
P
o
S
(
L
C
D
U
 
2
0
1
3
)
0
4
2

Optical Properties of Interstellar Dust from Cosmic
Dust Analogs Studied in the Lab

Harald Mutschke∗

Astrophysical Institute and University Observatory, Friedrich Schiller University Jena
E-mail: harald.mutschke@uni-jena.de

In the past years, cosmic dust research has taken great advantage from the laboratory efforts to
investigate the properties of analog materials such as amorphous magnesium/iron silicates and
various forms of carbon. Optical properties are particularly important as they provide the link to
observations and need to be incorporated into models in the form of dust opacities. Laboratory
investigation of dust opacities has to cover a wide wavelength range from the UV to the millime-
ter wavelength range and to study the temperature dependence of the electromagnetic excitation
processes governing the optical response. For understanding the underlying physics, a detailed
knowledge of the microscopic structure is required, which in turn may allow predictions for dust
in cosmic environments, being subject to continuous structural modifications. Given the com-
plexity of amorphous structures, our understanding of the optical properties of interstellar dust
is still incomplete. In particular, the opacity outside the strong fundamental excitations of the
electron and phonon system are not yet very well constrained, but even some of the strong bands
such as the π-π⋆ transition band of carbonaceous dust and its relation to the interstellar 217.5 nm
extinction feature still require closer investigation. In this respect, it is crucial to develop further
the structural analysis of such amorphous structures, and to find the relation to optical properties.
This review intends to summarize the current state of these efforts.
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1. Introduction

Analog materials are a means to explore in the laboratory how cosmic dust particles may
behave in the interaction with gas atoms and ions, electromagnetic radiation and fields, etc., and
to find out which properties these particles need to have in order to reproduce astronomical ob-
servations. The limited information about the nature of cosmic dust particles requires studying
a relatively wide range of compositions and structures. This is also needed in order to investi-
gate the physical dependencies of observable quantities on the chemical and structural properties.
Thus, dust analogs do not necessarily aim at reproducing all cosmic-dust properties, but require
controllable and reproducible production techniques.

In this review, I will focus on analogs of interstellar dust, such as amorphous silicates and car-
bonaceous materials. Optical and spectroscopic properties of these analog materials are a primary
goal to study, for providing basic data for the exploitation of observational information such as
extinction, thermal emission, and scattering. Motivation to deal with the optical properties of dust
analogs comes also from a number of very basic questions concerning our current understanding
of dust properties and observations, such as:

• What is the source of visible/near-infrared (NIR) opacity for silicate dust? Are the GEMS
(glasses with embedded metal and sulfide) interstellar dust particles?

• What is the carrier of the interstellar UV extinction hump at 217.5 nm wavelength?

• What is the reason for the observed anti-correlation of dust temperature and far-infrared
spectral opacity index?

Answering these questions is not possible without a detailed knowledge of the relations between
optical and structural properties of the dust. This review will discuss some current efforts to study
experimentally such relations by means of analog materials.

2. Laboratory analogs of ISM dust

Highly advanced and often specifically dedicated laboratory techniques have been applied
in many laboratories in order to produce interstellar dust analogs. For amorphous silicates, this
includes, e.g., glass melting and quenching [21, 14, 58], the sol-gel process [10, 23, 64, 9], amor-
phization by ion irradiation [12, 24, 4], and gas-phase condensation from vapors in oxidizing or
inert atmospheres [11, 57, 19, 31, 53]. Gas-phase condensation is the primary technique for mak-
ing carbonaceous dust analogs, with several methods to vaporize solid carbon thermally or by laser
ablation [32, 6, 56, 28]) or to introduce reactions in molecular precursors (e.g., by plasma pyrolysis
[54] or laser-induced gas pyrolysis [55, 35, 25]). Bulk materials such as coals [51], glassy car-
bon [33], or pyrolysis products of solid polymers [27] have been investigated as well. Products of
further processing (by ions, UV radiation, or thermal treatment) are of course separate laboratory
analogs, which were often not produced to determine optical properties but to study the processes
themselves.

