination (Walker et al. 1997). These lines are men-
tioned as emission lines originating from the 2Eg level of
Cr’* ions residing in distinct crystal sites. The energies (or
wavelengths) of such lines and their intensities depend on
the energy of excitation, which should be characteristic for
each individual emission center. On the other hand, the
effect of temperature on emission properties and lifetimes
of excited states has not been discussed.
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Table 1 The chemical composition of the studied chlorite crystals

wt% Purple chlorite Purple chlorite Green chlorite
Part 1 Part 11

SiO, 33369 £ 0.009 28.713 £ 0.008  26.327 £+ 0.008

TiO, 0.014 £+ 0.012 0.0011 £ 0.012  0.0186 + 0.012

AlLO; 11.806 + 0.003  23.027 + 0.003  25.771 &£ 0.003

Cr,0; 4.262 + 0.122 0.532 £+ 0.015 1.929 £ 0.055

MgO 34.844 £ 0.007 32349 £ 0.007  31.254 £ 0.007

CaO 0.041 £ 0.001 0.0073 £ 0.001  0.007 £ 0.001

MnO 0.041 £ 0.001 0.028 £ 0.001 0.021 £ 0.001

FeO 2.247 £ 0.01 1.610 + 0.01 1.040 £ 0.01

Na,O n.d. n.d. 0.01

K,O 0.011 £ 0.001 n.d. 0.007 £ 0.001

H,O 13.407 12.711 12.681

Total 100.042 98.979 99.066

Formulas recalculated to 36 oxygen atoms

Si 6.320 5.316 4.976

Ti 0.001 0.000 0.003

Al 2.468 5.024 5.738

Cr 0.636 0.078 0.288

Mg 9.838 8.928 8.802

Ca 0.001 0.001 0.001

Mn 0.003 0.004 0.001

Fe" 0.074 0.074 0.078

Fe?* 0.104 0.103 0.086

Na 0.000 0.000 0.003

K 0.007 0.000 0.001

Fe/Mg 0.032 0.028 0.018

Fe*t/Fet 136 1.38 1.102

Na*K*™Ca 0.010 0.003 0.008

The luminescence of purple chlorite is rather unusual
because of a quite high amount of Cr,O5 in this crystal.
Accordingly, effective concentration quenching of lumi-
nescence might be expected. Indeed, the emission of Cr*™
ions is rather weak at room temperature but grows mark-
edly when temperature decreases. Moreover, the R, line is
accompanied by other bands at the lower energy range of
the spectrum. An additional line appears on the emission
spectra of green chlorite as well. The origin of these bands
and lines, as well as their luminescence decay times need to
be explained. The luminescence properties of these crystals
are interesting and can expand our knowledge on the
luminescence properties of Cr*" ions in natural crystals.

Sample properties and measurement conditions

The purple Cr-clinochlore studied here was found in Kop
ophiolitic ultramafic rocks from the Erzincan deposit
(Turkey). Our specimen is reddish-purple, with purple-to-
pink pleochroism, a vitreous luster, and a perfect cleavage

with a (001) plane, formed as an aggregate of several
pseudohexagonal and clear single crystals up to 150 um
thick. This chlorite was found in incrustations on the walls
of vugs and cracks in a serpentinized basic rock. According
to a chemical analysis by Brown and Bailey (1963), this
chlorite has the following composition: (SigAl)(MgsFegﬁ'
Cro.7Alp2)(0O3H79). Such chlorite varieties are commonly
called “kdammererite”. The Cr,Os content in the chlorite
specimens is nearly 6 wt% for this deposit (Andrut et al.
1995). The green chromian clinochrore is from the
Sludorudnik Mine (South Ural, near Kysztym). The crys-
tals are deep-green, with a distinct green-to-colorless ple-
ochroism, a vitreous luster, and a perfect cleavage with
(001) plane, formed as an aggregate of several pseudo-
hexagonal and clear, single crystals up to 250 pm thick.

The chemical composition of the studied chlorite spec-
imens was determined using an electron-microprobe ana-
lyzer (CAMECA sx100; 15 kV, 40-50 nA). The following
lines and standards were used: CaKo, SiKo, MgKo (diop-
side), TiKo (rutile), CrKa (Cr,0s3), AlKo (orthoclase),
FeKo (Fe,03), MnKo (rhodochrosite). Corrections were
made using a PAP procedure provided by CAMECA. The
results are presented in Table 1.

