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For chemical analysis of submicron particles, mass spectrometric methods have the disadvantage of being
destructive. Thus, a nondestructive elemental and chemical mapping with a high spatial resolution prior to
mass analysis is extremely valuable to precharacterize the sample. Here, first results are presented of combined
XANES �x-ray absorption near-edge structure� and PEEM �photoemission electron microscopy� measurements
on a cosmic grain fraction from the Murchison meteorite. This nondestructive full-field imaging method is well
suited for a quantitative analysis and for a preselection prior to detailed mass spectrometric investigations with
isotopic resolution/selectivity. A spectral unmixing algorithm helped to distinguish between elements in differ-
ent binding surroundings and therefore to obtain lateral information about the elemental composition and the
chemical structure. Individual Al2O3 and SiO2 grains as well as Cr-rich grains could be identified among the
majority of SiC grains. This method is suited not only for meteoritic material but can in general be applied to
composite grain materials of submicron sizes.
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I. INTRODUCTION

An important development in the field of cosmochemistry
has been the observation that primitive meteorites contain
small amounts of presolar grains, which remained unaffected
by processes in the interstellar medium and during the for-
mation of the solar system. This includes a tiny portion of the
dominant silicate constituents of meteorites;1,2 more con-
spicuous, however, are exotic grains of nm-sized diamonds,
silicon carbide �SiC�, graphite, refractory oxides �e.g., Al2O3,
MgAl2O4�, and silicon nitride �Si3N4�. The substantial devia-
tion in their isotope distributions from the “normal” solar
abundances3,4 �for 12C/ 13C in graphite and SiC, e.g., by two
orders of magnitude both ways� serves as the criterion by
which they are identified. Graphite and SiC grains in particu-
lar contain also a variety of diagnostic trace elements,3 which
carry not only important information about nucleosynthetic
processes in stars but also about possible modes of grain
formation. Most SiC grains �“mainstream grains”� in all like-
lihood originate from carbon-rich asymptotic giant branch
stars �the last major phase of life for stars less than about
nine times the mass of the sun�, and were expelled into the
interstellar medium by stellar winds. The isotopic patterns
carried by the trace elements in these grains are indicative for
the nuclear “s-process“ �i.e., slow-neutron capture�.

So far, the main concern in the study of presolar grains
has been the investigation of isotopic structures; hence, sec-
ondary ion mass spectrometry �SIMS� has been the primary
method of investigation.5,6 For trace element isotopic analy-
ses, this has been supplemented by dedicated methods such
as thermal ionization mass spectrometry7 �TIMS�, noble gas
mass spectrometry,8 and for the study of heavy trace ele-
ments in individual grains, resonance ionization mass
spectrometry9,10 �RIMS�. SIMS has been used also for study-
ing trace element patterns of SiC grains.11 The latest devel-
opment is the Nano-SIMS ion probe which is capable of

mapping elemental distributions and isotopic abundances
with a lateral resolution better than 100 nm.12

In studying grains that are both small and rare, all mass
spectrometric methods have the disadvantage of being de-
structive. They further yield very limited information about
the chemical environment of trace elements in such grains.
Therefore, it would be useful to gain information on the
abundance pattern of trace elements �average abundances
ppm to per mill, with large grain-to-grain variations� in order
to help selecting the most promising grains with respect to
their elemental composition, before submitting them to de-
structive isotopic analysis. Synchrotron x-ray fluorescence
�SXRF� has been explored towards this end with some
success.13,14 SXRF is both nondestructive and more sensitive
than SIMS for elements that are not easily ionized, but it
does not offer the possibility of lateral imaging and therefore
of analyzing individual grains of an ensemble.

In a previous work we have explored the potential of pho-
toelectron spectroscopy in the form of Nano-ESCA15–17 as a
tool to study the spatial distribution of elements within
�m-sized SiC grains for subsequent mass spectrometric
studies. Here we report on both elemental and chemical char-
acterizations of such grains by photoemission electron mi-
croscopy, yielding the local x-ray absorption near-edge struc-
ture �XANES-PEEM�.18,19 The lateral resolution and the
sensitivity thereby allowed for a clear identification of major
mineral phases in individual grains.

