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Summary

This work examines the red luminescence of benitoite studied by laser-induced time-
resolved luminescence spectroscopy. This method allows the differentiation between
luminescence centers of similar emission wavelengths, but different decay times. We
have also examined the luminescence intensity and decay time as a function of tem-
perature. We found that the red emission of benitoite consists of two individual bands
and one line and suggest that the activators of luminescence in benitoite system are Ti**
and a d* element, namely Cr** or Mn**,

Introduction

Benitoite, BaTiSi;Oo, is a cyclosilicate mineral belonging to space group D?3;-
P6c2 with two formula units per unit cell. Its ditrigonal bipyramidal structure
is based upon three SiO,4 tetrahedra, each sharing two of their oxygen atoms to
form rings. The Ba and Ti atoms lie on trigonal axes parallel to the c-axis in two-
fold positions on either side of a mirror plane, respectively. Titanium is octahe-
drally coordinated to the oxygen atoms, while each oxygen atom of the TiOg
octahedron comes from an unshared corner of a trimeric [Si3Q9]6_ ring. Barium
also haso six-fold coordination. The mean distance Ti—O is l.94 A, and for Ba-O it
is 2.77 A. Six other oxygen atoms are located about 3.43 A from the Ba site, but
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evidently they cannot be considered as belonging to the first coordination sphere of
Ba.

The measured amounts of Ba, Ti, and Si in benitoite are remarkably constant
(BaO =37.09%, Si0, =43.59%, TiO, =19.32%), regardless of color or locality,
and are near the ideal values that are calculated from the chemical formula. The
greatest chemical variation in benitoite was detected for tin, up to 4.1% tin oxide
can be incorporated. A zirconium-bearing blue benitoite was found to contain
1.77wt.% ZrO,. Other elements show minor variations, most notably Nb, Na,
Ca, K, V, Sr, Al and Fe (Laurs et al., 1997; Laird and Albee, 1972).

Numerous investigations have attempted to link the chemical composition of
benitoite to its coloration. Detailed microprobe and emission spectroscopy analysis
indicated that the concentrations of major and minor elements of the white and blue
parts of the crystal were very similar. In an attempt to account for the color of the
mineral a careful examination of a two-gram portion of the blue mineral failed to
show the presence of appreciable amounts of iron, cobalt, manganese, copper or
chromium (Louderback, 1909). In spite of many studies on the chemical composi-
tion of benitoite, no correlation has been found between intensity of color and any
minor or trace element.

Useful information for luminescence interpretation may however, be obtained
from optical absorption spectroscopy, which reveals the excited energy levels.
Optical spectroscopy of blue benitoite reveals a broad absorption band peaking
at ~700 nm, most of which is in the near-infrared region (Rossman, 1997). In spite
of much effort to interpret the spectral data, the cause of blue color in benitoite
remains elusive. Attempts to bleach the color by heat treatment were unsuccessful;
thus its origin has been considered as rather due to a paramagnetic impurity than
to an electron trapped at an anion vacancy. Possible explanations are Fe?*—Ti** or
Fe?T—Fe" inter-valance charge transfer processes (Rossman, 1997), especially
because traces of Fe’' have been found in benitoite by EPR (Vassilikou-Dova
and Eftaxias, 1991).

Benitoite is a well-known luminescent mineral. Its cathodoluminescence is
always intense blue. The ultraviolet response of benitoite is diverse. Under short-
wave excitation of a mercury lamp at 254 nm, benitoite fluorescence is intense
blue-white. The fluorescence of the paler-colored cores is frequently more vivid
than the edges. This blue emission is associated with intrinsic TiOg centers (Gaft
et al., 2004). Under long-wave UV excitation at 365 nm, red luminescence some-
times appears, and is more pronounced in colorless and lighter-colored benitoite
specimens. The spectral-kinetic properties of this red emission have not been
studied and its nature has not been interpreted. Hence in the present work we
have conducted a detailed investigation of the benitoite red luminescence in order
to understand its origin. Most of the experimental studies and analyses of spectral-
kinetic properties of red emission bands have been done in the temperature range
of 30—450K. Laser-induced time-resolved spectroscopy was the principal tool,
which allows discrimination between centers with emission in the same spectral
range, but with different decay times. This method involves recording the in-
tensity in a specific time gate at a given delay after the excitation pulse. Such
manipulation allows to avoid overlapping of emission bands produced from dif-
ferent centers.
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Experimental

