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ABSTRACT

Context. We recently reported the formation of metallic inclusions in an amorphous and/or crystalline silicate matrix by thermal
annealing of thin films in reducing atmospheres. Experimentally, the obtained microstructures closely resemble those of the glass
with embedded metal and sulphides (GEMS) found in chondritic porous interplanetary dust particles (CP IDPs). We present here the
magnetic properties of these synthetic samples.

Aims. In this paper we report the detection and measurements of single domain and super paramagnetic ferromagnetic inclusions
(SD/SP) in annealed silicate thin films of composition analogous to interstellar silicates and discuss the implications for the alignment
of cosmic grains in astrophysical environments, in the presence of weak magnetic fields.

Methods. We investigate the magnetic properties of synthesized laboratory silicate samples by measuring their magnetization when
subjected to a given magnetic field. The measurements were performed at different temperatures including those compatible with
interstellar dust.

Results. The high values of remanent magnetization at saturation obtained in this work suggest the ability of our samples to indefi-
nitely maintain a significant magnetization which may contribute to their alignment in weak magnetic fields.

Conclusions. From our laboratory experimental simulation we propose that interstellar grains contain iron in form of nm-sized metal-
lic beads. This can explain the non-detection of iron in interstellar grains. These inclusions could play a role in the alignment of grains.
We propose a possible scenario for the magnetization of the cosmic grains and give a minimum value for the magnetic susceptibilty

for GEMS.
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1. Introduction

In order to explain the polarization of starlight reflected by dust
in interstellar clouds, as noted long ago (Hiltner 1949; Hall
1949), aspherical dust grains aligned to some degree by the
interstellar magnetic field need to be invoked. These spinning
grains obscure the starlight and their alignment is believed to
result from their rotational dynamics within the ambient mag-
netic field. Historically, grain alignment was first studied in 1951
by Davis & Greenstein (hereafter DG) but they failed to ex-
plain the persistence of the alignment in an environment where
the grain is subject to the random effects of collisions between
grains and the surrounding gas leading to the loss of the align-
ment, especially in environments where the magnetic field is
weak (about 5 uG for the interstellar medium, Heiles 1996).
Jones & Spitzer in 1967 reconsidered the DG model and pro-
posed that the only way to explain the alignment of interstellar
grains by magnetic fields as low as 1 uG, was to assume that
iron atoms are present in the grains either as small clusters of
about 100 atoms each, the grain is thus called superparamagnetic
(SP hereafter) characterized by a large paramagnetic suscepti-
bility or as ferromagnetic inclusions. The value of the magnetic
field required for grain orientation with ferromagnetic and super-
paramagnetic grains is estimated to be between 1072 and 5 uG
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(Jones & Spitzer 1967, and references therein). Duley (1978)
discussed the ability of the core-mantle grains to align in a mag-
netic field; he calculated the magnetic fields required for the
cases of a magnetic core-paramagnetic mantle and super para-
magnetic core-paramagnetic mantle. Duley predicted that 0.1-
0.3 um in radius grains with icy mantles on MgO/FeO/SiO cores
can be aligned in magnetic fields of about 1 uG. He also pre-
dicted that small MgO/FeO/SiO grains should be aligned in re-
gions where conditions prohibit the growth of ice. Mathis pro-
posed a model to explain the alignment of interstellar grains in
the galactic magnetic field (Mathis 1986). He assumed that in-
terstellar grains are composed of tiny individual grains some of
them comprising superparamagnetic material (e.g. magnetite or
iron). These particles have a very large paramagnetic suscepti-
bility and would provide a promising alignment mechanism as
suggested by Jones & Spitzer. A silicate grain was assumed to be
aligned in the galactic magnetic field if, and only if, it contains
at least one SP particle (Mathis 1986). As proposed by Martin
(1995), the GEMS (Glass Embedded with Metal and Sulphides)
found in some chondritic porous interplanetary dust particles
(CP IDPs) could be a simple solution to the mystery of inter-
stellar grain alignment.

Moreover, starlight polarization can also be used as a probe
to determine the magnetic field structure prevailing in a given
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environment. In this context Lazarian (2003) devoted his review
article to the investigation of the magnetic fields in different as-
trophysical environments via the measurement of the polarime-
try of the scattered light.