Mossbauer spectra were measured using a constant
acceleration spectrometer with a >’Co:Cr source. All
measurements were carried out at room temperature. The
velocity calibration of the spectrometer was done with an
o-Fe metallic powder absorber. The isomer shift (IS) is
given in relation to Is,_g.. The obtained spectra were fitted
as a superposition of several doublets. The decomposition
into doublets was performed by Lorentzian function. The
results are shown in Fig. la, b and Table 2.

Unpolarized FTIR and Raman spectra were obtained
with a Bio-Rad FTS-6000 spectrometer with a micro-ATR
accessory. They are presented in Fig. 2a, b, and the fre-
quencies of IR and R bands are listed in Table 3.

Polarized absorption spectra of purple and green chlorite
crystals were measured at room temperature using a Cary-
Varian Model 2300 spectrophotometer in the spectral range
from 2,000 nm (5,000 cm™") to 340 nm (30,000 cm™") and
are presented in Fig. 3a, b. There were two idiomorphic
slabs oriented in parallel to the (001) plane, so the spectra
nearly in parallel to the X and Y axis were measured.

The steady time-luminescence spectra of the chlorites
studied herein were performed using a Jobin—Yvon (SPEX)
spectrofluorimeter FLUORLOG 3-12 at room temperature
with a 450W xenon lamp, a double-grating monochroma-
tor, and a Hamamatsu 928 photomultiplier. The measure-
ments at low temperatures up to 15 K were made using a
Physik LPD3000 laser (pumped by a Lambda Physik
LPX100 excimer laser). The emission spectra are presented
in Fig. 4a, b. Luminescence decay curves were measured
upon a pulsed excitation delivered by a Continuum Surelite
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Table 2 Mossbauer doublet assignments for purple and green chlorite crystals

Samples doublets IS (mm s~} QS (mm sh A (%)

Purple chlorite D1—Fe?" in M1 (trans) site 1.109 + 0.014 2.528 + 0.030 26.1
D2—Fe?* in M2 (cis) site 1.125 £ 0.002 2.768 £+ 0.010 27.0
D3—Fe* in tetrahedral sheet 0.103 £ 0.019 0.506 £ 0.036 33.2
D4—Fe** in M4 site (brucite sheet) 0.338 £ 0.017 0.690 + 0.036 4.6
D5—(Fe*+Fe**) or Fe*>" in M3 and M4 sites 0.560 + 0.110 1.394 4+ 0.018 9.1

Green chlorite D1—Fe?* in M1 (trans) site 1.075 + 0.013 2.136 + 0.026 7.2
D2—Fe*" in M2 (cis) site 1.127 £ 0.004 2.630 £ 0.010 453
D3—Fe" in tetrahedral sheet 0.119 £ 0.007 0.454 £ 0.012 47.5

Table 3 Position of the infrared and Raman bands of the studied chlorite crystals

Position of vibration bands (cm™}) Assignment

FTIR purple FTIR green Raman purple Raman green
chlorite chlorite chlorite chlorite
3,677 3,663 V(OH) of talc-type layer
3,580 3,567 IR spectra: v(OH) Mg,AIOH of brucite
3,435 3,442 sheet (SiSi)O....OH and (SiAl)O....OH
1,086 W(T401p) stretching, mainly S—O-Si
1,056
996s 985 s
958s
891 w ?
821 w 831 m AlV-0
771 w 771 m (Si,Al)~O-OH libration
682 s Mg-O-OH of inner octahedral sheet
668 s (Mg,Cr)-O-OH of inner octahedral sheet
670 s Mg(OH)g of brucite sheet
648 s (Mg,Cr)(OH)g of brucite sheet
- - - 610 w ?
525 m 538 m 541 551 0 (T40,0) bending, mainly Si-O-Si
459 s 467 s - - 0 (T40,0) bending, mainly Si-O-Si
442 s 444 s 458 m 446 s
417 s - - -
355 m 359 m (Me-O-OH) of talc-like layer
311282 w 276 w 0 (T40,0) bending, mainly Si-O-Si
238 w - ?
198 s 214 s Me(OH) of brucite sheet

optical parametric 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.

