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Abstract. Crystalline olivines are an important component of silicate dust particles in space. ISO observations
revealed the presence of crystalline silicates in comets, protoplanetary accretion disks, and outflows from evolved
stars. For the interpretation of astronomical spectra, the relevant material data at a variety of temperatures
and over a broad wavelength range, are urgently needed. In contrast to this need, optical properties of the
astronomically interesting olivines are scarcely available at present. In order to close this gap, we studied the
optical properties of three minerals of the olivine group by reflection spectroscopy on single crystals in the
infrared spectral range. We measured the iron endmember (fayalite, Fe2SiO4), an Mg-rich olivine (Mg1.9Fe0.1SiO4),
and the magnesium endmember (forsterite, Mg2SiO4) of the (Mg,Fe)2SiO4 series. For a direct comparison with
astronomical observations, we present calculated mass absorption coefficients in the Rayleigh limit for different
shapes and varying iron content of the dust particles. The laboratory data together with a set of ISO data for
envelopes around evolved stars (Molster 2000) are used to constrain the properties of circumstellar silicates. We
find that essentially all band positions are shifted to larger wavelengths with increasing iron content. The particle
shape influences very significantly the strong bands such as the B1u:ν3 mode that appears as the “11.4 µm” band
of forsterite, whereas e.g. the two FIR modes longward of 40 µm remain practically unaffected by the particle
shape but shift due to increasing iron content. The comparison with the band positions in ISO spectra points
to the presence of olivine crystals strongly elongated along the crystallographic c-axis. In addition, we apply
the calculated mass absorption coefficients to evaluate transmission measurements of particles embedded in a
matrix – a technique which is frequently used in laboratory astrophysics. All data shown in this paper will be
made available in digital form via the electronic database http://www.astro.uni-jena.de.
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1. Introduction

The ISO mission revealed the presence of crystalline sil-
icates around both evolved and young stars. Comparing
the spectra to laboratory data suggests magnesium-rich
olivine (Mg,Fe)2SiO4 and pyroxene (Mg,Fe)SiO3 to be
the major crystalline silicate components of most objects
(see, e.g., Waters et al. 1996; Waelkens et al. 1996; Jäger
et al. 1998; Waters et al. 1999; Molster 2000).

For radiative transfer computations needed to model
spectra of circumstellar envelopes and disks, optical con-
stants are always required. They serve as the basis for the
calculation of the necessary absorption and scattering ef-
ficiencies for different size and shape distributions of the
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dust particles. In order to broaden the database of opti-
cal constants, we present such data for three minerals of
the olivine group with different iron contents: olivine, fay-
alite, and forsterite. Fayalite is the iron endmember and
forsterite the magnesium endmember of the olivine group
((Mg,Fe)2SiO4).

Optical constants of minerals of the olivine group
have already been published (Steyer 1974 (Mg-rich
olivine); Hofmeister 1997 (fayalite); Servoin & Piriou 1973
(forsterite); Iishi 1978 (forsterite)). For forsterite and an
Mg-rich olivine, we improve the quality of the data by a
broader wavelength coverage and the higher spectral reso-
lution of our measurements, respectively. We identify cer-
tain additional vibrational modes in the spectra. The op-
tical constants of fayalite are reconsidered on the basis of
our new reflection measurements. We find deviations from

Article published by EDP Sciences and available at http://www.aanda.org or 
http://dx.doi.org/10.1051/0004-6361:20011196

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20011196


D. Fabian et al.: Steps toward interstellar silicate mineralogy. VI. 229

the data published by Hofmeister (1997) in terms of band
strengths.

In contrast to amorphous silicates, crystalline silicates
have a lot of diagnostic bands due to metal-oxygen vi-
brations. Emission features of crystalline silicates have
been observed in numerous astrophysical environments.
Evidence for the presence of magnesium-rich crystalline
olivines and pyroxenes have been found in circumstellar
regions (envelopes/disks) around young and evolved stars,
IDPs, comets, and in meteorites (see, e.g., for AGB stars:
Molster et al. 1999; planetary nebulae: Waters et al. 1996,
Beintema 1998, Cohen et al. 1999, Molster 2000, Lim et al.
2001; Orion nebula and the HII region M17-SW: Cox &
Roelfsema 1999, Cesarsky et al. 2000, Molster 2000; cir-
cumstellar disks surrounding Herbig Ae/Be stars: Malfait
et al. 1998, Malfait et al. 1999 (HD 100546), Waelkens
et al. 2000 (HD142527), Meeus et al. 2001; IDPs: Sandford
& Walker 1985, Sandford & Walker 1985, Bradley 1995,
Bradley et al. 2000; comets: Hanner 1999, Crovisier et al.
1997, Wooden et al. 1999). Fayalite has not been observed
in circumstellar shells so far. However, fayalite has been
found in the matrix of a chondritic meteorite indicating a
vapour growth prior to parent body accretion (Weisberg
et al. 1997).