Despite the variety of theoretical and observational studies
devoted to explain and understand the grain alignment, this prob-
lem, now six decades old, still remains to be resolved and no
consensus has yet emerged to explain the grain properties in all
astrophysical environments.

Finally, no experimental study has yet been devoted to the
determination of magnetic properties of extraterrestrial samples
and their analogues. In this paper we investigate the conse-
quences of the Fe-Ni metallic inclusions produced in material
analogous to the IDPs produced in the laboratory (Davoisne et al.
2006). We determine the magnetic properties of these samples
and discuss the implications for the alignment of cosmic grains.

2. Experiments

As described in our previous papers (Djouadi et al. 2005;
Davoisne et al. 2006), our samples are thin amorphous silicate
films, typically 100 nm thick, obtained by cold condensation of
vapours onto 3 mm diameter diamond discs. This geometry en-
sures a high surface-to-volume ratio compatible with interstel-
lar dust characteristics. The San Carlos olivine was used as the
precursor, its composition is Mg; gFe 19Nig 01 SiO4. Annealing
experiments were performed in a tubular furnace under vacuum.
Infrared spectroscopy is used to study the structural evolution
after annealing (Djouadi et al. 2005). Some parts of the films are
scraped off for transmission electron microscopy (TEM) analy-
ses at the nanometer scale for structural and chemical character-
ization. Despite the low Fe and Ni abundance of the initial amor-
phous thin films, metallic precipitates are formed in the heated
samples, they have been estimated to have sizes between 2 and
50 nm (Davoisne et al. 2006; Djouadi et al. 2006).

In this paper we focus on the magnetic properties of the an-
nealed silicate films. We used different samples noted D1 and D2
(both heated at 1023 K), ND2 (heated at 1273 K) and two bare
diamond discs, used as blanks.

Magnetic measurements, performed at CEREGE, Aix-en-
Provence, France, were conducted on the thin films to evalu-
ate the magnetic properties of metal/silicate assemblages with
an emphasis on the detection of super paramagnetic ferromag-
netic particles.

The bulk magnetic properties of the thin films were evaluated
by performing hysteresis cycles using a Micromag Alternating
Gradient Force Magnetometer (AGFM) equipped with a cryo-
stat. Magnetic moments can be measured with a sensitivity of
107" A m? at temperatures ranging from 10 K to 300 K and in
magnetic fields up to 1 T (corresponding to 10'° uG). A detailed
description of an AGFM is given by Flanders (1988).

The hysteresis cycles provide the following magnetic param-
eters: coercivity (B.), saturation magnetization (M), remanent
magnetization at saturation (M) as well as high-field (param-
agnetic + diamagnetic) susceptibility. The coercivity of rema-
nence (B.) can also be measured by applying back-fields on
a previously saturated sample and measuring in a zero magnetic
field. By saturating magnetically the sample at 10 K and having
it warmed in zero magnetic field, it is also possible to evaluate
the unblocking temperature spectrum of the remanent magneti-
zation. This is a key aspect in the detection of superparamagnetic
iron grains.

We also measured the remanent magnetization at sat-
uration (M) for each sample with a 2G DC SQUID
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Fig. 1. Hysteresis cycles for sample D2 (room temperature 280 K, 150
and 30 K). The cycles are corrected for the high magnetic field suscep-
tibility to show only the ferromagnetic signal (see text).

cryogenic magnetometer (sensitivity 107!" A m?) and normal-
ized the AGFM moment measurements using this value. Indeed
the AGFM intensity calibration appeared less precise than the
2G measurements.

3. Results

The hysteresis cycles performed on the two bare diamond sub-
strates only show a diamagnetic signal due to the diamond itself,
whereas the heated samples (D1, D2, ND2) show a ferromag-
netic contribution superimposed on this diamagnetic signal. The
three heated samples gave identical results and the figures pro-
vided in the following are representative of the three samples.
Typical hysteresis cycles obtained at different temperatures for
the thin films are given in Fig. 1. We also report in this figure the
corresponding magnetic parameters B, M and M. Each hys-
teresis cycle is corrected for the high field susceptibility in order
to subtract the diamagnetic signal due to the diamond substrate
and the paramagnetic and diamagnetic signals of the silicate in
the thin film. After these corrections, only the ferromagnetic sig-
nal due to the sample remains and is visible in the hysteresis
cycle.