Results and discussion

The composition of the purple chlorite (Table 1) is chemi-
cally variable and inhomogeneous. Moreover, there are
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some zones rich in Cr. The Pearson correlation coefficients
were calculated. The Si content is clearly anti-correlated
with Al (—0.994) and strongly correlated with Mg (4-0.998)
and Cr (40.985). It is rather distinct in its relation to Fe
(+0.831). Furthermore, the relations of Al content to Cr, Mg
or Fe contents are changeable, which means they are anti-
correlated (—0.993, —0.987 and —0.795, respectively). In
this Cr-chlorite, there are zones rich in Si, Mg, Cr and less
rich in Fe. Al content increases, and the content of Cr
decreases, within zones with a lower concentration of Si.



Phys Chem Minerals (2014) 41:115-126

119

Relative Transmission

I error bar

Relative Transmission

| error bar

Velocity [mm s'1]

Fig. 1 a The Mossbauer spectrum of purple chlorite. The numbers
indicate the doublets, according to Table 2. b The Mdossbauer
spectrum of green chlorite. The numbers indicate the doublets,
according to Table 2

The chemical composition of the green chlorite is
practically homogeneous. Only the content of Ti is sub-
stantially variable. This specimen looks very similar to the
green chlorite from Kenya studied earlier by Steinfink
(1958) and Bailey (1975), and our results are comparable to
theirs. The green chlorite has higher AI'Y content in con-
trast to that of our purple chlorite and that other chlorites
studied by Phillips et al (1980).

The Mossbauer spectra of the studied chlorite crystals
presented in Fig. 1a, b show that both Fe>™ and Fe?* ions
are present in our samples. The content of iron in the M1—
M4 sites has been calculated and is presented herein in
Table 2. Fe* in both studied crystals occurs in tetrahedral
sites, but in purple chlorite it is also present in the octa-
hedral sheet. Doublet D4 has IS and QS parameters that are
characteristic of the M4 site (Smyth et al. 1997). On the

MS of the purple chlorite, yet another doublet D5 has been
identified, and its parameters are characteristic for neither
Fe?" nor Fe*™ ions. Doublets with 0.5 > IS > 0.9 mm s~
are generally understood to represent delocalization of
electrons between adjacent Fe® and Fe®", resulting in an
average value of IS that can be assigned to Fe>>" (Dyar
et al. 2006). It is reasonable to assume that Fe>"—Fe>** ions
are present in the M3 and M4 sites in the brucite sheet. The
authors assume that half of these ions are Fe>" and half are
Fe**. In Table 1, the number of all cations, including Fe*™
and Fe® was computed into a proper per unit formula. The
Fe?t/Fe" ratio is equal to 1.36 and 1.10 for purple and
green chlorite, respectively. The higher amount of Fe’™
ions that reside in the tetrahedral site of green chlorite
results from a smaller amount of Si. Because for Fe>* (the
reverse of Fe>™) a lower quadropole splitting means more
distortion around a site, the measured doublets D1 were
ascribed as originating from the M1 site. However, the
majority of ferrous ions occupy M2 sites in purple and
green Cr-clinochlore. In fact, the symmetry of sites M1 and
M2 in purple Cr-clinochlore seems to be more regular than
in the green specimen. Differences in the electric field
gradient for green chlorite may be caused by Cr** ions in
the M1 or M2 sites that are located in the inner octahedral
sheet, as is observed for fuchsite. The different IS param-
eter values for the M1 site in the purple and green chlorite
crystals could be said to be a consequence of the higher Al
amount in the tetrahedral sheet and various Fe/Mg ratios
for the green chlorite sample, which is in line with the
results reported previously (Annersten 1974, Dyar 1987,
Gregori and Mercader 1994).

The chemical formula of the studied Cr-purple cli-
nochlore in the first approximation is the following:

(Si6.320A11.622F63T)58) 5302
(Mg9.838A10.846cr0-636Fe(2ﬁ05

3+ .
Fe{) 17Mn0,003Ti0.0014) 5| 446 (OH) 16-

The deficiency of the occupation of cation sites and
positive charges (—1.28, i.e. 2.2 %) should not be
neglected. The chemical composition of the green Cr-
clinochlore crystal is as follows:

. 3+
(Siso76Feq o758 A12.946) 55020

(Mgg‘802A12.792CI’OAZBSFC%};%MHO.OOW Tio.003) s_11.978(OH)6-

For this sample, the deficiency of the positive charge is
insignificant, namely, 40.022 (i.e. 0.04 %).