Silicates are assumed to condense in the ejecta of
evolved stars mainly in an amorphous state. However,
at high temperature, a certain percentage can also con-
dense as manifoldly shaped nanocrystals as was shown
by condensation experiments (Tsuchiyama 1998). Initially
amorphous silicates can also transform into an ordered
crystalline structure by the process of thermal anneal-
ing at sufficiently high temperature (Gail & Sedlmayr
1998). Annealing experiments have been performed by
Hallenbeck et al. (1998), Brucato et al. (1999), and Fabian
et al. (2000).

The aim of this paper is to provide optical constants
of crystalline silicates of olivine composition ranging from
forsterite to fayalite. The composition and homogeneity
of the materials were characterized by scanning electron
microscopy (SEM) and energy dispersive X-ray analysis
(EDX) (see Sect. 2). Section 3 presents the reflection spec-
tra and the derived optical data. In Sect. 4, morphological
effects as well as the influence of the matrix on band pro-
files and absolute absorption efficiencies will be outlined.
Finally, the results of this study are used to discuss the
recent band identifications of crystalline dust features in
ISO spectra.

2. Experimental procedure

2.1. Spectroscopy

Infrared spectra of the relevant materials have been ob-
tained using a Bruker FTIR spectrometer (IFS 113v)
for wavelengths between 2 and 200 µm (5000–50 cm−1).
Measurements in the mid-infrared (MIR: 5000–400 cm−1)
and in the far-infrared spectral range (FIR: 700–50 cm−1)
were performed using a KBr and a mylar beamsplitter,

respectively. According to this, the overlap amounts to
300 cm−1. Finally, the spectra were merged without an
offset or scaling. The resolution of the measurements was
2 cm−1. This medium resolution has been proven to be
sufficient for room temperature measurements in order to
resolve all bands (Bowey et al. 2001). The specular re-
flectance spectra, at nearly normal incidence, have been
measured using a gold mirror as reference. Single crys-
tals were crystallographically oriented by Laue diffraction,
embedded in an epoxy resin and polished for reflectance
spectroscopy. Since olivines belong to the orthorhombic
crystallographic system, for each of the crystals three re-
flection measurements with radiation polarized along the
three different crystallographic directions had to be per-
formed. MIR and FIR grating polarizers have been used
for producing polarized IR radiation.

Transmission spectra of small particles (d < 1 µm)
have been recorded using the well-known KBr/PE pel-
let technique (see, e.g., Jäger et al. 1994; Henning &
Mutschke 2000). For these measurements, small grains
with sizes clearly less than 1 µm were produced by grind-
ing of crushed single crystals in a planetary mill for 1 h.
Large grains were removed by sedimentation in ethanol.

2.2. Forsterite

In the case of forsterite we measured the reflectivity on
polycrystalline material in the FIR. The goal of these mea-
surements was to find additional fundamental lattice vi-
brations predicted by group theory (Iishi 1978), but not
present in the data published by Servoin & Piriou (1973).
The polycrystalline forsterite has been produced from a
mixture of MgCO3 and SiO2 powders in the right sto-
ichiometry. The melts were kept at 2023 K for 10 min
and subsequently cooled down (≈1000 K/h) to room tem-
perature. XRD analyses proved that the oxides trans-
formed into forsterite quantitatively. SEM investigations
have demonstrated that the sample consists of crystallites
with sizes less than 1 µm.

2.3. Olivine

Spectroscopy was performed using an Mg-rich natural sin-
gle crystal (from Stubachtal, Pinzgau, Austria) with the
composition Mg1.9Fe0.1SiO4. The crystal has thoroughly
been investigated by SEM combined with EDX and XRD
(X-Ray Diffraction) analysis. The Laue diffraction proved
that the used sample was indeed a single crystal.

