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THERMAL EFFECTS ON CATHODOLUMINESCENCE IN FORSTERITE
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Abstract: Cathodoluminescence (CL) spectral analysis has been conducted for luminescent forsterite
(olivine) of terrestrial and meteoritic origins. Two emission bands at 3.15 and 2.99 eV in blue region
can be assigned to structural defect centres and two emission bands at 1.91 and 1.74 eV in red region
to impurity centres of Mn®* and Cr’**, respectively. These emissions reduce their intensities at higher
temperature, suggesting a temperature quenching phenomenon. The activation energy in the quench-
ing process was estimated by a least-square fitting of the Arrhenius plots using integrated intensity of
each component as follows; blue emissions at 3.15 eV: 0.08-0.10 eV and at 2.99 eV: 0.09-0.11 eV,
red emissions at 1.91 eV: ~0.01 eV and at 1.74 eV: ~0.02 eV. The quenching process can be con-
strued by the non-radiative transition by assuming the Mott-Seitz model. The values of activation en-
ergies for blue emissions caused by structural defects correspond to the vibration energy of Si—O
stretching mode in the lattice, and the values for red emissions caused by Mn and Cr impurity centres
to Mg—O vibration energy. It implies that the temperature quenching energy might be transferred as a

phonon to the specific lattice vibration.
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1. INTRODUCTION

Cathodoluminescence (CL), the emission of visible
light caused by electron irradiation, has been extensively
applied to geoscience by the reason of high detection
sensitivity of emission centre such as impurity elements
and various structural defects, because it is very difficult
to obtain such valuable information using other analytical
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methods (e.g., Pagel et al., 2000). The CL method has
been used to characterize radiation damage such as CL
halo of quartz and feldspar for the application to geodo-
simetry and furthermore geochronology (e.g. Okumura et
al., 2008; Krickl et al., 2008; Kayama et al, 2011),
whereas most of radiation-damage in these minerals are
not observable with an optical microscope. Recently, the
Hayabusa spacecraft successfully recovered dust particles
including olivine from the surface of near-Earth asteroid
25143 (Itokawa), which recorded incipient space weath-
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ering of the surface of airless bodies exposed to the space
(Noguchi et al., 2011). Micro-CL analysis using a scan-
ning electron microscope-cathodoluminescence (SEM-
CL) with a high spatial resolution could detect ultrathin
layer of space weathering on the surface of olivine parti-
cle caused by high-energy cosmic radiation.

Olivine, a magnesium iron silicate with the formula
(Mg,Fe),Si0,, is one of the important minerals constitut-
ing the terrestrial planets as well as almost chondritic
meteorites in the solar system. CL spectral analysis pro-
vides valuable information on a combination of various
activators and defect centres in olivine. Forsterite, near
Mg-end member of olivine, in meteorites occasionally
shows luminescence, whereas terrestrial one mostly gives
no luminescence. CL zoning of the forsterite in carbona-
ceous meteorites has been investigated to clarify the
origin and thermal history of the chondrules. In this case,
small amount of divalent Fe ions as quencher easily elim-
inate CL emissions caused by impurity and defect cen-
tres, so only near-end forsterite can show CL emissions.
Such environmental condition should be limited to be in
the process of primary stage of chondrule formation or
subsequent reductive stage occasionally with low fo,
aqueous alteration (Brearley and Jones, 1998) rather than
terrestrial condition. Recently CL microcharacterization
of laboratory forsterite chondrules has shown to provide
valuable information on the formation process and related
mechanism of the crystal growth in a supercooled melt,
resulting in clear assignments of luminescence centres in
forsterite including a microdefect-related centre due to a
rapid crystal growth (Gucsik et al., 2012).

The factors affect the CL in forsterite, e.g.: lumines-
cence centres, have been investigated considerably, how-
ever, the temperature effect on CL efficiency has not
been discussed despite its potentially important function
to control CL emission mechanism. In this study we have
characterized various types of luminescence centres de-
rived from the forsterite in a wide range of temperature
using a SEM-CL, and confirmed temperature quenching
of their emissions. The quenching process has been quan-
titatively evaluated by CL spectral deconvolution method
assuming the Mott-Seitz model.

2. SAMPLES AND EXPERIMENTAL

A clear transparent crystal of forsterite (F0:99.1) in
basalt from Mogok, Myanmar and micro-grains of for-
sterite (F0:99.7-99.8) in chondrules from Allende and
Kaba meteorites classified as a CV3 carbonaceous chon-
drite were prepared for CL spectral measurements. The
polished samples were fixed on a slide glass with epoxy
resin (I.T.W. industry: Devcon ET), which shows almost
no luminescence, was coated with ~2 nm carbon thin-film
to prevent a charging up on the surface.