The infrared and Raman spectra of these crystals are
shown in Fig. 2a, b. Appropriate vibration modes (Table 3)
were assigned according to Tuddenham and Lyon (1959),
Stubican and Roy (1961), Farmer (1974), Shirozu and
Ishida (1982), and Prieto et al (1991). Three intensive
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Fig. 2 a The infrared spectra of studied chlorite crystals. The purple
line for purple chlorite, the olive line for green chlorite. b The Raman
spectra of studied chlorite crystals. The purple line for purple chlorite,
the olive line for green chlorite

bands can be observed in the FTIR spectra within
3,700-3,000 cm™"'. The band with the highest frequency is
related to v(OH) of the 2:1 layer. For the green crystal, this
band is located at a lower frequency (3,665 cm™") than the
one at which it is observed (3,670 cm™") for the purple
crystal. Accordingly, we can conclude that the inner octa-
hedral sheet of green chlorite contains more heavy atoms in
comparison to the purple chlorite. For the green chlorite,
the next band appears at a lower frequency (3,568 cm™ ")
than for the purple chlorite (3,582 cm™"). It can be con-
cluded that the higher number of A" jons occupies the
tetrahedral sheet in the green chlorite. For the purple
chlorite crystal, the next band occurs at a lower frequency
(3,434 cm™') than is recorded for the green chlorite
(3,442 cm™"). Tt indicates that Mg>" ions in the brucite
sheet are substituted by heavy ions in greater quantities
than in the green chlorite. The substantial amount of A"
ions in the tetrahedral sheet of the green chlorite causes the
Si—O stretching band placed at 1,080-1,000 cm™! to be
unresolved and shifted towards a lower frequency, in
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Fig. 3 a The polarized absorption spectra of Cr>" ion in purple
chlorite. The purple line is for ElIX and the pink line is for EIlY. Inset:
the absorption spectrum of Fe**ion in purple chlorite. b The polarized
absorption spectra of Cr** ion in green chlorite. The olive line is for
EllY and the green line is for ElIX. Inset: the absorption spectrum of
Fe”"ion in green chlorite

relation to the same band observed in the purple crystal.
Considerable differences in IR and Raman spectra are
related to bands below 700 and near 200 cmfl, which are
in turn related to the brucite Me-OH libration. It has
already been demonstrated that for purple chlorite, the
heavy ions in the Me(OH)¢ sheet cause a shift of the bands
to a lower frequency in comparison to the same bands
recorded for the green chlorite sample. In fact, the main
differences noticed in the FTIR and Raman spectra of the
chlorites studied in this paper are caused by a large amount
of chromium in the brucite sheet (the purple chlorite) that
is charge-balanced by AI’" ions in the tetrahedral sheet
(the green chlorite).

Absorption spectra recorded in the VIS-NIR spectral
range are presented in Fig. 3a, b. The 5T2g - 5Eg transi-
tions of Fe’r can be observed at 11,760 cm™! and
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Table 4 Spectroscopic parameters of Cr** and Fe*" ions in the studied chlorite crystals

The spectroscopic parameters of the Cr’™ ion

The spectroscopic parameters of the Fe*>™ ion

Dq(em™") B (m™") Dg/B CSFE (kJ/mol) CSFE (kcal/mol) Dq (cm™') CFSE (kJ/mol) CSFE (kcal/mol)
Purple chlorite (IIX) 1,830 669 274 2623 62.8 1,176 56.2 13.5
Purple chlorite (IIY) 1,860 674 2775  266.6 63.8
Green chlorite (IIX) 1,645 704 234 2358 56.5 1,098 52.5 12.5
Green chlorite (IY) 1,750 744 235  250.8 60.1
10,975 cm™" for the purple and green crystals, respec- a osao
tively. The different energy levels of these bands indicate —
. . . . 3 )
that the crystal field splitting of Fe** ions occupying the S, 2010 - asr o
M1 and M2 sites in the purple chlorite is higher than in the 3 Y
. . Q
green crystal. The main reason for this could be traced to a g 150F 14,100
slightly longer Fe—O distance in the green chlorite relative § 14,540
to red chlorite. The trivalent Cr*" ions are present in the g tedof
inner octahedral sheet in the green chlorite; thus, the g
enhancement of the repulsion between cations may be é 5.0x10° - 500
significant. The differences observed in the absorption - 14675
spectra are clear, especially in the VIS spectral range. Two O e o prv— - Py 00
prominent absorption bands due to spin-allowed transitions Wavenumber [cm™]
of Cr’" ion in the octahedral environment are assigned to b
the following transitions: 80x10
14,560
4 4 -1 =
For purple chlorite *Ay, —" Taeat 18,300 cm™ (||X) E
and 18,600 cm™!(||Y) g omer
4 4 -1 8
Ay =" Tygat 25,130 cm™ (||X) 3
qC) 3 14,650
and 25,500 cm™~!(|[Y). g 4o0r
3
For green chlorite *Ay, —* Tagat 16,447 cm™'(||X) = i 114’750
2 )
and 17,500 cm™' (|| Y) g o
. e
*Ayy —* Tygat 23,255 em ™' (||X) -
_ X N | N 1 N 1 N
and 24,876 cm ™' (||Y) *3000 13500 14000 14500 15000