2.4. Fayalite

Fayalite single crystals have been grown by the scull
method where 1–2 kg of polycrystalline fayalite mate-
rial was inductively molten and slowly cooled in a sin-
ter crust crucible under a defined oxygen partial pressure
(Lingenberg 1986). This method provides fayalite single
crystals up to a size of about 6 mm. The crystals have
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been analysed by XRD and turned out to consist entirely
of fayalite without any inclusions of SiO2, metallic iron or
iron oxides.

3. Results

Optical constants n and k have been derived from the
polarized reflectance spectra of bulk samples (R = [(n −
1)2+k2]/[(n+1)2+k2], Bohren & Huffman 1983). For each
of the materials three sets of optical constants have been
determined from the polarized reflection spectra. These
spectra correspond to the vibrational directions parallel to
the three crystallographic axes x, y and z. To derive the
dielectric function ε(ν) from the reflectance spectra, we
relied on the classical Lorentz oscillator model, according
to which the dielectric function ε(ν) is given by:

ε(ν) = ε∞ +
∑
j

Ω2
j

ν2
j − ν2 − iγjν

(1)

where Ω2
j is the respective oscillator strength, γj the

damping constant, and νj the resonance frequency of the
jth oscillator. According to group theory, the forsterite
and fayalite lattice structure is characterized by 35 in-
frared active modes (9 B1u (E||z), 13 B2u (E||y), 13 B3u

(E||x); Servoin & Piriou 1973). Assignments of the modes
to vibrations of metal-oxygen bondings and SiO4 tetrahe-
dra have already been performed by Iishi (1978).

3.1. Forsterite

Our powder absorption and reflection spectra of polycrys-
talline forsterite showed two additional FIR features at
143.3 and 200.8 cm−1, which were not found in previous
reflection measurements performed by Servoin & Piriou
(1973). The FIR range was not covered in the reflec-
tion measurements performed by Iishi (1978). The pres-
ence of the two new bands were theoretically predicted
by group theoretical analysis at positions between 135
and 140 (B2u) and 183 and 209 cm−1 (B1u, B3u), re-
spectively (Iishi 1978). Indications for these bands were
already found in powder measurements of Ochler et al.
(1969).

To get optical constants over a broad wavelength
range, we combined our FIR measurements with the op-
tical constants published by Servoin & Piriou (1973). We
did not use the Iishi (1978) data because he did not ex-
plicitely show the reflection spectra and covered a shorter
wavelength range only.

The oscillator wavenumber positions, the oscillator
strengths, and the damping constants of the two new fea-
tures have been estimated from a fit of our reflection spec-
tra of polycrystalline forsterite (B2u: ν = 143.3 cm−1,
Ω = 35 cm−1, γ = 5 cm−1; B1u, B3u: ν = 200.8 cm−1,
Ω = 29 cm−1, γ = 5 cm−1).

Fig. 1. Polarized reflectance spectra of a natural olivine single
crystal in the IR (E ‖ x, E ‖ y and E ‖ z, E being the electri-
cal vibration vector). Lattice vibration bands are indicated by
vertical dashes.

3.2. Mg-rich olivine

Figure 2 shows the complex refractive index n + ik of
the Mg-rich olivine derived from the IR reflectance spec-
tra (Fig. 1). Instead of 35 theoretically expected modes,
31 (7 B1u, 11 B2u, and 13 B3u) lattice modes could be
resolved. The reflection spectra have been compared with
the reflection measurements performed by Steyer (1974),
who observed only 26 of the 35 predicted bands. With the
exception of the bands not resolved by Steyer (1974), there
is a good agreement between the positions and strengths
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Fig. 2. Complex refractive index n + ik of an olivine single
crystal in the IR (E ‖ x, E ‖ y and E ‖ z, resp.).

of the features present in both measurements of the reflec-
tivity.

Group theoretical analysis (Iishi 1978) predicts that
only one B1u mode should occur in the 10 µm region.
The weak feature at the blue wing of the strong band (see
Fig. 1) is an overtone and was not considered in the fitting
procedure.

