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Interstellar graphite grains extracted from primitive meteorites consist of two types of 
micron-sized spherules resembling either cauliflowers or onions[l]. Transmission electron 
microscope (TEM) investigations [2] revealed that the cauliflower-type grains are concentrically 
arranged, dense aggregates of turbostratic graphite scales that sometimes contain small (tens of 
nm) occluded crystals of Tic. Recent studies [3] of onion-type graphites from Murchison 
graphite density separate KFCl (2.15-2.20 gIcrn3 [4]) show that these grains, on the other hand, 
generally have well-graphitized outer shells surrounding poorly-ordered carbonaceous cores, and 
often contain occluded crystals of Ti, Zr and Mo refractory carbides. Poorly-ordered 
carbonaceous cores occur in more than 80% of the 67 onion-type graphites studied to date. 
Because their presence indicates that the spherules did not begin forming as well-graphitized 
carbon, we have performed a TEM and electron energy loss spectrometry (EELS) study to 
elucidate the composition, structure and other properties of the cores. For this purpose we 
studied ultra-thin (< 100 nm) sections of KFCl graphites prepared as described previously [3], 
using a JEOL-2000FX TEM equipped with a Gatan 666 parallel detection electron spectrometer. 

Selected area diffraction (SAD) of the carbonaceous cores results in diffraction rings 
rather than discrete diffraction spots, a characteristic of randomly oriented fine-grained crystalline 
aggregates. For this reason, previous studies [2,3] that used convergent electron beam 
diffraction (consequently spreading the diffraction rings into diffuse annuli) resulted in the 
erroneous conclusion that the cores are amorphous. To quantify the SAD rings, we computer- 
digitized TEM negatives and used a profile of the intensity distribution that included the center of 
the electron diffraction pattern. Figure Id shows a representative SAD intensity distribution for 
cores from onion-type graphites, with the diffuse scattering background removed. Comparison 
of this pattern with that for graphitic carbon from cauliflower-type grains (Fig. le) reveals two 
key differences: first, there are only {hkO)and {hOO) in-plane reflections in the core diffraction 
pattern and a complete absence of (00 l  ) and {hkl  ) layering reflections; second, peaks for a 
given reflection are not symmetrical, but have a pronounced tailing toward smaller d-spacings. 
The peaks resulting from reflections within the planes of carbon atoms ('graphene' layers), 
however, indicate graphite-like d-spacings. Electron scattering simulations for single, randomly 
oriented graphene sheets (Fig. la) reproduce the expected asymmetric tailing [5] observed in the 
core diffraction peaks, but simulated diffraction from randomly oriented graphitic layer stacks 
containing one or more AB-layer pairs results in (002) reflections that are stronger than {M) and 
(h00) in-plane reflections and not observed in the data. We are forced to conclude that the 
carbon atoms in the core material are arranged in aromatic sheets, but that there is little, if any, 
graphitic layering order among the sheets. The absence of any observable medium-range layering 
order (that would result in an (002) reflection) is curious for a random aggregate of graphene 
sheets, and possibly results from curvature of the sheets caused by in-plane disorder. 

These observations suggest that the core carbonaceous material bears some resemblance 
to aggregates of polycyclic aromatic hydrocarbons (PAHs) that have been frequently proposed as 
condensates in C-rich red giant atmospheres (e.g., [6] ). Indeed, isotopically anomalous PAHs 
(with mol. weights of up to several hundred amu) have previously been detected in samples of 
interstellar graphite [7], most recently in graphites from KFCl [8]. We have derived an estimate 
of the size of the graphene sheets constituting the interstellar graphite cores from the breadth of 
the core diffraction peaks (as derived by Warren [5]), finding d 2 3 to 4 nm for the mass- 
weighted mean crystallite diameter. For comparison, Fig. l c  shows the diffraction intensity 
profile for the high molecular weight PAH dicoronene (596 amu; geometric mean diameter = 1.2 
nm). The peaks are broader than for the core material, qualitatively indicating that the average 
core crystallite must be considerably larger than the dicoronene molecule. This conclusion is also 
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consistent with the EELS data. Figure 2 compares the plasmon peak energy for interstellar 
graphite cores with energies for various carbon samples. The plasmon represents collective 
valence electron oscillations in the sample induced by the primary electron beam, and its energy 
scales with the square root of electron number density. Hydrogenated carbon (such as PAHS, 
and the polymer resin shown in Fig. 2) thus has a lower peak energy (23-24 eV; [9 ] )  than 
graphite (26-27 eV) and diamond (33.5 eV, not shown). Clearly, the carbonaceous cores (with a 
peak at 26 eV) more closely resemble graphite than hydrogenated carbon. 

We conclude that PAHs probably constitute at most a small fraction (perhaps < 10%) of 
the interstellar graphite cores: the bulk of the core mass appears to reside in aromatic sheets that 
are far larger (with many hundreds of C atoms) and have much less H than high molecular weight 
(< 1000 m u )  PAHs. Our data also suggest that the KFCl graphite spherules began with the 
formation and growth of aromatic sheets (possibly including PAHs) from the vapor; little or no 
crystal growth occured perpendicular to the layers, and the sheets aggregated into spherical 
masses (cores) with no long range crystallographic continuity; finally, at some later stage an outer 
layer of well-graphitized carbon was established, either by heating and recrystallization of the 
core surfaces, or by changes in the condensation environment that favored graphite formation. 
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Figure 1: Electron diffraction intensities as a 
function of reciprocal d-spacing for simulated 
diffraction from randomly oriented aromatic sheets 
of carbon (a) and for measurements of various 
samples (be). The measured data have been 
corrected for diffuse scattering background but not 
for instrumental line broadening. Dashed lines 
show Miller indices and d-spacings for graphite. 

Figure 2: Plasmon peak energies from EELS 
of various carbonaceous materials, compared with 
interstellar graphite cores. 
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