CL spectroscopy was made by a SEM-CL system,
which is comprised of SEM (JEOL: JSM-5410LV) com-
bined with a grating monochromator (OXFORD: Mono
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CL2). The CL emitted from the samples was collected
using a retractable parabolic mirror coated with alumini-
um (collecting efficiency of 75%). The CL was dispersed
by a grating monochromator, which has the following
characteristics: 1200 grooves/mm, a focal length of
0.3 m, F of 4.2, limit of resolution of 0.5 nm, and slit
width of 4 mm at the inlet and outlet. The dispersed CL
was recorded by a photon counting method using a pho-
tomultiplier tube (Hamamatsu: R2228) and converted to
digital data. The CL spectral measurements were carried
out at various temperatures ranging from —190 to 0°C.
The sample temperature was controlled by liquid nitrogen
and embedded heater in a cryostage (Oxford: C1003).

All CL spectra were corrected for total instrumental
response, which was determined using a calibrated stand-
ard lamp (Eppley Laboratory: Quartz Halogen Lamp).
This correction prevents errors in the peak position of
emission bands and allows quantitative evaluation of CL
intensity. The spectral response varies smoothly between
300 and 800 nm with a maximum at 550 nm and shows
the steps at approximately 450 and 730 nm, which corre-
spond to discontinuous artifacts of Wood’s anomaly
attributed to a specific characteristic of the grating. De-
tailed construction of the equipment and analytical proce-
dure can be followed from Ikenaga er al. (2000). The
corrected CL spectra in energy unit were deconvoluted
into the Gaussian component corresponding to each emis-
sion centre using a peak-fitting software (Peak Analyzer)
in OriginPro 8J SR2.

3. RESULTS AND DISCUSSION

At room temperature, the CL spectra of all samples
show broad emission bands at around 400 nm in blue
region and at around 650 nm in red region, and a broad
emission band close to IR region at around 750 nm (Fig.
1). According to previous works on forsterite CL (e.g.
Steele et al., 1985; Benstock et al., 1997), the blue emis-
sion could be assigned to the defect centre (intrinsic de-
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Fig. 1. CL spectrum of forsterite in chondrule (Allende meteorite).
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fect) related to lattice defects associated with AI** substi-
tution for Si*', or deformation of the lattice due to an
incorporation of Ca and Ti ions. The red emission band at
around 650 nm is assigned to Mn”>" impurity centre in an
octahedral coordination and preferred in the M2 site,
which was observed in meteoritic forsterite samples as
well as in Mn-doped synthetic samples (McCormick et
al., 1987; Benstock et al., 1997). The red-IR emission
band at around 720 nm might be attributed to Cr’" in the
M1 and/or M2 site, which acts as an activator and possi-
bly associated with structural defect caused by interstitial
Cr ions in IR region, according to the result of CL spec-
troscopy for Cr-doped forsterite (Moncorgé et al., 1991;
Benstock et al., 1997).

Their emission intensities decrease with an increase in
sample temperature. The peak positions of the red emis-
sions at around 650 and 720 nm are slightly shifted to
shorter wavelengths (AA~5 nm) with an increasing tem-
perature whereas the peak positions of the blue emission
are independent on the sample temperature. The peak
wavelength of the emission activated by transition metal
elements such as Mn and Cr is closely related to the crys-
tal-field strength particularly depending on metal-ligand
distance (Burns, 1993). Therefore, it should be usually
controlled by thermal vibration in the lattice, but this is
not in the case for the emission band caused by defect
centre.

In general, the luminescence efficiency of the material
decreases with a rise in temperature due to an increase in
non-radiative transitions. This phenomenon has been
recognized in several minerals such as quartz, cristobalite
and tridymite as temperature quenching (Hanusiak and
White, 1975; Luff and Townsend, 1990; Stevens-Kalceff
et al., 2000; Kayama et al., 2009). The luminescent effi-
ciency (n) is well represented by the following equation
(Curie, 1963; Yacobi and Holt, 1990), where A is for a
probability of radiative transition, s for frequency factor,
k for Boltzmann constant, T for absolute temperature and
¢ for activation energy.