The time-resolved luminescence spectra were investigated under excimer HeCl
(308 nm), nitrogen (337nm) and 2", 3" and 4™ Nd-YAG harmonics (532, 355
and 266 nm, correspondingly) pulsed lasers excitations, which deliver pulses of
8—10ns duration and 0.1 cm~! spectral width. The spectra observed at 90° geome-
try were analyzed by iStar equipment enabling time-resolved spectra acquisition
with the following features: delay times and strobe pulse duration 1ns — 19 ms,
spectral detection range 200—900 nm (1200 channels, spectral resolution 0.5—1 nm,
gratings with 300 and 600 lines/mm), detector type — intensified CCD matrix.

The steady-state luminescence spectra were studied under nitrogen laser
(337nm) and UV He lamp excitations. In the luminescence decay investigation,
the forth harmonic (266 nm) of a Nd-YAG pulsed laser was used as the excitation
source, while the sample luminescence was analyzed by a grating monochromator.
A digital oscilloscope processed the output from the photomultiplier.

Luminescence spectra and decay times were measured at temperatures from
30 to 300 K.

For optical measurements natural polished and unpolished benitoite samples
were used. The optical absorption spectra in the spectral range from 190 to
1100 nm were recorded using a Jasco spectrophotometer (model V-530). All ab-
sorption spectra are unpolarized and recorded at 300 K.

Five benitoite samples have been studied; one white, one opaque blue,
one transparent of gem quality with blue color, and two colorless almost trans-
parent specimens. All five have been checked by Raman and breakdown spec-
troscopy to ensure that we are dealing with benitoite. This was done with the
same experimental equipment used for luminescence adding a notch filter and
focusing lens.

Results and discussion

Complexity of the red emission

The strongest red luminescence has been found mainly in transparent samples.
Figure 1 represents the absorption spectrum of the transparent sample in which
all detected red emissions are most intense. It does not contain the broadband
absorption peaking at 750 nm, which is responsible for the blue benitoite color
(Rossman, 1997). We have detected intense UV bands in all samples studied, which
are evidently due to electronic transitions in TiOg centers and accompanied by
strong blue emission (Gaft et al., 2004). The broad intense band in the NIR part
of the spectrum may influence benitoite color and is similar to bands observed
in blue rutile that may be the result of small polaron Ti**Ti** charge transfer
(Khomenko et al., 1998).

Figure 2a represents the steady state luminescence spectrum of the same
benitoite sample as in Fig. 1 under excitation at 337 nm. At room temperature
it contains a very broad, relatively weak asymmetric band. At lower temperatures
the band is much narrower and more symmetric, the intensity increases and a
narrow line at 682 nm appears. The same sample under excitation at 355 nm at
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300K is characterized by stronger emission with a broad asymmetric band
accompanied by the line at 682nm (Fig. 2b). Another transparent sample with
slightly bluish color under excitation at 355 nm at 300 K exhibits a much narrower
red band (Fig. 2c). These observations suggest the presence of two different broad
bands, peaking at approximately 650 and 730 nm respectively, and a narrow line
at 682 nm with different relative intensities in different samples. At lower tem-
peratures the band at 650 nm and the narrow line become much stronger, while
the band at 730 nm is considerably weaker. Time-resolved luminescence spectros-
copy confirmed the presence of several separate luminescence centers with dif-
ferent spectra and decays, and enables to separate and study them in pure form.
Each luminescence center will be considered separately.

Emission band at 650nm — TPt related luminescence

This band was found in one of the transparent samples where it is excited not only
by UV laser, but also by conventional UV lamp. In this sample and in a bluish
transparent one it dominates the spectrum and may be detected even by steady-
state spectroscopy. In other samples it may be selected only by time-resolved
spectroscopy using a narrow gate. At room temperature this band has a maxi-
mum at 650 nm with a half-width of ~135nm and may be approximated by one
Gaussian function (Fig. 3a). One exponent with a decay time of 1.1 ps approxi-
mates well its decay curve at room temperature (Fig. 3b). At lower temperatures
up to 40 K the red luminescence intensity is approximately 10 times higher, and the
spectrum undergoes certain changes, namely its maximum shifts to 668 nm and
the band becomes a little narrower with a half-width of ~105nm (Fig. 3c). Such
red emission is not excited by laser sources in the visible part of the spectrum, such
as 488, 514 and 532nm. The excitation spectrum at lower temperatures, when
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luminescence intensity is strong enough to use a UV lamp source, contains one
asymmetric band peaking at ~350 nm with half-width of ~75nm (Fig. 3c), and
the corresponding Stokes shift is approximately 13000 cm~!. The spectrum can
be approximated by two Gaussian curves peaking at 28130cm~! (355nm) and
30279 cm™! (330 nm) respectively. The decay curve at lower temperatures remains
mono-exponential, but the decay time becomes substantially longer (~20 ps)
(Fig. 3d).