Most production techniques are not suitable for optical studies in all spectral ranges. Trans-
mission measurements in the regions of relative transparency (far-infrared, vis/NIR for insulators)

2



P
o
S
(
L
C
D
U
 
2
0
1
3
)
0
4
2

Cosmic Dust Analogs Harald Mutschke

require large amounts of material to detect the absorption. Consequently, millimeter-thick slabs or
pellets with a high sample concentration are needed in the FIR to measure the continuum opacity,
“thin sections” of tens to hundreds of micron thickness to measure impurity absorption or crystal-
field bands in the visible. In the region of phonon absorption (IR bands) powders diluted by solid
or liquid material or “clouds” of sub-micron grains (aerosols) can be measured in transmission, as
well as sub-micron thick layers. In the range of electronic interband absorption (UV), such layers
need to be one to two orders of magnitude thinner. The reflectivity of polished surfaces is a widely
used alternative quantity, suitable to derive optical material data in the region of strong absorption
(UV, IR). In spectral ranges of weak absorption, however, it does not deliver sufficient information
to derive the (small) absorption index. This means that absorption constants in the wavelength
range of the stellar radiation and of cold-dust thermal emission, which are needed for many astro-
nomical models, remain unknown, unless analogs are available as bulk materials or at least as large
amounts of powder.

In any case, cosmic dust analogs should be well characterized in terms of their structure
and composition. Typical analytical methods comprise elemental analysis by X-ray spectroscopy
(EDX), structural analysis by X-ray diffraction (XRD), and inspection of homogeneity and mor-
phology by electron microscopy (SEM or TEM). For the amorphous materials used as analogs
for interstellar dust, the structural analysis is particularly complex. Chemical bonding varies from
site to site in an amorphous network, but its details may be important for the response to elec-
tromagnetic radiation, depending on the wavelength of the latter. Particularly for low-energetic
radiation, this response will often critically depend on the temperature of the dust. In these cases,
the measurement of temperature-dependent absorption gives insight into the physics of the absorp-
tion processes, but is also important for a correct interpretation of observations.

Finally, the morphology of an analog material should be considered if data are compared.
Grain shape, grain size, and agglomeration influence the result of optical measurements, but data
are not always available for the desired morphology. Bulk samples are a means to derive basic
material data (“optical constants”) from simple geometries, which can later be used in simulations
of small-particle spectra using theoretical models. However, it should be noted that the result can be
highly sensitive to the model if for instance the optical constants have high values (e.g., [48, 62]).

3. UV/vis absorption of carbon and PAH mixtures

The optical properties of interstellar carbonaceous matter are still very poorly known. While
earlier dust models relied on the optical constants of graphite, the analysis of infrared absorption
bands demonstrated the dominance of a hydrogenated amorphous carbon material in space [52].
In addition, polycyclic aromatic hydrocarbons, either in the form of free molecules (PAHs) or of
aromatic units in “MAONs” (mixed aromatic/aliphatic organic nanoparticles [34]) or “arophatics”
[42], are a constituent of interstellar dust, which reveals its presence by infrared emission features.
Because of this complex picture that may change from one astrophysical environment to another
due to interaction with, e.g., energetic radiation and shock waves, choosing the appropriate op-
tical constants that can be used in models has always been problematic. Few sets of data have
been derived so far from measurements on dust analogs over a wide wavelength range. These
analogs attempt to simulate the highly variable optical properties of carbon by different hydrogen
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Figure 1: Extinction cross section per carbon atom Cext /NH and linear absorption coefficient κ , respectively,
of thin layers of HAC particles before (a) and after (b) UV irradiation. The spectra of five samples produced
at different conditions are shown. D denotes the average interstellar irradiation dose of 3 × 1023 eV cm−2.
The inset in panel b shows Gaussian profiles representing the spectral peak (labeled P5) at about 217 nm.
Panel c shows interstellar extinction curves for individual objects at different RV (the ratio of visual extinction
to optical color excess [17]) and averaged curves labeled F99 [16] and F07 [17], given as extinction cross
section per hydrogen atom, for comparison. From Gadallah et al. [18].

