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Cathodoluminescence of meteoritic and synthetic forsterite at 296 and 77 K using TEM
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ABSTRACT

Cathodoluminescence (CL) emission spectra of forsterite from the Allende (CV3) and
Murchison (C2) meteorites and from Cr-doped and pure synthetic forsterite samples have
been obtained at room (296 K) and liquid nitrogen (77 K) temperatures using a transmis-
sion electron microscope. At room temperature, three broad CL emissions centered near
420, 640, and 800 nm occur in the meteoritic forsterite, and one peak at 800 nm occurs
in one Cr3+-doped forsterite sample. Only the 420 nm peak is present in pure synthetic
forsterite. Relative to room temperature, at liquid-nitrogen temperature there is a general
increase in overall CL intensity, whereas a broad peak located between 700 and 800 nm
changes to a series of sharp emissions centered near 700 nm and a narrower but still broad
peak centered near 800 nm.

The portion of the broad peak near 700 nm at room temperature and equivalent sharp
peaks at low temperature are assigned to Cr3+ in octahedral coordination, whereas the
broad peak near 800 nm is attributed to Cr associated with structural defects. The peak at
640 nm is consistent with a similar peak in Mn2+-doped forsterite. The peak at 420 nm
results from an unknown structural effect that can be eliminated in synthetic forsterite by
mechanical deformation. The variation of relative intensities at room temperature for the
two broad peaks at 700 and 800 nm in meteoritic forsterite can be correlated with meteorite
type and may reflect different processes in forsterite formation or subsegquent processing.

INTRODUCTION

Nearly pure forsterite occurs both as single grains in
the matrices of primitive meteorites and within chon-
drules and inclusions (Steele 1986a), but its origin re-
mains controversial (McSween 1977; Olsen and Gross-
man 1978; Jones 1992). Such forsterite is particularly
easy to recognize because it shows cathodol uminescence
(CL), usually seen using an electron microprobe or lu-
minescence microscope. Steele et a. (1985) and Steele
(19864, 1989, 1992) described CL in forsterite from prim-
itive meteorites and micrometeorites and correlated the
CL color with chemical composition. The Mg-rich core
with less than about 2 wt% FeO is enriched in minor
amounts of Al, Ca, V, Ti, and Sc relative to therim, which
contains more Cr and Mn and up to ~30 wt% FeO. These
forsterite cores show CL but the rims do not because high
Fez+ concentrations quench CL. Patterns of CL within
meteoritic forsterite have also been described that corre-
spond to oscillatory zoning, with the implication that
these grains crystallized from a melt (Steele 1995). Syn-
thetic Cr-doped forsterite is an important material for tun-
able lasers (Petricevi€ et a. 1989), and CL may prove to
be a useful technique for characterization of some of its
chemical and physical properties.

CL emissions result from several sources, including
electronic transitions among d and f energy levels and
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transitions among energy levels caused by various types
of structural defects. It can be difficult to ascribe partic-
ular CL emissions to any one effect, but a correlation
among color, intensity, and composition is strong evi-
dence for a cause-effect relationship. For example, syn-
thetic samples doped with a single activating ion may
provide a reference for a wavelength that is characteristic
of that ion in a particular site in that material. The inten-
sity calibration is more difficult because it is not asimple
function of concentration but rather is affected by other
elements (Marshall 1988). Because transition metal ions
with unfilled d shells (e.g., Cr and Mn) occur in forsterite
that shows CL, they are logical candidates for correlation
with CL properties. Complications may occur because
some elements in the first transition series can have mul-
tiple oxidation states (e.g., Cr, Ti, V), and their ions may
substitute in more that one crystallographic site, each
with different energy levels that result from different co-
ordination (Burns 1993).

CL spectra are typically obtained using the electron
microprobe, which may allow correlation with composi-
tion. However, uncertainties arise because some elements
that cause CL may be below the detection level of the
electron microprobe. The TEM aso generates CL, with
the added advantages that significantly higher spatia res-
olution is possible, samples can be cooled, and micro-
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structural information obtained using standard TEM tech-
niques for thinned samples. Cooling reduces both phonon
broadening of the CL peaks and electron-beam damage
to the sample. Although these added advantages of the
TEM were not exploited in this study, they potentialy
alow the examination of CL from either small samples
or localized areas of intergrowths. For the present study,
spatial resolution was not considered critical, but rather
we were most interested in both reproducing observations
made by other instruments and documenting the effects
of sample cooling, which could easily be done in our
instrument and could be applied to very small samples.