II. SAMPLE PREPARATION AND MEASUREMENT
TECHNIQUE

The investigated sample was an acid-resistant, SiC-rich
residue from the Murchison meteorite. The Murchison mete-
orite, which fell in Australia in 1969, is a carbonaceous
chondrite of the rare primitive �i.e., largely unaltered� type
CM2 and thus rich �� per mill� in matter of presolar origin.
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Approximately 100 kg have been recovered, so it is also of
sufficient size for a variety of detailed studies. The procedure
used for the preparation was similar to those used in Ref. 20
in the preparation of the KJ SiC separate from meteorite
material �named “KJ” by these authors�. In brief, after dis-
solving the main silicate constituents of the meteorite by
extensive treatment with hydrofluoric and hydrochloric acid,
the surviving �mostly carbonaceous� material was treated
with oxidizing agents including perchloric acid to remove
more reactive carbonaceous materials. After this, the most
abundant of the remaining material �nanodiamonds; approxi-
mately 1 per mill of the meteorite� was removed as a colloi-
dal suspension. The remaining residue has been deposited on
a gold foil from an aqueous suspension. The typical grain
sizes range from the hundred nanometer range up to a few
microns. The gold foil was provided with a grid structure, for
a defined relocation of the investigated sample areas in sub-
sequent SIMS measurements. SIMS mapping is expected to
be more sensitive to trace contents, but it is both destructive
and time consuming given a large field of view of the
sample. Furthermore, SIMS mapping only provides little and
very indirect information about chemical bonds. On the other
hand, neutron scattering, e.g., could also be used for a non-
destructive detection of chemical phases, even though not as
an imaging tool in real space.

The sample was analyzed by XANES-PEEM in our setup
described in Ref. 19. X-ray absorption near-edge structure
�XANES� spectroscopy was combined with photoemission
electron microscopy �PEEM�. XANES probes the first empty
states above the Fermi level, which are particularly sensitive
to local chemical coordination and to the valence state of the
absorbing atom. Thus, it is an ideal probe for elementally
sensitive phase identification, provided that reference spectra
exist.

A commercial microscope of the type Focus IS �Focus
GmbH, Germany� was used, facilitating parallel imaging of
the lateral photo- and secondary electron distribution from
the sample surface with a base resolution of 20 nm. Charac-
teristic XANES features of a particular grain are recorded as
secondary electron intensity and thus show up as an en-
hanced intensity of that grain. For this and other contrast
mechanisms in PEEM, see Ref. 21. The soft x-ray beam
from the monochromator irradiates the sample surface at an
angle of 65° with respect to the surface normal. The second-
ary electron signal is observed normal to the surface in a
cone of 5° around the surface normal. Synchrotron radiation
from the BESSY II beamline UE52 SGM �Ref. 22� in Berlin
was taken for excitation. The energy resolution depends on
the width of the exit slit �20 �m� and the used photon en-
ergy. For the energy range used here, the resolution varies
between 38 meV �at h�=282 eV� and 343 meV �at h�
=1500 eV�. The measurements were carried out in an ultra-
high vacuum chamber with a base pressure of 8
�10−10 mbar.

XANES-PEEM measurements provide laterally resolved
spectroscopic information in the form of three-dimensional
�3D� �x ,y ,E� image stacks, from which XANES spectra can
be extracted out of any area within the investigated field of
view �FoV�, even after image acquisition. To correct for
beamline artifacts, the extracted XANES spectra have been

normalized to reference spectra, obtained from the same im-
age stack, on the gold foil outside of the SiC grains. Gold
itself exhibits no spectral features in the considered energy
range but due to the sample preparation procedure, unknown
admixtures in the aqueous suspension may lead to additional
structures. The reference spectra from the gold foil further
accounted for features from the beamline. The carbon K edge
could not be studied because of too strong beamline artifacts
caused by carbon layers on the optical elements. To obtain
relative comparability of peak intensities, all XANES spectra
have been normalized to the same background value at the
low energy side. In the spectra shown below constant offsets
have been added for a better visibility.