Figure 4 summarizes the temperature dependence of the decay time 7 (squares)
and relative quantum yield 7 circles of the red benitoite luminescence at 650 nm in
the forms of 7 and 7 as functions of 1/T. The relative quantum yield at a specific
temperature (T) was calculated as:

n(T) = 1o(T)/To(30K) (1)

where I is the maximum luminescence intensity at the corresponding temperature.
The Iuminescence may be explained by using a simple scheme with two levels,
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Fig. 3. Red luminescence band peaking at 650 nm: a luminescence spectrum at 300 K
approximated by one Gaussian curve; b decay time curve at 300 K approximated by one
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excited and ground states. The relative quantum yield and decay time of the red
emission may be described by simple Arenius equations:

1
T T ¥ A4/A, exp(—UJKT)

(2)

1
" T A, + Ay exp(—U/kT) 3)

where A, and A, are radiation and non-radiation transition probabilities between
excited and ground states, and U is the energetic barrier between them. The best fit
to the experimental results is obtained when A, =5.4x10%s™', A;=2.66x107 s
and U=0.09eV. Two competing processes take place after excitation: emission
with radiative probability A, and non-radiative quenching due to energetic barrier
U with probability A; exp(—U/kT). At low temperatures the radiative process
dominates and the relative quantum yield is relatively higher and decay time is
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relatively long. At elevated temperatures the non-radiative mechanism dominates
with increased fluorescence quenching and shortened decay time.

Because this red luminescence band is relatively rare, it must not be as-
sociated with the regular components of the benitoite structure. The possible
luminescence centers may be impurities or structural defects in the crystal.
From previous studies, the following red emission impurity centers may be
supposed to be present in benitoite: Bi**, Bi’**, Ag*, Cu* substituting for
Ba’*; Cr’*, Mn** and Ti** in Ti** position; and Fe3* substituting for Si*+
(Gaft et al., 2001, 2003). The latter one may be excluded, because d—d transi-
tions in Fe3* centers are strongly forbidden and have a very long decay time of
several ms, while the red benitoite luminescence has a much shorter decay time
of several ps. Making an attempt to correlate the red benitoite luminescence
with specific impurities, three benitoite samples have been analyzed by ICP
method. Traces of Bi have not been found. The detected impurities with pos-
sible broadband red luminescence are Cr, Mn, and Cu (Table 1). Comparison of
the luminescence intensity at 650nm in different samples reveals that any
correlation is absent with these impurities. Besides, their energy levels schemes
do not correspond to relative quantum yield and decay time behavior, described
in Fig. 4.

Thus it is supposed that the most probable luminescence center is Ti**, which
has not been confidently identified in other minerals yet, but is well known in
tunable laser systems. Its presence is quite natural in Ti-bearing benitoite. The

Table 1. Concentrations of some trace elements (ppm) in benitoite

Sample >Mn %Cu 3Cr 2Cr
Blue 1.58 1109.18 49.3 51.51
Bluish 10.06 869.35 10.48 9.68

Transparent 0.62 1454.02 53.06 52.93
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wide occurrence of Ti** as minor impurity in minerals has been commonly detected
by EPR (Marfunin, 1979). Like the other d' ions (V**, Mo’*t), Ti’t ions occur
often in minerals in the form of electron centers. It may occur in benitoite, which
has been exposed to gamma rays in its natural setting. There could be radiation
centers, such as, for example, Ti*+ + gamma ray + electron donor =- Ti3+ +
electron hole. The color of benitoite does not change with gamma irradiation to
quite high doses (Rossman, 1997), but luminescence can occur from centers at such
low concentration though they do not influence the color of benitoite.