The goals of the present research are to determine the
contribution of Cr3+ to the CL of forsterite, to examine
the wavelength of CL in forsterite from different types of
meteorites, and to provide additional observations for the
blue component of CL, which is present in many mate-
rias, including forsterite. Because this is the first TEM
study of silicate minerals using CL, we compared our
results with CL data obtained using an electron
microprobe.

EXPERIMENTAL METHODS

Thin sections of the Allende and Murchison meteorites
were examined with a JEOL JXA 8600 electron micro-
probe to locate luminescent olivine samples. Although the
compositions of these grains were not obtained, the range
of forsterite compositions that show CL is well estab-
lished (Steele 1989): specifically, Fe, <2 wt%; Cr,Q,,
1000-2000 ppmw; TiO,, 100-500 ppmw; Al,QO,, 0.1-0.6
wt%; Ca0, 0.4-0.7 wt%,; Sc,0,, <130 ppmw; and V,0,,
<500 ppmw. Luminescent grains in both meteorites may
occur either as single isolated grains or as relict grains
within chondrules, but single grains are far more common
and represent our analyzed material. Selected grains were
ion milled using VCR Group 306B or Gatan 600 ion
mills. Both Cr3+-doped and undoped synthetic forsterite
samples were aso prepared by ion milling and by crush-
ing of forsterite in a suspension with ethanal.

For the CL measurements we used a Philips 400T
TEM, equipped with a CL detection system designed and
described by Yamamoto et a. (1983). Operating condi-
tions for the TEM were 120 kV accelerating voltage, ~1
A emission current, 70 um condenser aperture, and 14
wm beam diameter. For CL, the acquisition time was 200
ms using a 0.5 mm entrance dlit, giving a spectral reso-
lution of ~2 nm. Samples were cooled by aliquid nitro-
gen holder. We were interested in the qualitative spectral
changes and the effect of low temperatures; therefore, the
spectra did not need to be corrected for detector response
or optimized for spectral resolution.

REsuLTs

The TEM CL spectrum of Allende forsterite at room
temperature contains three broad emissions located near
410, 630, and 790 nm (Fig. 1). The presence and wave-
lengths of these peaks are similar to those previously
shown for meteoritic forsterite from several meteorites
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Ficure 1. Cathodoluminescence spectrum of Allende for-
sterite at 296 K. Three broad emissions centered near 410, 630,
and 790 nm are apparent. The sharp drop in intensity near 880
nm results from low transmission and sensitivity of the detector
for infrared wavelengths. Although not apparent in this spectrum,
thereis a similar loss of sensitivity in the ultraviolet region. The
assignments of peaks to Cr and Mn are based on the data of
Steele (1988a).
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(Steele 1986b). For very broad pesks, an exact corre-
spondence between the present spectra and those of
Steele (1986b) should not be expected. Differences result
because the detectors have different sensitivity functions,
and these can change the apparent positions of maxima
for broad peaks; in particular, the detector described by
Yamamoto et al. (1983) was reported to be sensitive in
the UV region, whereas the detector used by Steele
(19864a) was not. This difference would tend to show peak
maxima at lower wavelength for the UV-sensitive detec-
tor. At liquid nitrogen temperature (~77 K), the Allende
forsterite spectrum shows a series of sharp peaks between
680 and 720 nm, an intense, broad peak centered near
800 nm (Fig. 2) and a broad peak in the blue spectral
region. Synthetic Cr3+-doped forsterite (Fig. 3) and Mur-
chison forsterite (Fig. 4) aso display sharp peaks in the
680—720 nm region at 77 K. Figure 2 and especialy Fig-
ures 3 and 4 suggest that at 296 K the broad peak between
650 and 850 nm is composed of two broad peaks on the
basis of occurrence of an inflection point in the profile.
The one at shorter wavelength is near the same position
where a series of sharp peaks appear at low temperature,
whereas the broad peak at higher wavelength remains
broad at the low temperature. Spectra of undoped syn-
thetic forsterite have neither these sharp peaks nor the
broad 800 nm peak at either high or low temperatures.
The details of the 680720 nm region for Allende,
Murchison, and Cr3+-doped forsterite samples are com-
pared in Figure 5 with an expanded wavelength scale.
There is a close correspondence among these spectra,
both in the wavelengths and relative intensities of peaks.
The CL emission in the blue region near 420 nm is
conspicuous in the spectra of Allende forsterite (Figs. 1
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Ficure 2. Comparison of Allende forsterite CL spectraat 77
and 296 K, obtained from the same region of crystal and plotted
on the same intensity scale. It is clear that the overall intensity
is approximately doubled, and the broad peak centered near 800
nm changes to a series of sharp emissions in addition to a broad
emission with consequent changes in peak shape at low temper-
ature. The 296 K spectrum is not that shown in Figure 1 and
shows no apparent peak near 630 nm.