The parameters Dq, B Racaha, Dg/B, and CFSE are shown
in Table 4.

Results obtained for the purple chlorite are similar to
those obtained by Platonow et al. (1995) and Andrut et al
(1995). The Dq and Dg/B values indicate that in the purple
chlorite crystals, Cr'" ions are influenced by a strong
crystal field. To the best of our knowledge, the rate of Dq is
the highest value reported to date for Cr*>" ions in natural
crystals and in synthetic materials. As a consequence, the
crystal-field stabilization energy (CFSE) is the highest for
Cr minerals. Moreover, the Racaha B parameter is low;
thus, the nature of Cr>"™—0®~ bonding is covalent-ionic.
The purple color of this crystal is the result of mixing blue
and red colors, which are not absorbed throughout the
crystal. The influence of the strong crystal field on Cr’"
ions supports our earlier supposition that these ions in the
purple chlorite occupy the M4 site in the brucite sheet. The

wavenumber [cm™]

Fig. 4 a The luminescence spectra of the Cr** ion in purple chlorite
measured at different temperatures; the pink line—T = 300 K, the
purple line—T = 77 K, the black line—T = 15 K. b The lumines-
cence spectra of the Cr’" ion in green chlorite measured at different
temperatures; the green line—T = 300 K, the olive line—T = 77 K,
the black line—T = 20 K

polarized absorption spectra of this crystal showed a rather
weak pleochroism: from purple for ElIX to pink for EIlY.
To the best of our knowledge, the absorption spectra of
the green Cr-chlorite shown in Fig. 4b are documented
herein for the first time. For the green chlorite, Dq and Dg/
B values are characteristic of the intermediate crystal field,
just as for Cr-beryl or Cr-vesuvianite. The polarized
absorption spectra of this crystal feature pleochroism from
blue-green for ElIX to green for EIlY. The energies of
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*Agg — *Tag and *Ay, — T, transitions are considerably
different for Cr’" ions occupying the low-symmetry site
(or sites). Moreover, the Cr—O distance should be greater
than for the M4 site. This means that Cr’" ions in the green
chlorite do not occur in the brucite sheet but in the inner
octahedral sheet, probably in the M2 or M1 site as was
earlier assumed by Zheng and Bailey (1989) for the light
green chlorite from Kenya, but without any evidence.
Because the M2 site is less regular than the M1 site, it
seems to be more appropriate for the chromium ion, but we
do not have any structural evidence to support such an
assumption at this time.

The characteristic dips seen on the absorption spectra of
the green chlorite are evidence of the Fano antiresonant
effect resulting from the interaction of the 2T] o(G) and
2Eg(G) with a vibrationally broadened 4ng(F) state. These
dips are sharp because there is no change in the electronic
configuration (t%g) for 4A2g and 2T1 g(ZG) or 2Eg(zG) levels.
This effect is often measured for Cr-doped glass (Strek
et al. 1983, Illaremandi et al. 1993). The positions of these
bands are: 15,620 cm™ " for the 4A2g - T 1g(2G) transition
and 14,590 cm ™" and 14,447 cm ™' for the *A,, — E4(°G)
transition.