concentrations in condensation experiments [68] or by different annealing temperatures in pyrol-
ysis experiments [27]. In addition, there have been important experiments carried out to simulate
the influences of UV radiation, energetic ions, reactive hydrogen gas, and thermal annealing on
carbonaceous structures and spectra (e.g., [40, 37, 36]). However, the current efforts to develop a
comprehensive model of the optical properties of carbonaceous dust [30] are still quite simplistic in
the sense that they are based on a single physical parameter, i.e. the optical gap energy. This param-
eter depends primarily on the medium-range order, i.e., which is often imagined as a distribution of
“graphitic” units, but high-resolution transmission electron microscopy (HRTEM) investigations
show that these units, in reality, are often non-planar [28], leading to more complicated optical
properties.
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Figure 2: UV spectra of different PAH mixtures measured with the matrix isolation technique (MIS) and as
compact films deposited on a CaF2 window. The mixtures have been extracted from carbonaceous analogs
produced by laser-induced gas pyrolysis by using different solvents [26] and refined by high-pressure gas
pyrolysis (sample PAH C). PAH A contains molecules with approximately 10–22 C atoms, PAH B with
10–38 C atoms, and PAH C with 22–38 C atoms. Larger molecules may be present in each mixture as well.
Spectra have been shifted for clarity. Experimental results are compared with the mean interstellar extinction
[5], from Steglich et al. [61].

In this respect, an important point is that a sound reproduction of the interstellar UV extinc-
tion hump, which is widely believed to be due to π–π⋆ transitions in carbonaceous species [15],
has not yet been achieved in the laboratory. Claims that hydrogenated amorphous carbon (HAC)
particles of a certain hydrogen content, if isolated from each other, possess a feature of sufficient
strength and sharpness at the right wavelength position [56], have not yet been confirmed by a
second experiment. These experiments suffered from an incomplete coverage of the absorption
band towards shorter wavelengths, similarly as measurements of UV-irradiated HAC that showed
the activation of a UV resonance at about the right spectral position [39]. Meanwhile, measure-
ments have routinely extended into the vacuum-UV region, and the deconvolution of absorption vs.
scattering losses and of σ–σ⋆, n–π⋆, and π–π⋆ transitions has made progress [35, 28, 25]. Based
on this, Gadallah et al. [18] recently performed a new UV irradiation experiment and successfully
confirmed the appearance of a UV absorption feature at a wavelength of approximately 217 nm.
Although the width of this band matched approximately that of the interstellar UV hump (Fig. 1),
the band profile was Gaussian rather than Lorentzian and the carrier of that band could not be firmly
identified in the tiny amounts of material that had been irradiated, although a considerable dehy-
drogenation and graphitization of the HAC material has been detected by infrared spectroscopic
and electron microscopic analysis.
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Figure 3: Absorption efficiencies of amorphous silicates with different contents of Mg cations in the infrared
spectral range. The absorption has been calculated from experimentally determined optical constants for
spherical grains (solid lines) and a distribution of ellipsoidal grains (dotted lines). From Jäger et al. [23].

Other studies have suggested that PAH molecules contribute to the interstellar UV hump [29].
Steglich et al. [61, 59] studied mixtures of PAHs extracted from gas pyrolysis products and con-
firmed that a mixture of large neutral PAHs produces a strong UV absorption feature, which is,
however, still at too short a wavelength for PAHs containing up to 38 C atoms (Fig. 2). Simula-
tions predict that for larger molecules the peak would shift to larger wavelengths. Even ionization
does not change the position of this peak, but could account for broadening of the feature [60].
For a sufficiently broad mixture of molecular species, the absorption curve at longer wavelengths
is also relatively smooth [59], which is an important criterion for potential carriers and has been
a problem for less diverse mixtures of PAHs. It is one of the most interesting questions for the
future, towards which kind of structure the two approaches of large aromatic molecules and small
graphitized HAC particles will converge.