3.3. Fayalite

Using the reflectance spectra (see Fig. 3), the complex
refractive indices were calculated by fitting the spectra
with oscillators (see Fig. 4). In contrast to the theoret-
ically predicted 35 modes, only 28 lattice modes (7 B1u,
10 B2u, and 11 B3u) have been resolved. The measured re-
flectance spectra of fayalite (see Fig. 3) are partly in good
agreement with those published by Hofmeister (1997) with
respect to the number, positions and strengths of the
reflection bands. However, the measured reflectance val-
ues in the 10 µm range are significantly higher (about
15%) in our measurements compared to the data pub-
lished by Hofmeister (1997). In addition, she found over-
tones which are not present in our data. The differences
cause stronger deviations in the optical constants. In de-
tail, our resonances are significantly stronger in the 10 µm
range. Hofmeister (1997) reported the observation of two
additional FIR lattice modes at 86 cm−1 (B2u) and at
106 cm−1 (B1u), only measured at thin sections, which
could not be resolved in our measurements.

4. Discussion

By comparing Figs. 1 to 4, we can easily see that
Mg-rich and Fe-rich silicates have bands at different posi-
tions and wavenumbers. This is less true for the bending
and stretching vibrations of the SiO4 tetrahedra. For the
other bands, the features are shifted to smaller wavenum-
bers in the case of Fe-rich silicates simply because the
cation mass is higher. This is in agreement with earlier
results obtained with transmission measurements (Jäger
et al. 1998).

In the following, we will calculate mass absorption co-
efficients (MACs) κ from the optical constants. We con-
sider different shapes and shape distributions of the par-
ticles. These data are needed for the direct comparison
with astronomical measurements. In the optically thin
case, measured fluxes are directly proportional to MACs.
For other configurations, the MACs are required to per-
form radiative transfer calculations. Therefore, we give all
these data on a wavelength scale (instead of a wavenumber
scale).

Furthermore, we will use the calculated MAC spec-
tra to evaluate MACs obtained directly from transmission
measurements of material embedded in a KBr or polyethy-
lene (PE) matrix.

We will consider randomly oriented ellipsoids, spheres,
and two continuous distributions of ellipsoids (Ossenkopf,
private communication) in the Rayleigh limit. The con-
tinuous distributions of ellipsoids are characterized ei-
ther by equal probability of all shapes (CDE1) or by a
quadratic weighting, where near-spherical particle shapes
are most probable (CDE2). The relevant formulae are
given in Eqs. (2)–(6). Here, Qext is the extinction cross
section, ρ the material density and a the particle radius
(for ellipsoids it is equivalent to the radius of a sphere
with the same volume). The quantities ε and εm are the
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Fig. 3. Polarized reflectance spectra of a fayalite single crystal
(E ‖ x, E ‖ y and E ‖ z, resp.). Lattice vibration bands are
indicated by vertical dashes.

complex dielectric function of the material and the dielec-
tric constant of the non-absorbing surrounding medium.
V = 4πabc/3 is the volume of the ellipsoid with a, b,
and c as the principal axes of the ellipsoid. The quantity
k = 2π

√
εm/λ is the wave vector. Note that the equation

for spheres is contained in Eq. (2) for Li = 1/3.

Cext(ell) =
kV

3
Im

[
3∑
i=1

ε− εm
εm + Li(ε− εm)

]
,

3∑
i=1

Li = 1 (2)

Cext(sphere) = 3kV Im
[
ε− εm
ε+ 2εm

]
, (3)

Fig. 4. Complex refractive index n + ik of a fayalite single
crystal (E ‖ x, E ‖ y and E ‖ y, resp.).

Cext(CDE1) = 2kV Im
[

ε

ε− εm
ln(

ε

εm
)
]
, (4)

Cext(CDE2) = 20kV Im
[
− ε3εm

(ε− εm)4
ln
(
ε

εm

)
+

ε3m
(ε− εm)3

+
5ε2m

2(ε− εm)2
+

11εm
6(ε− εm)

+
1
4

]
, (5)

κ =
Cext

V ρ
· (6)
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Since olivine is an anisotropic mineral, the extinction coef-
ficient of olivine particles depends on the alignment of the
crystallographic axis. For anisotropic ellipsoids which axes
coincide with the crystallographic axes, the anisotropy can
analytically be taken into account. The Eq. (2) transforms
into

Cext(ell) =
kV

3
Im

[
3∑
i=1

εi − εm
εm + Li(εi − εm)

]
,

3∑
i=1

Li = 1 (7)

where εi stands for εx,y,z. These transformations have also
to be applied to the equations for spheres and distributions
of ellipsoids. The anisotropic sphere is a special case of an
anisotropic ellipsoid and therefore contained in Eq. (7).
The averaging can also be applied to the CDEs, at least
if only ellipsoids with axes parallel to the crystallographic
axes are considered. Generally, the procedure corresponds
to an averaging according to