III. THEORY OF “LINEAR SPECTRAL UNMIXING”

In general, the 3D data stack can be defined as a multi-
channel image that contains for each point �x ,y� and wave-
length � multiple brightnesses Ix,y,�, which will be denoted as
“local spectra.” The idea of linear spectral unmixing is based
on the assumption that the multichannel image is composed
of independent sources. This means that the local spectra
Ix,y,� are a linear combination of a limited number of refer-
ence spectra Sk,� where k� �1,kmax�. The following example
illustrates the procedure: one illumination yields an image
containing the emission spectra from an object composed of
a varying mixture of two different substances emitting two
spectra S1,� and S2,�. In the case of no interaction between
the two substances, the local spectra can be written as

Ix,y,� = �x,y,1S1,� + �x,y,2S2�, �1�

where �x,y,1 and �x,y,2 are the local densities of the sub-
stances. The task of linear spectral unmixing is to extract the
linearly coefficients �x,y,1 and �x,,y,2 from Eq. �1� and to
present them as two images revealing parts of the physical
parameters describing the object. In case where the local
spectra contain only two values for two spectral positions �1
and �2 the exact solution of Eq. �1� can be calculated by
inverting the matrix Sk,�. This is possible when S1,� and S2,�
are linear independent. In most practical cases the number of
spectral channels �i.e., number of images� is much higher
than the number of reference spectra. Linear spectral unmix-
ing then uses a least squares approximation to find the usable
values for �x,y,k. The equation which has to be solved for
each point �x ,y� is given as

�

��k
�I� − �kSk,��2 = 0. �2�

In this sense, the linear spectral unmixing algorithm acts lo-
cally, performing a spatial analysis point by point. Sums
have to be performed over indices occurring twice within a
term. Equation �2� is solved by

�k = �Sk,�Sj,��−1Sj,�I�. �3�

The matrix �Sk,�Sj,�� is a square matrix of kmax�kmax ele-
ments and can be inverted if the spectra Sk,� are linearly
independent. The advantage of spectral unmixing is that it
separates the components collecting the information from all
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spectral channels even if the different reference spectra look
similar. Therefore, spectral unmixing allows to emphasize
the spectral information included in a single point �x ,y�
within the spectral data stack, thus significantly enhancing
the spectral signature against the background.

Linear spectral unmixing is widely used in fluorescence
microscopy to eliminate the influence of overlapping emis-
sion spectra, which is seen as so-called spectral bleed in the
emission channels of confocal or multiphoton microscopes.23

The work presented in this paper uses the commercial
implementation of linear spectral unmixing within the soft-
ware IMSPECTOR �LaVision BioTec GmbH, Germany�. It
provides the possibility to directly unmix up to four dimen-
sional data sets Ix,y,z,� where the additional dimension z
might represent, for example, an additional spatial dimension
or a time dependence.

The main difficulty of spectral unmixing is the definition
of the reference spectra Sk,�. The easiest way to define Sk,� is
to extract them out of the image itself. This is possible in
cases where enough regions within the image can be identi-
fied as “pure,” which means that they reveal the spectra for
each component. In all other cases the reference spectra have
to be generated by measurements of reference samples or by
means of simulation.

IV. RESULTS

XANES-PEEM images that have been obtained by the
linear spectral unmixing, which will be denoted as “unmixed
XANES-PEEM images,” whereas raw images taken at a
single x-ray energy will be termed “X-PEEM images” in
accordance with literature.

An overview image of the whole sample area taken with a
scanning electron microscope is given in Fig. 1�a�, which
primarily shows the grid structure of the gold foil. An en-
largement of the circled area is given in Fig. 1�b�, showing
parts of the grain sample. In comparison, Fig. 1�c� shows an
UV-PEEM image of the same sample area, with a field of
view �FoV� of 168 �m taken with a Hg lamp �h�=4.9 eV�.
The same individual particles and particle formations can be
clearly recognized in both images �see, e.g., arrows in Figs.
1�b� and 1�c� for comparison�. Due to the high work function
of 6.5 eV for SiC �Ref. 24� the grain formations appear dark
in the UV-PEEM image in Fig. 1�c�. The geometry of the
sample arrangement as outlined in Sec. II is sketched in Fig.
1�d�.