4. Optical properties of amorphous silicates

4.1 Mid-infrared spectrum

The infrared spectra of amorphous silicates as analogs of interstellar dust have been investi-
gated since the seventies (e.g., [10]) and systematic studies on the influences of the cation content,
and the type of cations (Mg, Fe, Al, Ca) have been performed in the last two decades. It is now
well known that in analogy to the crystalline silicates the incorporation of most cations (except
for Na, for instance) reduces the polymerization of the SiO4 tetrahedra – in other words, increases
the number of non-bridging oxygens (NBOs) – and results in a shift of the Si–O stretching band
towards longer wavelengths. An example is given in Fig. 3, where the band peak shifts from about
9.2 µm to a wavelength larger than 10 µm with increasing Mg content [23]. This is usually under-
stood as the consequence of summing up the resonance peaks of the differently polymerized SiO4
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tetrahedra, which are located at shorter wavelengths for increasing polymerization. Interestingly,
this trend is opposite for the maximum of the 20 µm feature caused by Si–O bending vibrations and
the vibrations of cations. Temperature does not seem to affect the position of these bands strongly
[20].

However, the polymerization in an amorphous network is a statistical phenomenon that is
not exclusively determined by the composition, but likely also by the process of its solidification.
Spectra of amorphous silicates with the composition of, e.g., MgSiO3 therefore do not need to be
identical. Independent characterization of their polymerization state would, thus, be very desir-
able when spectra of different analogs are compared. So far, this has been done only for few of
the analogs, because the methods that are able to deliver this information are often not routinely
available. The most powerful method in this respect is 29Si nuclear magnetic resonance (NMR)
spectroscopy, which gives relative numbers of the Si atoms in different structural sites by the dif-
ferent chemical shifts of their NMR signals. Coupeaud et al. [9] perform such an analysis, but
use the structural information primarily to interpret the far-infrared continuum absorption of their
sol-gel silicates, although they also show mid-infrared spectra.

Raman spectroscopy is another, more frequently available, tool to obtain structural informa-
tion. Differences between amorphous networks appear more clearly in the Raman-active vibrations
than in the infrared-active ones, although the interpretation of the spectral changes is not entirely
clear and the method so far has only been used by a few authors [47, 65]. Thompson et al. [65]
use Raman spectroscopy and low-wavenumber X-ray scattering to detect the release of strain in
medium-range order of the amorphous network during heating (at about 500◦C). The mid-infrared
spectra were shown to be sensitive to these structural changes, reflecting the breakup of larger poly-
merized structures into smaller units by an increase of the longer-wavelength components of the
10µm band. Changes in the medium-range order were also observed in the X-ray absorption near
edge structure (XANES) [63].

The mid-infrared spectra of Mg-Fe silicate glasses measured by Dorschner et al. [14] are still
the only systematic study on such iron-containing amorphous silicates in the sense that the iron
content has been varied systematically. These data have been used to constrain the iron content
in interstellar silicates [45]. The major effect of replacing some of the magnesium with iron is a
broadening of the 10 and 20µm bands [14]. However, it is not clear how strongly this spectral
behavior may be influenced by the oxidation state of the incorporated iron. While ferrous iron
(Fe2+) simply replaces magnesium as a “network modifier” cation, as it is the case for instance in
olivine crystals, oxidation to ferric (Fe3+) iron enables the iron to form new tetrahedra (“network
former”) and, thus, to enhance the degree of polymerization in the network. Since the iron in these
glasses was partly oxidized [14], the band profile could have been affected. For these glasses,
the iron oxidation state had been determined by wet chemical analysis. X-ray spectroscopy [43]
and Mössbauer spectroscopy [66] are other powerful techniques that should be applied when iron-
containing silicate analogs are investigated.