A
n= c
A +sexpl ——
p( ij

The activation energy (eV) is assumed by the Mott-
Seitz model for temperature quenching of luminescence
derived from the theory proposed by Mott and Gurney
(1948) and Seitz (1939), assuming an increase in the
probability of a non-radiative transition with increasing
sample temperature. In this case, a probability of radia-
tive transition (A) is independent upon sample tempera-
ture, and is regarded as constant in the equation. The
luminescent efficiency (1) can be estimated from the
integrated intensity calculated by a Gaussian fit to the CL
emission components. According to Steven-Kalceff
(2009) and Kayama et al. (2010), the CL spectra in ener-
gy units can be successfully deconvoluted into four

3.1)
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Gaussian-fitted components corresponding to two defect
centres and two impurity centres using a peak-fitting
software in OriginPro 8 (Fig. 2), where the number of the
components was determined on the basis of a statistical
test of x* factor proposed by Stevens-Kalceff (2009).

The emission peak in the blue region can be separated
into two components centred at 3.15 (defect 1) and at
2.99 eV (defect 2), and the peaks in the red region into
two components centred at 1.91 (Mn*") and 1.74 eV
(Cr’). By assuming the Mott-Seitz model, activation
energy in each temperature quenching process can be
calculated by a plot of In[(1/m)—1] against 1/T (Arrhenius
plot) using integrated intensity of each component. The
straight-line relationship for each emission component is
recognized in the plots (Fig. 3), which can be clearly
explained on the basis of Mott-Seitz theory. The emission
of all samples show a similar behaviour of CL quenching
on heating, and the slopes of two defect components are
relatively higher than those of two impurity components.
Each activation energy was determined as follows; blue
emission (defect 1) at 3.15 eV: 0.08-0.10 eV, blue emis-
sion (defect 2) at 2.99 eV: 0.09-0.11 eV, red emission
(Mn*") at 1.91 eV: ~0.01 eV, red emission (Cr'") at
1.74 eV: ~0.02 eV.

The vibration energies of forsterite can be obtained
from Raman and IR spectroscopy data (Hofmeister, 1987:
Chopelas, 1991; Mouri and Enami, 2008). The energy
value of 0.08-0.11 eV (445-888 cm’™) for defect centres
corresponds to that of Si-O stretching vibrations in for-
sterite lattice and the value of 0.01-0.02 eV (81-162 cm™)
for impurity centres possibly to the vibration energy of
M-O bond. Therefore, the activation energy in the tem-
perature quenching process for each luminescent centre in
forsterite could be assigned to specific lattice motions.
Judging from the similarity of the activation energy in the
process of temperature quenching and lattice vibration
energy, the temperature quenching energy might be trans-
ferred as a phonon to the specific lattice vibration through
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Fig. 2. Spectral deconvolution of forsterite CL in chondrule (Allende
meteorite) by Gaussian fitting.
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Fig. 3. Arrhenius plots of In [1/n—1] against 1000/T for each emission of Allende forsterite. a: emission component at 3.15 (defect 1), b: emission
component at 2.99 (defect 2), c: emission component at 1.91 (Mn2*), d: emission component at 1.74 (Cr3*).

non-radiative transition. Kayama et al. (2009) clarified
the process of temperature quenching in the CL of tri-
dymite and cristobalite, and estimated that Si-O stretch-
ing vibration energy is 0.03-0.14 eV (1049-1130 cm™) for
tridymite and 0.15-0.16 eV (1211-1249 ¢cm™) for cristo-
balite. The corresponding emissions are identified as
short-lived blue luminescence derived from the defect
closely associated with AI’” impurity substituting Si*" in
the Si-O tetrahedra. In crystal structure of forsterite, three
different lengths of Si-O bond are recognized (Deer ef al.,
1982), suggesting various types of tetrahedra with slight-
ly modified coordination with surrounding cations. It
implies that two types of defect centres (defect 1 and 2)
might be due to different types of tetrahedra caused by
AP’ impurity substitution.

Forsterite is a key mineral to solve many problems in
geoscientific fields because it is one of the most abundant
and widespread minerals in the earth-type planets and
asteroids. In particular we could find luminescent forster-
ite from a great number of meteorites, and furthermore
we were able to obtain raw materials including forsterite
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of asteroids by the Sample Return Project (e.g. Hayabusa
IT Project to be planned in Japan). Recently the lumines-
cence investigation of forsterite has been done for a better
understanding of radiogenic damage processes in forster-
ite related to cosmic weathering and its extreme environ-
mental conditions such as rapid growth at ~10 mm/s or
high from a supercooled melt (Gucsik et al. 2012). Tem-
perature quenching of CL is an important factor to control
the emission efficiency of forsterite, so our results would
be expected to contribute as valuable information on
forsterite CL, especially for quantitative estimation of
radiation dose (CL dosimetry) irradiated on the forsterite
in cosmic space.
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