A. XANES of the Si K edge

Within the same sample area as in Fig. 1�c�, image stacks
were taken for a broad photon energy interval in the soft
x-ray range. The step width of the photon energy scan was
set to 0.2 eV. Figure 2�a� shows an X-PEEM image taken on
the Si K edge at a photon energy of 1837 eV. Several micro-
areas �labeled A-G� are marked by circles, from which
XANES spectra at different photon energies have been ex-
tracted. The size of the actual microareas ��2 �m� for spec-
tral analysis was chosen much smaller than the circles. In
Fig. 2�b�, three local XANES spectra of the Si K edge are

presented, extracted from the marked areas �A-C�. Two fun-
damentally different signatures are observed. Spectrum A
shows a broad main peak at 1837 eV with a distinct shoulder
at 1833.8 eV, a small second peak at 1843 eV, and a pro-
nounced third peak at 1851 eV. In comparison with XANES
spectra of different Si compositions,25 spectrum A is found to
agree perfectly with the literature spectrum of Si in SiC.

FIG. 1. �a� SEM overview image of the prepared sample. The
grid structure in the gold foil serves for an easier relocation of
individual grains. �b� Enlargement of the marked area; single grains
and grain formations are clearly resolved within the faint contrast.
The inset shows a SEM micrograph of an individual SiC grain. �c�
Corresponding UV-PEEM image �h�=4.9 eV� of the same sample
area. The same grains and grain formations from �b� are identified
in the PEEM image. Due to the high work function, the SiC par-
ticles appear dark. �d� Experimental scheme for x-ray photoemis-
sion electron analysis.
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Spectra B and C show a sharp peak at 1838.8 eV, with a
broad shoulder towards 1832 eV and a small peak at
1851 eV. Spectra directly comparable to literature could not
be found. The left shoulder of the 1838.8 eV peak and the
1851 eV peak resemble spectrum A. We therefore assume
that microareas B and C contain grains consisting of two
different chemical silicon species. Regarding spectra B and C
as a mixture with a small fraction of spectrum A, we try to
eliminate this fraction. This was done by normalizing spec-
trum A to fit the height of the peak at 1851 eV in spectra B
and C before subtraction. The obtained new spectra are given
in Fig. 2�c�. They agree well with the literature spectra25,26 of
Si in SiO2. Here, the shift of the SiC signature to higher
energies in comparison to SiO2 can be explained by the
higher electronegativity of the �two� oxygen atoms in com-
parison to the �single� carbon atom in the unit cell. In par-
ticular, the fast decrease of the main peak leading to the
minimum at 1841 eV clearly discriminates against Si3N4 that
could be present in the grain fraction as well.27

The lateral distribution of Si bound in SiC is given in Fig.
2�d�, as derived using the linear spectral unmixing algorithm.
The distribution of Si in SiO2 is given in Fig. 4�c� and will be
discussed in connection with the oxygen spectra. Individual
grains as well as aggregates of grains found and marked in
Figs. 1�b� and 1�c� are identified again in Fig. 2�d� �see ar-
rows�. This figure also proves that the large majority of par-
ticles consist of SiC. Comparing Figs. 2�a� and 2�d�, it is
observed that the signal-to-noise ratio in the vicinity of the
SiC is strongly increased by the spectral unmixing routine.

This spectral unmixing algorithm applied remarkably well
to a majority of grain sizes, as it is apparent from, e.g., Fig.
2�a�. Thus, changes in the absorption spectra due to the
three-dimensional extension of the grains appear to be neg-
ligible, even in the presence of the high PEEM extraction
voltages.