Cext =
1
3

[Cext(εx) + Cext(εy) + Cext(εz)]. (8)

4.1. Evaluation of transmission measurements

In the astronomical literature, a long and somewhat con-
troversial discussion concerning possible “KBr matrix ef-
fects” exists (see, e.g., Papoular et al. 1998; Henning &
Mutschke 2000; Speck et al. 2000 for discussions and refer-
ences). Such effects may be of importance when the trans-
mission of light through a KBr/PE pellet with embedded
small particles is measured. There is no doubt from fun-
damental electromagnetism that the absorption and scat-
tering efficiencies of small particles depend on the refrac-
tive index of the surrounding medium (Bohren & Huffman
1983, see Eqs. (2)–(5)). We should also note that clump-
ing of particles and grain boundaries may exist in a pellet,
thereby influencing the scattering behaviour.

MACs for spheres and CDEs of forsterite have been
calculated for particles in the Rayleigh limit, which are
embedded in a KBr or PE matrix (εm = 2.25). The results
of these calculations are compared with the transmission
measurements on small particles (d < 1 µm) dispersed
in KBr and PE (see Fig. 5). These calculations demon-
strate that the CDE1 results agree relatively well with the
powder measurements. In detail, the comparison shows a
good agreement of the peak positions with CDE1 (see also
Zubko et al. 1996). This is a consequence of the production
of small irregularly-shaped particles by mechanical grind-
ing, a process which finally leads to rather irregular grain
shapes. However, the maximum absorption values of the
measured samples are significantly lower compared to cal-
culations in the medium. This indicates that particles with
sizes of about 1 µm are close to but not in the Rayleigh
limit, at least not in the strong bands. Additionally, the
continuum obtained from the transmission measurements
is enhanced compared to the values based on the reflection
measurements in regions where the MACs are small. The
latter behaviour is probably caused by particle agglomera-
tion/boundaries in the matrix or a not optimal calibration

Fig. 5. MACs of forsterite spheres, CDE1, CDE2 in a sur-
rounding medium of εm = 2.25 that is valid for KBr and PE
in the IR range compared to vacuum. The particles are in the
Rayleigh limit. Additionally, the calculations are compared to
powder (d < 1 µm) transmission measurements dispersed in
KBr/PE.

of the scattering by the pellet. This fact should serve as a
warning that MACs from transmission measurements may
overestimate the true values of a low continuum.

In general, the strongest features show the most pro-
nounced change of the band shape. Since the real part
of the dielectric function does not approach zero for the
small features in the FIR, the bands remain practically
unaffected.
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4.2. Comparison with the observations

4.2.1. Calculations and lattice mode assignments

MACs for spheres and CDEs of forsterite, fayalite and
olivine have been calculated for particles in vacuum
(Figs. 6–8). These simple models for particle shapes are
chosen in order to show the dependence of peak positions
on particle shape and iron content. For completeness, the
powder spectra of small particles (d < 1 µm) of the mate-
rials dispersed in KBr/PE are also plotted in the figures.
However, they will not be used for the comparison with
astronomical data. The peak positions for all three silicate
minerals extracted from the sphere calculations are sum-
marized in Table 1. The table shows that the bands shift
considerably with increasing Fe/Mg-ratio. As was already
outlined for the reflectance spectra, the peak positions are
shifted towards longer wavelengths with increasing iron
content from forsterite to fayalite due to the increasing
bonding lengths between oxygen and magnesium or iron
atoms and higher atomic mass of the iron atom (Jäger
et al. 1998). Additionally, the assignments of the bands
to the fundamental lattice vibrational modes are given in
Col. 4. Peak positions assigned to identical lattice vibra-
tion modes are given in one line. In order to compare our
experimental results with observed astromomical spectra,
the comprehensive analysis of spectral features of circum-
stellar dust performed by Molster (2000) was used. This
analysis employed all ISO spectra available for optically
thin dust shells of oxygen-rich evolved stars. A number
of bands were attributed to forsterite by Molster (2000).
In Fig. 6, the wavelength intervals of these bands are
marked by vertical bars and the average wavelength po-
sitions of the observed features are given. The compari-
son of the peak positions of the MAC spectra with the
observationally-based positions shows that the observed
peak positions are somewhat longward to that of spheres.
Certain features, such as the 11.4 µm feature cannot be ex-
plained by spheres at all. It turns out that the best agree-
ment for most band positions is achieved by the CDE1.
However, a few exception can be identified, such as the
9.8 µm feature, that is best matched by an absorption
maximum produced by spheres. Here we should note again
that the weaker FIR bands are not strongly influenced by
shape effects.