Aluminum is another ion that affects the state of polymerization, because it is preferentially a
network former. The influence of aluminum on infrared bands has been investigated by Mutschke
et al. [47] and, more recently, by Speck et al. [58]. The latter authors also synthesize an iron-free
silicate of mean cosmic composition (including Mg, Al, Na, Ca) based on the claim by Min et al.
[45] that interstellar silicates are poor in iron (see also [44]). For a silicate analog of mean cosmic
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Figure 4: Vis/NIR absorption of Mg-Fe silicate glasses [14] with various iron content compared to that of
an iron-rich olivine crystal from Sri Lanka [67]. Absorption bands are due to crystal-field transitions (at 0.7–
2 µm), water impurities (at 3 µm) and multi-phonon absorption (around 6 µm), whereas the background
absorption throughout the vis/NIR is due to charge-transfer transitions involving ferric iron (Fe3+).

composition containing iron see Jäger et al. [21].

4.2 vis/NIR absorption

It is not obvious whether iron chemically bound in cosmic amorphous silicates would be in the
ferrous oxidation state or not. Actually, the main effect of oxidized iron would concern the vis/NIR
absorptivity of the silicate dust. Ferric iron causes a strong charge transfer transition absorption
giving the glasses a brownish color, whereas ferrous iron only produces relatively weak crystal field
bands in the near-infrared. Both absorption mechanisms are clearly seen in the optical constants
of the Mg-Fe glasses (Fig. 4), while only the crystal field bands are present in the spectrum of an
iron-rich olivine crystal [67]. Note that the absorption level in the visible differs by two orders of
magnitude for a glass with 20% iron compared to the crystal with the same Fe/Mg ratio. The total
amount of iron in that glass is actually still much lower than in the olivine, because it is of pyroxene
stoichiometry ((Mg+Fe)/Si=1 vs. (Mg+Fe)/Si=2 for the crystal).

Consequently, the absorptivity of silicate dust in the visible is a strong function not of the iron
content in general but of the content of ferric iron. Metallic iron or iron sulfide present in inclusions
would do a similarly good job [50], but ferrous iron would not. Recent X-ray spectroscopic obser-
vations support the idea that most of the iron in interstellar space is in the metallic state, i.e. not
oxidized at all ([8], see also [7]). Ion irradiation could in fact be responsible for the separation of
metallic iron phases from silicates (see also [22]) similarly as seen in GEMS [3]. However, given
the uncertainties both in the interpretation of infrared bands and in the fitting of the X-ray spectra,
it is certainly still too early to conclude about the iron content of interstellar silicates.

4.3 Sub-millimeter opacity

At the far-infrared and sub-millimeter wavelengths, at which cold interstellar dust is thermally
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Figure 5: Far-infrared absorption coefficients measured on thick slabs of forsterite, crystalline water ice
(pers. commun. C. Reinert), and MgSiO3 glass (pers. commun. P. Mohr) at temperatures between room
temperature (highest values) and 10 K (lowest values). Note that reaching an optical depth of unity at 100
µm wavelength and 10 K requires a 20 cm long forsterite crystal, but only a few tens of microns thick glass.

emitting, amorphous silicates have an opacity which exceeds that of crystalline species consider-
ably. This is illustrated in Fig. 5, where measured absorption coefficients of crystalline forsterite,
crystalline water ice, and amorphous magnesium silicate are compared. All the absorption coeffi-
cients have been measured for compact slabs of material, i.e. the absolute values can be directly
compared among each other but not to the absorption/emission cross section of particles without
correction (see [49] for correction factors). All of the spectra show temperature dependencies and
decrease towards longer wavelengths. The opacity of the amorphous silicate is the only one that
could be measured at wavelengths exceeding 1 mm due to its large value.