Here, it is appropriate to propose the following chemical
formulas:

(a) for the Cr-purple clinochlore (part I):

. M1
(Sis320Al1562Fe) | 15) 5020 (Mg) 025Fed s ) 5y

M2 M3
(Mg3A9229Fe(2),J577)2:4 (OH), (Mg3.987Fe(%,-613 ) =4

. M4
(Mgg,003Al0.892Cr0.636Mno.003 Tio.014F€) 0133 ) 5| s05-
(b) for the green Cr-clinochlore crystal:

(Sis.076Fe] 75 Al.ous) 228020 (Mgs 626 Cro.2ssFeg bse ) S
(OH),4(Mg3.176AL2.792M110.0007 Ti0.003) 5_s 975 (OH) 1

If chromium ions occupy the M2 site, the following
chemical formula can be proposed:

: 3+ 24+ Ml
(Sis.076Feg 75 Al2.046) g O20 (Mg 1.988Feo,012) y—2

M2
(Mgs.63scr0.288Fe<2).J674) s—4 (OH),

(Mg; 176ALo 824) 3 4 (Al1 968Mng 0007 Ti0.003 )51 975 (OH) 15

For the purple chlorite, a deficiency of negative charge is
observed in the tetrahedral sheet and, consequently, for the
talc-type layer this deficiency is equal to 0.32 (per 28
oxygen atoms formula), and the excess of negative charge
in the brucite sheet equals 1.29. Consequently, the unit as a
whole exerts an excess of negative charge equal to 0.97.
This disequilibrium among the positive and negative
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charges is caused by vacancies in the brucite sheet. It also
means that the positive charge on cations in the brucite
sheet is lower than for the ideal clinochlore crystal. When
the effective positive charge on the 3d cation decreases, the
Racaha parameter B decreases as well. Furthermore, as the
effective negative charge on ligands of the brucite sheet is
greater, the force of the crystal field increases. So the
crystal-field parameters Dq and B of Cr’* ion in the M4
crystal site are determined not only by Cr—O distances but
also by the chemical nature of all units. It is generally
accepted that trioctahedral chlorites have a significant
number of octahedral vacancies (Foster 1962, Morata et al.
2001). Foster (1962) stated that low octahedral totals are
induced by the method of calculation and need not indicate
the vacancies, and that octahedral totals <11.5 are common.
The octahedral occupancy of the purple chlorite is sub-
stantially less than the ideal total of 12 cations for a fully
trioctahedral chlorite. The low octahedral total results from
higher AI*" in the tetrahedral rather than in the octahedral
contents. For the purple chlorite, Z(R*")"Y = 1.680 and is
higher than Z(R*)¥' = 1.49. This difference is equivalent
to a 0.543 positive charge. The rest of the deficiency (0.737)
can be explained by vacancies ranging from 0.03685 to
0.2456 of octahedral sites for 2+ and 3+ cations, respec-
tively. The existence of vacancies in the purple chlorite is
indirectly confirmed by an analysis of the green chlorite
chemical and its unit formula, where Z(R3+)IV = 3.024 and
TR*MHY! = 3.080, in which case the deficiency of the
octahedral totals and the positive charge is negligible.

For the green chlorite, the talc-type layer has an excess
of negative charge equal to 0.736 (caused by an 1.024
excess of the tetrahedral sheet minus an 0.288 excess of
positive charge of the inner octahedral sheet), which is
compensated by an excess of positive charge of the brucite
sheet equaling 0.754. As is the case for the Cr’>" ion in the
inner octahedral sheet, the decrease of positive charge does
not take place; it is not the cause of the decrease of the B
Racaha parameter.