4.2.2. Elongated particle shapes

The comparison of the MACs to the observations revealed
that the observed band positions are better reproduced by
a wide distribution of ellipsoidal shapes (CDE1) than by
spherical grains. However, the calculated band widths for
the CDE1 are too broad in relation to the widths of the
observed silicate bands. This fact leads to the considera-
tion of special ellipsoidal shapes including elongated ones,
which produce bands at the position of the CDE1 peak
but with much smaller width.

Fig. 6. MACs of forsterite spheres, CDE1, CDE2 in vacuum
in the Rayleigh limit, and powder (d < 1 µm) dispersed in
KBr/PE. Peak positions assigned to forsterite from Molster
(2000) have been indicated. The spectra are presented in three
figures for clarity.

The shape distribution of particles in space is prac-
tically unknown although the interstellar polarization
points to the presence of elongated particles in the dif-
fuse interstellar medium. In this context, we note that
condensation experiments show indeed the formation of
elongated forsterite crystals.

In such experiments performed by Tsuchiyama (1998),
the formation of nanocrystals resembling euhedral flakes
is found at the onset of silicate condensation at high tem-
perature. The crystals had manifold shapes, depending
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Fig. 7. MACs of olivine spheres, CDE1, CDE2 in vacuum
in the Rayleigh limit, and powder (d < 1 µm) dispersed in
KBr/PE. The spectra are presented in three figures for clarity.

on condensation temperature. Their shapes are charac-
terized by an elongation along the c-axis (Tsuchiyama
1998). At lower temperatures, silicates condense in the
amorphous state and with spherical shape (Fabian et al.
2000). However, also these particles can develop a crys-
talline structure by annealing processes.

For these reasons, in the following, we assume the
forsterite dust component to consist of both spheri-
cal particles and of crystals elongated along the c-axes
(c-elongated ellipsoids).

Fig. 8. MACs of fayalite spheres, CDE1, CDE2 in vacuum
in the Rayleigh limit, and powder (d < 1 µm) dispersed in
KBr/PE. The spectra are presented in three figures for clarity.

We compare again the results of these calculations with
the band positions of circumstellar dust features given by
Molster (2000). This comparison is shown in Fig. 9.

10 micron complex (7–13 µm): The comparison with calcu-
lations for spheres and shapes elongated along the c-axes
indicate that the 9.4 and 11.4 µm features are pronounced
for very elongated ellipsoids, whereas the 9.8 µm feature
indicates the existence of sphere-like grains. Additionally,
the 10.7 µm emission feature, assigned by Molster (2000)
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Table 1. Peak positions of forsterite (Mg2SiO4), olivine
(Mg1.9Fe0.1SiO4) and fayalite (Fe2SiO4) determined from
MAC calculations of spheres in vacuum (Rayleigh limit,
λ in µm). Identical lattice modes are given in one line.

Forsterite Olivine Fayalite Assignment

9.24 - - B2u: overtone (*)

9.70 9.78 10.20 B3u: ν3

10.15 10.18 10.56 B2u: ν3

10.38 10.43 10.88 B3u: ν3

10.70 10.88 10.88 B1u: ν3

10.86 sh. 11.17 B2u: ν3

11.86 11.88 12.03 B2u: ν1 , B3u: ν1

16.08 16.14 17.11 B3u: ν4

18.43 18.50 19.27 B2u: ν4

18.43 18.50 19.98 B1u: ν4

18.92 19.18 22.22 B3u: ν4

19.5 19.80 20.85 B2u: ν4

21.00 20.88 22.22 B1u: ν2

21.00 21.44 29.46 B2u: ν2

21.79 22.26 26.88 B3u: ν2

22.32 22.55 sh. 26.0 B1u: R(SiO4:y)

22.87 23.25 31.62 B2u: R(SiO4:z)

24.63 24.86 38.80 B2u: T (MI:z)

25.70 26.07 38.80 B3u: T (MI:z)

26.86 27.11 38.80 B2u: T (MII:x, y)