Figure 5a shows the energy level scheme of octahedrally coordinated Ti** ions
in the presence of cubic, tetragonal or orthorhombic crystal field distortions
(Yamaga et al., 1992). The D state of 3d' ions in an octahedral field splits into
the >T, ground state and the °E excited state with energy separation 10Dg. In
tetragonal symmetry, the T, ground state is further split into the ’B, and “E states.
Which of the orbital doublet (°E) or the singlet (*B,) is lower is determined by
whether the octahedron is elongated or compressed, respectively, along the z-axis.
The “E excited state is split further into A, and B states by tetragonal distortion. If
the octahedral complex of the Ti** ion is compressed, the B, state is lower in
energy. The °T, state in orthorhombic symmetry splits into three non-degenerated

On

Q

free ion cubic  tetragonal orthorhombic >

a b

Fig. 5. a Energy level scheme of Ti** in cubic, tetragonal and orthorhombic symmetries
(Yamaga et al., 1992); b Configurational coordination diagram for Ti*" in benitoite
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orbital states. The lowest excited state in orthorhombic symmetry is represented by
a linear combination of the A; and B, states. The mixing coefficients are deter-
mined by the strength of the crystal field perpendicular to the dominant tetragonal
field. For example, in sapphire crystals, the Ti** luminescence at room temperature
is characterized by a strongly polarized band peaking at approximately 750 nm
with a decay time of 3.1 ps (Fabeni et al., 1991). Ti** substitutes for the AI’*
ion of the host crystal in a trigonally distorted lattice site; the strong crystal field has
cubic- and trigonal-symmetry components. The splitting of the °E state is the
reason for a double-peaked visible absorption band, whereas no splitting is ob-
served in the emission band.

Intensity and decay time temperature dependence of the benitoite lumines-
cence band at 650 nm may be interpreted using the energy level scheme of the
Ti** luminescence center. The excitation peak at 350 nm is connected with the
°T,—’E transition, while the splitting of the “E state is the reason of the two
shoulders in the excitation spectrum. At lower temperature the opposite transition
generates the intense luminescence band peaking at 650 nm with a decay time of
20 us. Thermal quenching and drastically reduced decay time with increasing
temperature result from non-radiative transitions from the excited to ground state
(Fig. 5b). Similar behavior is known in titanium doped YAG, where the Ti** ion
has different site symmetry from that in sapphire, as Ti is incorporated in YAG
at the trigonally-distorted octahedral Al site with inversion symmetry (Fabeni
et al.,, 1991). In this case, for the luminescence band peaking at 760 nm the
radiative lifetime of 50 pus at 4.2 K is drastically reduced to 2 us with increasing
temperature.

The main difference between the red benitoite luminescence at 650 nm and
the Ti** emission in Al,O5; and Y3AlsO,, is the strong blue shift of the benitoite
emission, and especially of the excitation bands. For example, the excitation and
absorption maximum of Ti*" in sapphire is at 550 nm, while in benitoite it is at
355 nm. Nevertheless, such variation is not so uncommon for Ti** to be present in
different matrixes. For example, a strong absorption in the region 260-280 nm was
observed in the Al,O;-Ti** crystals attributed to a high Ti** concentration (Wong
et al., 1995). Besides, the optical absorption spectrum of Ti** in YAIO;, where
Ti** substitutes for AlI** in sites with orthorhombic symmetry, is composed of two
broad bands with peak wavelengths of 434 and 492 nm, the energy separation of
which is due to splitting of the excited E state, while the broad-band luminescence
has a maximum at 605 nm (Yamagi et al., 1992). Such absorption and luminescence
parameters are closer to those found in benitoite. Nevertheless, the UV excitation
band, the large blue shift of the emission band and very high Stokes shift demand
additional argumentation on Ti** participation in the red benitoite luminescence.
A promising way may be the luminescence correlation with EPR method capable
of unequivocal Ti** identification.