B. XANES of the Al and O K edges

The spectral information of the marked microareas �D ,E�
in Fig. 2�a� within the energy interval of the Al K edge is
given in Fig. 3�a�. A dominant sharp peak at 1560 eV can be
recognized, as well as a broader and smaller peak at
1564.2 eV and a small feature at 1568.8 eV. Within the giv-
en energy range, only this Al signature could be found. In
Mo and Ching,28 calculated and measured energy-loss near-
edge structures �ELNES� are presented for the aluminum-
containing oxides �-Al2O3 �corundum� and MgAl2O4 �Mg-
Al-spinel�. ELNES analysis usually reproduces the same
structure as XANES. Both investigated aluminum com-
pounds are known to be present as robust, i.e., acid-resistant
mineral contributions within the Murchison meteorite sam-
ple.3 The comparison of the Al K spectra corroborates the
identification of corundum, and the clear exclusion of Mg-
Al-spinel for the inspected grain.28 The unmixed XANES-
PEEM image showing the lateral distribution of spectrum D
is given in Fig. 4�a�.

Figure 3�b� gives XANES spectra F and G of the O K
edge, extracted from the corresponding microareas defined in
Fig. 2�a�. Again, spectra with two different signatures are

FIG. 2. �Color online� �a� PEEM image taken at the maximum
of the Si K edge at a photon energy of 1837 eV. Marked microareas
A-E identify the sample positions from which local XANES spectra
have been extracted from the image stacks. XANES spectra of the
Si K edge are given in �b�. Spectrum A resembles Si in SiC, while
spectra B and C are interpreted as a mixture of spectrum A and a
second signature. The unmixed second signature is seen in panel
�c�. �d� Unmixed XANES-PEEM image of the lateral distribution of
spectrum A as calculated by the algorithm presented in Sec. III. It
shows that nearly all particles are actually composed of SiC.
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observed. For spectrum F with its broad peak at 536.8 eV, a
second peak at 556.6 eV, and two weaker signals at about
563 and 566 eV, we conclude that it represents oxygen in
�-Al2O3 as our spectrum fits rather well to calculated
spectra.28 Additionally and independently, this interpretation
is supported by the agreement with the Al signature �see
above�. Spectrum G, with its main peak at 536.8 eV as well
as the distinct peak at 544 eV and the broader feature around
557 eV, is in accordance with literature spectra of oxygen in
SiO2 as presented by Gilbert et al.26 and Wu et al.29

The lateral distribution of spectra F and G is given in
Figs. 4�b� and 4�d� respectively. The differences between the
spectra F and G, which are not striking at first glance, are
well resolved by the linear spectral unmixing, leading to a
clear distinction of the corresponding grains in the unmixed
XANES-PEEM images in Figs. 4�b� and 4�d� with excellent
signal-to-noise ratio and zero crosstalk.

In comparing the four unmixed images in Fig. 4, it is
easily recognized that the major signals in Figs. 4�a� and 4�b�
are well correlated. For better visibility, several matching
spots have been marked. It can be concluded that spectrum F
in Fig. 3�b� indeed represents oxygen in Al2O3, and that
Figs. 4�a� and 4�b� show the lateral distribution of Al2O3
seen from the distribution of aluminium and oxygen, respec-
tively. Grains visible in Fig. 4�c� all show up in Fig. 4�d�. We
conclude that the grains visible in Fig. 4�c� show the lateral

distribution of SiO2, because silicon correlates with the cor-
responding distribution of oxygen. Figure 4�d� further shows
bright grains that are absent in Fig. 4�c�, as seen from group

FIG. 3. �Color online� �a� XANES spectra of the Al K edge,
extracted from the microareas D and E in Fig. 2�a�. Both spectra
resemble Al bound in Al2O3. �b� XANES spectra of the oxygen K
edge. Spectrum F, extracted from area F in Fig. 2�a� seems to be
similar to oxygen in Al2O3, spectrum G represents oxygen bound in
SiO2.

FIG. 4. �Color online� �a� and �b� Unmixed XANES-PEEM im-
ages showing the correlated lateral distribution of spectra D and F,
respectively. The main signals have been marked by circles. �a� and
�b� show the lateral distribution of Al2O3 grains. Similarly, also the
main signals in the unmixed images �c� and �d� match rather well.
They show the lateral distribution of SiO2, from the correlated spa-
tial Si K �c� and O K �d� signature.
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of grains marked by squares. Evidently, at least one addi-
tional oxide species is present in these areas.