The large B values measured for the thin films, ranging
from 80 mT at room temperature to 200 mT at 10 K, indicate
that metallic iron is the main ferromagnetic mineral in the sam-
ple rather than magnetite, in agreement with our previous study
(Davoisne et al. 2006). The saturation magnetization (M) is pro-
portional to the total metallic iron content (218 A m? kg™' for
pure iron). For the sample data displayed in Fig. 1, the M value
of ~16.8 x 10~ A m? indicates a metallic iron content of ~77 ng
which is in good agreement with the total amount of iron present
in a San Carlos olivine disc of 3 mm in diameter and 100 nm
thick (~93 ng). This indicates that most of the iron in the original
olivine is transformed into metallic iron and that no significant
fractionnation occured during the evaporation and deposition of
the sample. From the hysterises cycles and using the magnetiza-
tion curve slope around zero field, a rough estimate of the weak
field reversible susceptibility y( can be derived: for our synthetic
samples it ranges from 1.5 x 10713 to 2 x 10~!* m? between 30
and 280 K.

The shape of the hysterisis cycle, in particular the M,s/M; ra-
tio, allows us to evaluate the domain state of the metallic
grains. For equant grains like those observed in our samples, the
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Fig. 2. Coercivity (B.), given in mT, plotted as a function of measure-
ment temperature (K) for the sample D1.
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Fig. 3. Thermal demagnetization in the absence of magnetic field for
the sample D1 from 30 to 250 K (upper curve). The initial saturation
remanent magnetization was acquired at 10 K in a magnetic field of
1 T. The demagnetization is followed by cooling between 250 and 30 K
in the absence of a magnetic field (lower curve).

superparamagnetic (SP) to single domain (SD) transition occurs
at around 25 nm at room temperature (Butler & Banerjee 1975;
Dunlop & Ozdemir 1997), while the SD to multidomain (MD)
transition should be below 100 nm. SD iron particles, that have
cubic crystralline anisotropy with (100) easy axis of magnetiza-
tion, should have M,s/Ms = 0.832 (Dunlop & Ozdemir 1997). At
low temperature the SP/SD threshold size will decrease as the
cubic root of the temperature ratio (Dunlop & Ozdemir 1997),
being about 8 nm at 10 K.

Our hysteresis measurements at 10 K yield a Ms/M; ratio
up to 0.8, indicating that most particles are in the SD state, i.e.
larger than 8 nm. Upon heating the M,;/M; ratio of the samples
decreases monotonically down to 0.45, indicating that half of the
grains that were SD at 10 K became SP at room temperature, i.e.
that these grains are in the 8-25 nm size range. The absence of
significant curvature of the cycle above 500 mT indicates that the
multidomain iron (above ~50-80 nm) is much less abundant, if
present at all. The presence of SP grains is further demonstrated
by the decrease in the coercivity B, with temperature (Fig. 2).

Figure 3 displays the thermal demagnetization from 30 K to
250 K in a null magnetic field for a thin film previously satu-
rated in a magnetic field of 1 T (at 10 K). Part of the remanence
(~40%) is lost at temperatures below room temperature, con-
firming the presence of a fraction (40 weight % maximum) of
iron grains that are SP at room temperature, i.e. smaller than
25 nm. The monotonic demagnetization indicates that grain size
distribution spans the whole size range below 25 nm with no
preferential clustering. All these inferences derived from mag-
netic measurements are in good agreement with the size range
determined from TEM images for metallic inclusions in our
samples (sizes 2 to 50 nm).
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4. Discussion

We report here magnetic measurements on synthetic samples
of composition analogous to interstellar silicates, which con-
tain metallic iron inclusions similar to those seen in the GEMS
present in some CP IDPs. We show that our samples display su-
perparamagnetic properties, suggesting that GEMS might also
show similar behaviour. If GEMS indeed are interstellar dust
grains (Bradley 1994, 1999), these SP inclusions would provide
the necessary element for their alignment with the interstellar
magnetic field (Jones & Spitzer 1967). The bulk remanent mag-
netization that the ferromagnetic SD fraction may carry could be
an additional component in the grain alignment. Two phenom-
ena can be invoked to magnetize grains:

— cooling in a steady magnetic field and acquisition of a
thermoremanent magnetization during grain formation;

— exposure to a magnetic field pulse (several mT) and thus
acquisition of an isothermal remanent magnetization.