and 2) but weak to nonapparent in the synthetic (Fig. 3)
and Murchison (Fig. 4) forsterite samples. The synthetic
undoped forsterite prepared by ion milling shows a strong
emission in the blue region (Fig. 6). For the same sample
was prepared by crushing, the blue emission is absent and
only a small but continuous increase in emission toward
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Ficure 3. Comparison of CL spectra from Cr3+-doped syn-
thetic forsterite at 77 and 296 K. The broad emission between
680 and 800 nm at 296 K indicates two overlapping peaks. At
77 K, a series of sharp peaks appears between 680 and 720 nm
superimposed on a broad emission, the exact position of which
is not certain. A weak peak near 400-500 nm is present, and an
overal increase in intensity occurs at low temperature. Spectra
are displaced verticaly to reduce overlap.
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Ficure 4. Comparison of CL spectra from Murchison for-
sterite at 77 and 296 K. At 296 K, a broad emission consists of
an intense peak near 720 nm and wesker peaks near 640 and
800 nm. At low temperatures, a series of sharp emissions appears
near 700 nm. The broad peaks at 640 and 800 nm remain but
with reduced intensity relative to those at high temperature. Spec-
tra are displaced vertically to reduce overlap.
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the infrared is present until the detector sensitivity de-
creases near 870 nm. These observations strongly suggest
that this blue emission is not due to an activator ion but
is rather associated with another property that is sensitive
to deformation. Although this is not our main interest, the
possibility of using the TEM to characterize the deformed
materia is an obvious direction for future studies.
Recent attempts to duplicate the results reported here
using an electron microprobe with a cold stage have had
mixed success (Vasconcellos and Steele 1996). The mi-
croprobe results indicate an effect of accelerating voltage
on the resulting CL spectra, where the red portion of the
spectrum is enhanced relative to the blue for an increase
from 15 to 30 kV. Because Vasconcellos and Steele
(1996) were limited to 30 kV, it was not possible to ap-
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Ficure 5. Comparison of CL line spectra near 700 nm for
Allende, Cr3+-doped and Murchison forsterite, obtained at low
temperature. The three spectra closely correspond in peak posi-
tions and relative intensities; these pesks also occur at approxi-
mately the same positions as a series of narrow line peaks ob-
served for forsterite at low temperature by Moncorgé et al.
(1991).
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proach the conditions used here (120 kV). In addition,
the sharp spectra reported here were not obtained by
them, although the microprobe temperatures approached
those of liquid nitrogen. There was, however, a definite
narrowing of peaks and a hint of sharp emissions, but
these do not approach the intensities reported here. We
tentatively conclude that the accelerating voltage has an
important effect on CL spectra.

DiscussioN

The room-temperature TEM CL spectra of Allende for-
sterite are similar to those obtained by Steele (1986a)
using an electron microprobe. Both sets of spectra show
abroad red CL emission near 800 nm and a second broad
emission in the blue region centered near 420 nm in the
TEM measurements and near 450 nm in the microprobe
data. Because different CL detectors have different trans-
mission efficiencies as a function of wavelength, and nei-
ther our spectra nor those of Steele were corrected for
instrumental response, we interpreted the 420 nm TEM
CL peak to be equivalent to the 450 nm peak in the mi-
croprobe spectra. The small 640 nm peak correlates with
the Mn peak reported by Steele (1988a) for synthetic,
Mn-doped forsterite.