Band at 730 nm and narrow line at 682nm — d° elements
related luminescence

Time resolved spectroscopy at 300 K under different excitations with different de-
cays and gates revealed that both the band at 730 nm and the line at 682 nm behave
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Fig. 6. Long wavelength red luminescence of transparent benitoite: a emission spectrum at
room temperature under 532 nm excitation with different gates, changing from 500 to
50 ps; b decay time of the band at 730 nm under 337 nm excitation at 300 K; ¢ emission
spectrum at room temperature under 355 nm excitation with different delays, changing
form 10 to 200 ps; d decay time of the line at 682 nm under 337 nm at 40 K

in a similar way, namely they have similar decay time of ~170 ps (Fig. 6a—c). The
broad band is quenched at low temperatures, while the narrow line is much stron-
ger at lower temperatures, where two additional weak lines appear at 695 and
702 nm, respectively (Fig. 2a). The decay time at low temperature is very long,
reaching 1.1 ms at 40K (Fig. 6d).

Combination of broad emission band and narrow line is typical for elements
with d* electronic configuration. The most important free ion states for d° ions are
N3 ground level and excited ’H level. In an octahedral field, the 4F level splits into
the *A, ground state and the excited “T, and *T, states. The spin allowed transi-
tions that could therefore be used to populate the excited states directly correspond
to *A, —*T, and *A, — *T,.

The best-known luminescence center of d* type in minerals is Cr**, which
mainly appears in minerals as a trace constituent substituting for A>T in six-fold
coordination (Tarashchan, 1978). As such, the larger Cr’™ ion is placed in a site
with small metal-ligand distances and the crystal field is large, typically 1650—
1750 cm™!. If the crystal field is sufficiently strong to make the doublet state the
excited state with lowest energy, there will be a red luminescence. Because the
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doublet state belongs to the same orbital configuration as the ground state, the Stokes
shift and Condon offset will be small. As a result, the line width of emission is nar-
row and a considerable amount of phonon fine structure is observed even at room
temperature. Such transition is forbidden by symmetry and spin selection rules, and
decay time is usually very long. Although the narrow emission line is essentially
independent of crystal field and thus of site size and symmetry, the energy of the
double levels does depend on Racah parameters B and C, which are dependent on
the covalence of the metal-ligand bond and thus there is some variability in the
line emission from mineral to mineral. At weaker crystal fields, a strong broadband
quartet—quartet “T, — *A, transition appears. It is characterized by a broad red
emission band and only symmetry forbidden, thus has a much shorter decay time.

For the intermediate crystal field sites, for which the crystal field parameters lie
in the crossing region of the “T, and “E states, there is mixing between doublet and
quartet states resulting in complicated spectra, non-radiative transfer and consider-
able temperature dependence. In such case the emission from both “T, and ’E
states may be expected. It is possible that spin-orbit interaction, coupling “E and
“T, states, could be responsible for breaking of the selection rule forbidding the
’E-*A, transition. The admixture of the *T, wave function into the °E wave func-
tion, which depends on the doublet-quartet energy separation, determines the radia-
tive lifetime of the doublet, which may therefore change significantly with crystal
field. Thus the broad band connected with the 4T2 transition, and the narrow line
connected with the °E transition, have very similar decay time, which is what is
obtained in benitoite. At 300 K the lower “E state acts as an energy reservoir for the
T, state and thermal activation enables emission mainly from the 4T, level. At
lower temperatures the thermal activation is impossible and the “E level becomes
luminescent.

Nevertheless, not only Cr*™ is capable to generate such kind of luminescence.
Similar behavior is typical of other d* elements such as Mn**. Possible partici-
pation of manganese is supported by its presence in benitoite samples studied
(Table 1). Such concentrations are quite sufficient for luminescence generation.
Substitution in the form of Mn?* for Ba?* is doubtful because of the great differ-
ence in ionic radii. In artificial phosphors luminescence bands due to Mn** exist
from 620 to 715 nm. The spectrum has a structure consisting of several broad lines
originating from transitions aided by lattice vibrations. Because the crystal field at
the higher charged Mn*" ion is stronger than that for Cr**, the emission is most
probably connected with the *E—*A, transition, but in many cases the origin of the
emitting and ground states is doubtful (Blasse and Grabmaier, 1994).

Conclusions

The red luminescence of benitoite is much less known compared to its blue emis-
sion. Nevertheless, it appears to be the first case where the participation of Ti**
emission in mineral luminescence must be seriously considered. This conclusion is
possible as a result of time-resolved luminescence spectroscopy analysis of the
changes of emission band form, intensity and decay time with changing tempera-
ture. An additional center of red emission in benitoite is connected with a d°
transition element, most probably Cr** or Mn**.
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