One reason for the high opacity is the disorder-induced activation of phonons, another one is
believed to be caused by low-energetic tunneling transitions of certain structural units in the amor-
phous network [41]. Experimental opacity data for amorphous silicates are, however, still quite rare
and poorly understood in the details of their dependence on composition and production method.
Meanwhile, it is clear that they can be represented by power laws with single “spectral index” (i.e.
negative exponent) β only in limited spectral ranges. The urgent need for more systematic studies
is illustrated by the mass absorption coefficient values compiled from various references in Table 1.
At first glance the absolute κ values appear neither correlated with the Mg/Si ratio nor with the pro-
duction method (sol-gel vs. melting). A possible influence of the iron content seems to be smaller
than the spread of kappa values among the magnesium silicate data.

Strong efforts are currently underway by several groups to understand better the relation of
the far-infrared spectra of amorphous silicates with their composition and structure (see [13, 46]).
Progress can be expected concerning the influence of iron and the extension of the data to larger
wavelengths, which will be helpful to constrain the structure-dependent models as developed by
Meny et al. [41]. For this sake, it is inevitable to analyze the silicate structure by advanced analyt-
ical methods. Important issues are likely a characterization of the bonding state of the individual
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Table 1: Approximate mass absorption coefficients κ (unit cm2/g) and power law indices β of amorphous
silicates (s/g = sol/gel products) from different references. Data are for isolated spherical particles in vac-
uum, i.e. have been corrected for the influences of agglomeration and embedding of the particles in the
measurements. Data have been read from Mennella et al. [38], Boudet et al. [2], Coupeaud et al. [9], and
Agladze et al. [1].

room temperature 10 – 30 K

κ (100 µm) κ (1 mm) β (1 mm) κ (100 µm) κ (1 mm) β (1 mm)

am. Fe-Sil.[38] 112 5.0 1.35 94 0.86 2.04

s/g MgSiO3[2] 50 0.98 1.44 40 0.12 2.7

glassy MgSiO3[2] 50 0.75 1.6 45 0.22 2.1

s/g Mg2SiO4[9] 250 6 1.6-2.2 250 1.2 2.1-3.6

s/g MgSiO3[9] 200 10 1.7-0.9 140 1.2 2.5-0.9

s/g MgSiO3[1] 0.28 2.2

s/g Mg2SiO4[1] 0.20 2.2

network-forming and -modifying atoms, but also of the medium-range order in the network (cor-
relation of defects), as well as of the role of impurities (e.g., water, OH groups). Last but not least,
the influence of the macroscopic structure should not be forgotten.

5. Summary

Optical measurements using laboratory analogs have provided useful data for modeling inter-
stellar dust extinction and emission. However, in certain spectral ranges a full understanding of
the optical properties of amorphous materials is not yet reached. These properties are related to
the disordered structure of such materials on different length scales. For hydrogenated amorphous
carbon, e.g., the medium-range structures and also the chemical bonding (by Raman and infrared
spectroscopy) have been studied for a large diversity of analogs, and relations to spectral proper-
ties have been established. However, the particular structures that would produce certain observed
features such as the UV extinction hump have not yet been resolved.

The disordered structure of amorphous silicates is similarly variable because different atoms
can be accommodated that may be either network former or network modifier or both. The disorder
on different length scales depends not only on the composition but also on the production process
and will influence the optical properties in all spectral ranges. The visual absorption of amorphous
silicates, e.g., depends primarily on the oxidation state (and presence) of iron, while the mid-
infrared bands depend on the bonding of all present atoms and the resulting polymerization state of
the network. Least understood, so far, is the far-infrared and sub-millimeter opacity of amorphous
silicates, but strong efforts are currently underway to investigate its dependence on short-range and
medium-range structures in this important wavelength range.
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Progress in our understanding of interstellar dust will partially depend on the progress in under-
standing the structures of amorphous materials and their relation to the optical spectra in different
wavelength ranges. Advanced analytical techniques to obtain structural information will play an
important role in these efforts.
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