Ptatonow et al. (1995) has put forward the thesis that the
number and properties of next-neighbor cations in the
octahedral and tetrahedral sheets (Si*", Mg*" and AI’™)
have the strongest effect on spectroscopic parameters Dq
and B through the change of the effective charge of ligands
surrounding the Cr’". However, in our opinion, there is no
clear relation between the types of cations: Si**, Mg®™ and
AI’" as Cr’*-neighbors and values of the B parameter. For
example, Mg”" cations are the next-neighbor for Cr’" in
Cr-diopside, Cr-grossular and knorringite, but the Racaha
parameters are quite different (736 cm™', 670 cm™' and
640 cm ™!, respectively). In our two studied Cr-clinochlore
crystals, it is primarily, if not exclusively, Mg*" ions that
are present in the second coordination sphere, in the brucite
sheet as well as in the talc-type layer.
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Cr’" ions occupy the strong crystal field site in the purple
chlorite and, consequently, an emission from the *E excited
level should be expected. It was very hard to measure the
emission of this crystal, especially at room temperature
(Fig. 4a). The emission band at T = 300 K is broad, with
peaks at 13,780, 14,157 and 14,540 cm~ !, When tempera-
ture decreases, the intensity of luminescence significantly
increases. At T =77 K, a sharp line at 14,515 cm™!
appeared beside the intense band at 13,500 cm_l, and at
T = 15 K position of this band moved to 13,677 cm~! and
an additional line has been located at 14,100 cm™'. The
emission line at 14,515 cm™" (15 K) could be recognized as
the R, emission line associated with an 2Eg — 4A2g transi-
tion. At room temperature, this emission was weak; it is
possible that it is a shoulder at 14,540 cm™" (spectrum at
300 K). At temperature T = 77 K, a broad and intensive
band at 13,500 cm ! s still present beside the R line. This
emission cannot correspond to the 4T2g — 4A2g transition.
The is because in a strong crystal field the higher 4T2g
excited level could not be populated at 77 K, since
AE, = E(*T2,)-EC’Ey) is above 1,000 cm™". Similarly, the
sharp band at 14,100 cm™' (T = 15 K) cannot be recog-
nized as a ZPL (zero-phonon line) from the 4T2g level.
Neither the 14,100 cm ™! line nor the 13,500 cm™! band can
be recognized as an emission of Fe>™ jons in a tetrahedral
site, because the excitation spectra from them are, without
doubt, characteristic for the Cr’* ion. The emission of Mn?*
ions does not occur, either. It means that these two bands
should be mentioned as luminescence from centers other
than a single Cr’" ion in the M4 site. The distribution of
Cr’" ions in the purple chlorite crystal is irregular, and
fewer than one per ten sites in the brucite sheet are occupied
by chromium ions. Therefore, it is possible to assume that in
the purple chlorite, some clusters of Cr>" ions as well as
Cr—Cr pairs may be present. For Al,0; Cr- heavy doped up
to 5 wt%, Barthem et al. (1982) measured R and N lines as
well as the broad emission band at 771 nm (12,970 cm_l).
They linked this band to Cr clusters. The decay times of all
emission lines measured at T = 77 K were distinctly shorter
than those obtained by Powell et al. (1967) or Imbush
(1967); the decay curves had a double-exponential character,
and lifetimes amounted to 390 and 80 ps for a 3 wt%
sample (Barthem et al. 1982). Therefore, it is possible to
extrapolate on these premises that the emission band at
13,500 cm ™" originated from Cr clusters. Therefore, the
sharp emission band at 14,100 cm™! cannot also originate
from the Cr—Cr pair, because an oversized difference of
energy for the R; line (14,515 cmfl) and mentioned band
(415 cm™') is observed. Moreover, this line is absent at
T = 77 K and appears only when T < 40 K. However, this
luminescent center is associated with Cr*™ jons and this may
be due to Cr’* residing in defect sites, which are caused by
adjacent point defects, most probably by vacancies in the

brucite sheet. This effect is comparable to the results related
to the emission lines measured by Walker et al. (1997) for
Cr’" near other lattice point defects. The luminescence
lifetimes of these lines were measured and are unusually
short compared to the lifetimes of Cr*" luminescence in a
strong crystal field (Fig. 5a). The decay curves have a
double-exponential character even at low temperatures. The
short luminescence lifetime could be caused by: (a) lattice
phonon interaction; however this factor may be neglected
for low temperature measurements, (b) concentration
quenching, and (c) energy transfer to other active lumines-
cence centers. Due to the last cause, the Cr' ™ to Fe* " energy
transfer is most important. As the temperature is lowered to
120 K (160 K) the decay times increase; however, from
120 K (80 K) to 20 K they diminish again. The reduction of
luminescence lifetime is caused by energy transfer to a new
center that has been activated (Cr3+ with vacancies—
14,100 cm ™" line). The double-exponential character of the
decay curves can be attributed to two decay mechanisms,
namely, concentration quenching and energy transfer to the
clusters or Cr'™ ions in defected crystal sites.