C. XANES of the Cr L2 /L3 and the O K edge

Using a slightly different FoV, measurements have been
performed over an energy range from 525 eV up to 592 eV,
to completely cover the O K and the Cr L2 /L3 edges. The
step width was increased from 0.2 eV to 0.5 eV. In Fig. 5�a�
an X-PEEM image is given, taken at the Cr L3 edge at
576 eV. Four spectra �H, K, L, M�, extracted from different
microareas as labeled in Fig. 5�a� have been plotted in Fig.
5�b�. Spectra H and M have been enlarged by a factor of
three for a better comparability of the four spectra. They
show markedly different XANES signatures of the O K edge.
In spectrum H we see next to the main peak at 537 eV a
narrow feature at 540.5 eV and a broad structure between
555 and 565 eV followed by the pronounced L2 /L3 edges of
Cr. The significant structure in the O K edge indicates that
the chromium is oxidized. This is proven by the L3 and the
L2 edges, as both have a double peak structure. The peak
positions are about 574.5 eV, 576 eV, 584 eV, and 586 eV.
The second peak within the L3 edge is larger than the first
one and vice versa for the L2 edge, agreeing well with litera-
ture data for oxidized chromium �Ref. 30�. The lateral distri-
bution of the Cr XANES signature is given in Fig. 5�c�. Most
likely here the Cr appears in the compound FeCr2O4
�chromite�. This compound is known to be present in mete-
oritic material and to have significant resistance to acid
treatment.31 It is expected to survive the first steps of the
chemical extraction, but not the full separation procedure. It
is possible, nevertheless, that some few grains survived the
procedure.

Spectrum K resembles spectrum F in Fig. 3�b�, which
already has been identified as oxygen in Al2O3. The lateral
distribution of spectrum K is similar to that of Fig. 4�b�,
given the different FoV.

Spectrum L reveals a signature that has not been investi-
gated before. The reason for this is that its general line shape
is similar but not equal to the one of spectrum M. The main
difference is the sharp peak at 529.5 eV. Since we expected
no signals below 533 V, the earlier measurement was done
from 533 eV to 583 eV so that this peak was missed. An-
other difference is an indication for a splitting of the main
peak by 1.5 eV, which is small but recognizable and could
not be seen in spectrum G and in spectrum M. XANES spec-
tra of the O K edge of FeO as presented by Wu et al.32 bear
a significant single sharp peak at around 6.9 eV below the
main peak at 538.7 eV. The main peak itself shows a split-
ting by 1.8 eV and two further features appear at 7 eV �a
shoulder� and 21 eV �a broad peak� above the main peak.
Although there is an offset in the absolute energy values in
the spectra from Wu et al. compared to ours, the relative
energetic distances between single features fit well, except
for the shoulder at 7 eV above the main peak, which does
not appear in spectrum L. Based on these agreements we
suggest that spectrum M shows the O K edge of FeO. We
have observed that an uncompleted dissolving procedure of
FeCr2O4 primarily ends with oxidized chromium in the re-

FIG. 5. �Color online� �a� X-PEEM image taken at the maxi-
mum of the Cr L3 edge at a photon energy of 576 eV in a slightly
different FoV. Marked microareas identify the sample positions,
from which local XANES spectra have been extracted from the
image stacks. �b� Corresponding spectra in the region of the oxygen
K and Cr L2/3 edges. �c� and �d� unmixed XANES-PEEM images of
the Cr L2/3 features in spectrum H and the oxygen species in spec-
trum L, respectively. The marked area in �c� is used for further
analysis.
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siduum and all of the Fe in the discarded solution. Therefore
it is believed that the detected FeO or Fe2O3 grains do not
originate from material of the Murchison meteorite, but
rather have to be seen as a contamination by terrestrial ma-
terial after sample preparation. The signature of spectrum L
appears only in a very small number of grains within the
investigated FoV, as visible by the lateral distribution of this
XANES signature, given in Fig. 5�d�.