The sharp peaks that appear in the red end of the spec-
trum a low temperature are at amost identical wave-
lengths in the Allende, Murchison, and Cr3+-doped syn-
thetic forsterite samples (Fig. 5). This similarity suggests
that the cause of these peaks is the same in all three
samples. These peaks are not present in the pure synthetic
forsterite (Fig. 6). Fluorescence spectra reported by Mon-
corgé et al. (1991) for synthetic Crs+-doped forsterite
likewise show a series of sharp emission peaks centered
near 700 nm in a cooled sample, which at room temper-
ature formed only a broad emission centered near this
same wavelength. The number and wavelengths of these
peaks also resemble those attributed to Cr3+ in octahedral
coordination in spinel, ruby, garnets, and emerald (Wood
et a. 1968; Sviridov et a. 1973). Slight shifts in the
wavelengths and spacings of these peaks from different
minerals could result from different crystal fields and site
coordinations in each structure. We thus conclude, like
Moncorgé et a. (1991), that the broad peak near 700 nm
at room temperature and the series of sharp peaks at low
temperature result from Cr3+ in octahedral coordination,
either the M1 or M2 cation sites, or both, in the forsterite
structure.

The 800 nm emission observed both at room temper-
ature and at low temperature in the spectra of the Allende,
Murchison, and synthetic Cr3+-doped forsterite samples
closely matches the broad emission described by Mon-
corgeé et a. (1991). This peak does not occur in the pure
synthetic forsterite (Fig. 6). The similar appearance at
room and low temperatures, in contrast to the 700 nm
emission, suggests that it is related to Cr, but the origin
of the CL differs from that causing the 700 nm peak;
Moncorgé et a. (1991) assigned this emission to Cr3+ but
associated with charge vacancies.
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Ficure 6. Effect of sample preparation of pure forsterite on
intensity of blue peak near 420 nm. The peak in the ion-milled
sample is not present in a sample prepared by simple crushing,
illustrating an effect that is possibly produced by simple me-
chanical deformation.
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At room temperature that part of the visible CL spec-
trum attributed to Cr3+ in meteoritic forsterite consists of
two broad unresolved peaks: one centered near 700 nm,
the other near 800 nm. Evidence of these two peaks can
be seen in Figures 3 and 4, where in the room-tempera-
ture spectra a weak shoulder on the peak near 700 nm is
indicated by an inflection in the profile near 770 nm.
When these two broad peaks are similar in intensity only
a single, very broad pesk is present as in Figure 2. For
the Allende and Murchison forsterite samples, the inten-
sities of the two broad peaks that result from Cr are not
the same. For example, in Figure 2 (Allende forsterite)
the peak near 800 nm is more intense than that near 700
nm, whereas in Figures 3 and 4 the peak near 700 nm is
more intense than that near 800 nm. In general, the com-
bination of these two Cr-related peaks gives a single
broad peak, the position of which ranges from near 700
to near 800 nm depending on the individual intensities of
the two contributing broad peaks.

Steele (1988b) observed that, on the basis of room-
temperature spectra, there is a systematic shift in the po-
sition of the peak maximum of the broad emission in the
700-800 nm region of natural forsterite from a variety of
extraterrestrial samples. In his data, forsterite of Allende
and other C3 meteorites as well as unequilibrated ordi-
nary chondrites show the position of this peak near 780
nm. In contrast, forsterite of C2 meteorites has a peak
position between 740 and 760 nm. This shift can be in-
terpreted as a change in the relative intensities of the two
contributing Cr3+ broad peaks to the resultant broad
emission.

The above interpretation is consistent with data re-
ported for synthetic Cr-doped forsterite grown under ox-
idizing conditions, but forsterite in meteorites was formed
in highly reducing conditions where both Cr2+ and Cr3+
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would be stable and incorporated into the forsterite struc-
ture. In lunar olivines, which formed under reducing con-
ditions similar to those thought to be present during me-
teorite formation, the occurrence of both Crz+ and Cr3+
has been documented (Sutton et al. 1993). Likewise, ol-
ivine in chondrules has been shown to contain both Cr2*
and Cr3+ (Sutton et a. 1996). In contrast, under oxidizing
conditions Cr#+ is thought to be present in tetrahedral co-
ordination replacing Si++ and is mainly responsible for the
laser properties of forsterite (Petricevit et al. 1989; Rager
et a. 1991). Because the CL spectra of synthetic Cr3+-
doped forsterite and meteoritic forsterite appear similar,
we conclude that neither Cr2+ nor Cr++ has a significant
effect on the CL spectra and that Cr3+ is the principal
influence.