For the green chlorite, Cr’* ions occupy an intermediate
crystal field site and their luminescence spectrum at room
temperature is similar to alexandrite or beryl spectra. The
emission spectrum measured at room temperature contains
the R; (14,650 cm™") and R, (14,750 cm™") lines and the
broad band centered at 14,315 cm~!. When the tempera-
ture is lowered from 120 to 10 K, the additional sharp line
at 14,560 cm ™" appears and at low temperatures this line
displays a higher intensity than the R; line (Fig. 4b). This
additional line cannot be recognized as a ZPL (zero-pho-
non line) from the 4T2g or 2Eg levels. The sole reasonable
explanation is that this line at 14,560 originates from
another luminescence center related to Cr’* ions or from
Cr—Cr pairs. This additional line (14,560 cm_l) can be
recognized as an N line of Cr—Cr pairs. The following facts
support this assumption:

(a) from 105 K to 20 K, the intensity of this emission (N
line) increases and the relative intensity of R; and N
lines changes similarly to the results documented by
Powell et al. (1967) (Fig. 5b);

(b) experimental data of I(R;)/I(N) can be fitted at high
temperatures to an exponential e BT where AE is
the difference in the energy of initial (metastable)
levels of the two transitions involved, similar to the
study by Powell et al. (1967); AE = 45 cm™'. The
deviation from thermalization occurs at 65 K. Pow-
ell observed the thermalization for 2,1 at.% Cr in
Al,O5 almost at the same temperature. In the green
chlorite at.% Cr is equal to 2.4;

(c) the R; emission line excites the N line at
14,560 cm™;
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Fig. 5 a The temperature dependence of the luminescence lifetime of
three distinct emission lines of the Cr** ion in purple chlorite. b The
temperature dependence of the relative luminescence intensities of the
R; and N line in green chlorite. ¢ The temperature dependence of the
luminescence lifetime of two distinct emission lines of the Cr** ion in
green chlorite

(d) its fluorescence lifetimes and those of R; are
comparable and change similarly with temperature
(Fig. 5¢);
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(e) the additional emission line at 14,560 cm™' cannot
be attributed to non-equivalent Cr>" centers like for
topaz (Tarashchan et al.2006) or spodumene crystals
(Walker et al.1997) because of their much lower
Cr content compared to chlorite crystals, and
because of different luminescence properties at low
temperature.

In contrast to the Powell et al. results, the luminescence
lifetimes of emissions from single Cr’" and from Cr—Cr
pairs are very short and distinctly shrinking already for the
initial growth of temperature (Fig. 5c). The energy transfer
to other luminescence centers, primarily to Fe?+ ions, must
be the basic factor causing such a short lifetime for the R;
line. The luminescence decay is single exponential; thus,
the energy transfer has mainly a resonance character.

Conclusions

1. Chromium ions are present in the M4 crystal site
(brucite sheet) in the purple chlorite, but in the green
chlorite, they occupy the M1 or M2 site in the inner
octahedral sheet. The Cr’"—ligand bond reveals a
rather ionic character in the green chlorite and an
ionic-covalent character in the purple chlorite. The
differences in the Dq and B parameters of these two
chlorite crystals are caused not only by differences in
metal-ligand distances, but also by differences in the
effective negative charge on ligands as well as of the
effective positive charge on the Cr*™ cation.

2. The high Cr,O; content in both crystals does not
completely quench the luminescence, and concentra-
tion quenching of the luminescence is observable in
this case. Emission from the Cr-cluster as well as
from Cr’" ions adjacent to cationic vacancies in the
brucite sheet is demonstrated for the purple chlorite
crystal; for the green chlorite, the emission from the
N pair has been observed.

3. Itis generally difficult to identify the dominant type of
quenching centers in the studied chlorite crystals. The
quenching is enhanced through energy migration to
perturbed Cr sites or to impurities than can dissipate
the energy without radiation. High Cr content and
energy transfer from all Cr’*-emission centers to
Fe’* ions are regarded as the main causes of the
luminescence lifetime reduction.

4. The content of Fe>" ions in tetrahedral coordination is
higher for the green chlorite than for the purple, and
the preference of the M2 site by Fe*' is distinctly
higher for the green chlorite than it is for the purple.
The M1 and M2 sites in the purple Cr-clinochlore
seem to be more regular than in the green specimen.
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5. For the green chlorite, higher numbers of AI*" ions in
the tetrahedral sheet and heavy atoms in the inner
octahedral sheet have been observed than for the
purple chlorite.
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