Spectrum M is considered to be the same as spectrum G
in Fig. 3�b� representing oxygen in SiO2. The differences
between these two spectra, mainly the absence of the minor
peak at 544 eV, are believed to appear due to the larger step
width of 0.5 eV instead of 0.2 eV. The lateral distribution of
spectrum M corresponds to the one of spectrum G in Fig.
4�d�.

Finally, for a demonstration of the methodological reli-
ability, XANES O K spectra were extracted from areas of
interest of different sizes. The microscope FoV has not been
changed. In Fig. 6, the areas used to extract the spectral
signature around position K in Fig. 5�b� ranged between
0.28 �m and 2.12 �m in one dimension, covering about two
orders of magnitude in a lateral dimension, correspondingly.
Here, the lateral dimension is understood as the number of
pixels used for the different evaluations of the XANES spec-
tra by implementation of the spectral unmixing algorithm. As
evident from Fig. 6, all spectral scans exhibit the same sig-
natures qualitatively. As to be expected, they basically differ
in their signal-to-noise ratios.

D. Determination of smallest grain sizes

The size of three-dimensional objects can be extracted
from line scans from PEEM images.33 This method is used to
estimate the size of some of the smallest grains detected. For
this, Fig. 5�c� was analyzed because the electron emitting
grains appear separated from each other and bear some of the
smallest signal spots among them. Figure 7�a� shows an en-
largement of the marked area of Fig. 5�c�. Different bright
spots have been labeled �1–4�. Line scans through the center
of each spot are presented in Fig. 7�b�. The intensity distri-
butions of the two smallest particles �3, 4� consist of no more
than eight image pixels. For the grain sizes the full width at
half maximum �FWHM� of the intensity distributions are

taken, which ends up with values for the grains 1–4 of
690 nm, 500 nm, 460 nm, and 370 nm, respectively. Due to
some neglected effects �e.g., apparent size changing due to
work-function differences34� these values should be seen as
approximations. The clear contrasts in the spectrally un-
mixed image of Fig. 7�a� much enhances both the detection
and the localization of single grains. This identification is
additionally supported by the shadowing of the grains due to
the grazing incidence of the synchrotron radiation. This issue
is clearly visible in Fig. 7�a� and was previously reported by
Heun et al.35 In the present study, only a medium magnifi-
cation mode of the microscope was taken in order to access a
large field of view. Use of the highest magnification should
enhance the instrumental capability to detect the smallest
grain sizes.

V. CONCLUSION

A fraction of cosmic grains extracted from the Murchison
meteorite has been investigated by a full-field imaging
method with high chemical specificity. XANES-PEEM in
combination with the linear spectral unmixing algorithm is a
powerful tool to distinguish elements in different binding
surroundings and to image their lateral distribution maps
separately from each other. In particular for XANES signa-
tures with only small differences, such as the O K edge of
Al2O3 and SiO2, this method bears clear advantages. Signals
of the order of the noise can be detected, provided that they
still comprise a significant XANES structure. FeCr2O4 grains
with sizes of around 370 nm could be detected. Therefore,
XANES-PEEM in combination with the linear spectral un-
mixing algorithm offers an unprecedented nondestructive ac-
cess to the chemical characterization of cosmic grains. The
method can also be applied to the characterization of mineral

FIG. 6. �Color online� Local XANES spectra extracted from
different field of views around the sample position K in Fig. 5�b�
with a frame size of 0.28 �m �FoV of K1�, 0.56 �m �FoV of K2�,
1.06 �m �FoV of K3�, and 2.12 �m �FoV of K4�.

FIG. 7. �a� Enlargement of the marked area in Fig. 5�c�. �b� Line
scan through the center of the labeled spots in �a�. The dashed lines
through the average values of the noise levels represent the base-
lines. The distance of the two crossing points with the intensity
distribution measures to the grain size.
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phases recently discovered in meteorites, such as supernova
olivine36 and possibly superhard carbon.37 The method can
also be applied to other materials such as grains collected by
the stardust mission, and in general to all kinds of composite
grain material which require submicron lateral resolution to-
gether with the chemical information.
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