The changes in the relative intensities of the two CL
peaks resulting from Cr3+ substitution suggest that struc-
tural information is reflected in the CL spectra. Forsterite
in C2 meteorites and that in C3 meteorites can be distin-
guished by their minor element signatures (Steele and
Smith 1986), and we propose that these chemical differ-
ences are aso reflected in the CL spectra. The forsterite
CL spectra from C2 meteorites and other related extra-
terrestrial forsterite samples with minor element contents
similar to those of C2 meteorites (Steele 1988b) are dom-
inated by an emission near 700 nm. On the basis of the
above interpretation, the CL of these samples is mainly
due to Cr3+ in octahedral coordination. In contrast, for-
sterite from C3 and unequilibrated ordinary chondrites
shows CL dominated by the emission near 800 nm, which
is attributed to Cr3+ interacting with nearby vacancies
(Moncorgé et a. 1991). Although these CL characteristics
allow classification of individual forsterite grains (Steele
1988h), they also suggest different structural environ-
ments for Cr3+. Possible factors that may affect the struc-
tural environment of Cr include the following: (1) the
mode of formation, either growth from a melt or conden-
sation from a vapor; (2) subsequent thermal processing
during chondrule formation; and (3) irradiation of isolated
grains in a nebula. Although none of these can be dem-
onstrated with certainty, the CL spectra provide additional
clues to the origin of these olivine grains.

In Allende and also in Murchison forsterite, a broad
but weak peak occurs near 640 nm. At low temperature
this peak remains broad (Figs. 2 and 4). By comparison
with synthetic Mn-doped forsterite (Steele 1988a), this
peak is assigned to Mn almost certainly in octahedral co-
ordination and probably concentrated in the M2 site (Mc-
Cormick et a. 1987). In principle, the emission should
differ between Mn sited on M1 and M2, and the position
and shape of the emission peaks may reflect occupancy
factors. A similar study was conducted for dolomite (El
Ali et a. 1993), where deconvolution of a doublet al-
lowed Mn occupancy to be determined between the two
nonequivalent sites in this carbonate.

Although €electron spin resonance was used to deter-
mine the actual Mn distribution in dolomite, ALCHEMI
(atom location by channeling-enhanced microanaysis)
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has been used to determine site occupancy of minor el-
ements in olivine (Taftg and Spence 1982; McCormick et
al. 1987; Buseck and Self 1992). In principle, both AL-
CHEMI and CL data could be obtained with the TEM
and correlated. However, because Mn is strongly parti-
tioned into M2, the variation of CL peak position and
shape may not be sensitive enough to record occupancy
variations.

Allende, Cr3+-doped, and pure forsterite show a broad
CL emission near 420 nm whereas Murchison forsterite
does not. It is aso apparent that the peak in pure forsterite
is dramatically affected by sample preparation for TEM
analysis. Many Fe-poor and Fe-free silicates show blue
luminescence, e.g., quartz, feldspars, melilite, Carich
garnet, enstatite, and forsterite; in addition, many nonsil-
icates show similar blue CL. Marfunin (1979) proposed
that blue CL in anorthite may be caused by Al-O--Al
centers. Likewise, the blue CL in forsterite may be caused
by Al-O- centers, as Al3+ substitutes for Si++ in Allende
olivines (Steele 1986b). An SEM CL study of quartz was
performed by Hanusiak and White (1975), who used mo-
lecular orbital calculations to support their conclusion that
a 450 nm CL peak that is omnipresent in quartz is aresult
of molecular orbital energy levels of the SiO:- tetrahe-
dron. Geake et a. (1971), on the other hand, suggested
that the blue CL in plagioclase and other silicates is
caused by lattice defects. The fact that the ion-milled
sample gave the characteristic 420 nm peak, whereas the
crushed sample did not, suggests that the activating elec-
tronic structure that creates the blue CL is destroyed by
mechanical deformation, such as crushing; it is aso pos-
sible that an electronic configuration caused by mechan-
ical deformation absorbs the CL emission and releases
the energy nonradiatively.

It has been suggested (Marshall 1988) that this com-
mon blue peak is not caused by an activator ion, in part
because many pure materials, including quartz, do not
contain activator impurities. The absence of this blue
peak in the Murchison CL spectrum (Fig. 4) may point
to a particular process that these forsterite samples have
experienced, analogous to the modification of the syn-
thetic forsterite by crushing, but further work is required
to explain the details.
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