This second scenario would be much more efficient and may be
more realistic as strong magnetic field pulses can be caused by
lightning discharges in circumstellar clouds (Philipp et al. 1998).
Another possibility would be an exposure to a magnetic field
pulse in the proximity of a star and ejection of the magnetized
grains in the interstellar medium. Magnetic field of tens of mT
have been measured around some T-Tauri stars (Vallée 2003).

Most GEMS found in CP IDPs are 200 to 500 nm in diame-
ter (Bradley 1995). For a density of about 3 g cm™ the mass of
the GEMS grains is in the range 10~'% to 10713 g. With a metallic
iron content of 20% weight, these GEMS may have a saturation
magnetization in the range 10-°~10~'* A m? depending on the
size of the grain. Our data show that such grains can be magne-
tized up to 80% of their saturation magnetization if exposed to
a strong magnetic field pulse at low temperature (20 K).

In modelling the behaviour of interstellar grains a pertinent
parameter is the weak field reversible susceptibility y¢. For the
above mentioned GEMS grains, our measurements on synthetic
samples predict a yo in the range 107*~1073 ¢cm?. In theory
this value can be extrapolated down to the very low interstel-
lar magnetic fields (a few uG). However, this only accounts for
the magnetization rotation in the field. If the grains have a co-
herent remanence (as discussed above) and can rotate freely in
the inducing field, a much higher effective susceptibility can be
reached.

Recently Min et al. (2007) investigated the shape and com-
position of interstellar silicate grains. They based their study on
a fit to the observed 10 and 20 um features and showed that inter-
stellar silicate grains are highly magnesium rich (Mg/(Mg+Fe) >
0.9). They also explain the unusual depletions of Si and Mg rela-
tive to Fe in lines of sight to the Small Magellanic Cloud (Weltey
et al. 2001; Sofia et al. 2006) by the fact that the iron has to be in
the form of refractory species such as metallic iron or iron oxide.

Since interstellar silicates are amorphous and Mg-rich
(Kemper et al. 2004, 2005; Min et al. 2007) and the silicate
infrared absorption features are polarised (Dyck & Beichman
1974) our work strongly supports the presence of metallic iron
within the silicate matrix in dust. Additionally, the apparent
lack of evidence for iron in the astronomical silicates, and the
noted high iron depletion, support the inference that the iron is
in a metallic form with no chemical bonds to other atoms that
would be detectable by infrared spectroscopy.
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5. Conclusion

We investigated the magnetic properties of laboratory synthe-
sized silicate samples containing metallic inclusions (resembling
the GEMS in CP IDPs). We performed our measurements at tem-
peratures down to the temperature of interstellar dust (~20 K).
We found that the magnetic properties of our samples are char-
acterized by the presence of SD/SP metallic iron particles. At
low temperatures the proportion of ferromagnetic metallic iron
particles in the single domain state increases; these particles can
be magnetized efficiently, either by exposure to a strong mag-
netic field pulse or by cooling in a steady ambient magnetic field.
The magnetic properties derived would be consistent with the
alignment of GEMS-like grains by interstellar magnetic fields.
We propose a minimum value of the magnetic susceptibility for
the GEMS grains comprised between 10~'* and 10713 cm? (this
value does not take into account the possible free rotation of the
grain under the magnetic field).

This work performed on synthetic samples may be applied
in the future to natural grains, such as the CP IDPs contain-
ing GEMS. On January 15, 2006 the NASA Stardust mission
delivered to Earth cometary samples, preliminary examinations
showed that GEMS-like structures are widespread in the Wild2
grains (Keller et al. 2006; Zolensky et al. 2006). However, the
crystallographic and composition analyses of these GEMS-like
structures, revealed that they differ significantly from GEMS
found in CP IDPs. It is proposed that these structures were
produced in-situ during the deceleration of the Wild2 grains in
the aerogel collectors. The hot solar nebula origin for some of
GEMS in IDPs is thus less probable (Chi et al. 2007).

In this work, we estimate for the saturation magnetization
of GEMS found in IDPs to be around 1071°-10"'* A m?. The
magnetic measurements of these samples would require an in-
strumentation much more sensitive than the one used here (sen-
sitivity of 107! A m?). The use of a submicron Hall probe (Li
et al. 2002) would be a good candidate instrument for further
analysis.
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