31.2 sh. 31.77 sh. 45.30 B3u: T (MI:z, y)

32.28 32.63 49.7 B1u: T (MI:z)

32.28 32.97 54.2 B2u: T (MI:x,z; MII:y)

33.59 33.90 sh. 54.2 B3u: T (MI:x, z)

36.30 36.5 58.30 B1u,2u,3u:T(MII) (*)

49.9 49.8 94.34 (f) B3u: T (MI, SiO4:y) (*)

B3u: T (MI, SiO4:y) (*)

69.9 72.5 116.28 (f) B2u: T (MII, SiO4:x) (*)

(f) means that the feature was observed in thin sec-
tion measurements performed by Hofmeister (1997). sh.
means shoulder. Assignments according to Iishi (1978) and
Hofmeister (1987): T (SiO4:x) translation of the SiO4 tetra-
hedron; R(SiO4:x) rotation of the SiO4 tetrahedron; T (MI:x),
translation of the divalent cation MI; ν4 asymmetric bending
vibration of tetrahedron; ν3 asymmetric stretching vibration of
tetrahedron; ν2 symmetric bending vibration of tetrahedron; ν1

symmetric stretching vibration of tetrahedron; (*) most prob-
able assignment.

to enstatite could also be caused by both forsterite spheres
and nanocrystals elongated along the c-axis (see Fig. 9a).

18 micron complex (15–21 µm): Molster (2000) reported
two features at 15.9 and 16.2 µm. Both features can be
caused by forsterite nanocrystals, the 15.9 µm band by

Fig. 9. MACs of forsterite ellipsoids elongated along the
c-axis in vacuum in the Rayleigh limit. Peak positions as-
signed to forsterite and additional features that can be assigned
to forsterite have been indicated (from Molster 2000). In the
10 µm range, the peak shifts from spheres to needles are indi-
cated by arrows as an example.

c-elongated needles and the 16.2 µm band by spheres.
The range from 18 to 19.5 µm is characterized by a cou-
ple of strong features, that can be caused by sphere-like
forsterite crystals (CDE2) dominating the 18 µm feature
and c-elongated ellipsoids emitting in the 19 µm range.
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However, the c-elongated ellipsoids show strong features
at 20 µm that are not observed.

23 micron complex (22–25.5 µm): Ellipsoids elongated
along the c-axes show very strong features ranging from
22.5 µm for sphere-like particles to 24 µm for c-needles.
For this reason, the observed feature can be caused by
an distribution of such c-elongated shapes. A feature at
24.5 µm can be assigned to spheres.

28 micron complex (26–32 µm): Molster (2000) reports
features at 26.8 and 31.2 µm that are present in spectra
of both spheres and c-ellipsoids. The other observed fea-
tures in this range cannot be caused by forsterite spheres
or c-elongated ellipsoids.

32–100 micron range: The observations show strong fea-
tures at 32.2, 32.8, 32.97 and 33.6 µm. The feature at
32.2 µm can be assigned to spheres, the feature at 33 and
34 µm could be caused by somewhat c-elongated ellip-
soids. However, the resonance of c-needles shows the peak
at 35 µm, that is too longward. The 36.6, 49, and 69 µm
features are present in spectra of all shapes of forsterite
particles.

4.2.3. Band widths and temperature effects

The narrowness of the observed crystalline bands seems
to indicate that the dust particles have a narrow shape
distribution. In this context, Table 2 shows that band
widths for the CDEs are too broad in relation to those
of the observed bands. Only spheres or special ellipsoidal
shapes can produce sufficiently narrow features for most
of the bands. A few of the weaker observed features show
in some objects even smaller FWHMs (Full Width of Half
Maximum) than the calculated FWHMs of spheres. If this
is true, there remains the possibility that these features
are caused by other carriers. Another explanation might
be that the dielectric function derived from bulk labora-
tory analogue materials overemphasizes the damping con-
stant of the lattice vibrations. Furthermore, temperature
effects have to be taken into accout.

The width of the band is obviously influenced by the
dust temperature (Henning & Mutschke 1997; Bowey et al.
2001; Chihara et al. 2001). The reduction of the band
widths due to temperature decrease is more pronounced
in the FIR and causes less changes in the 10 µm range.
According to Bowey et al. (2001), the band widths at 3.5 K
are about 90% of the 295 K width in the range from 9 up
to 40 µm. The band width reduces to 31% for the 69 µm
feature. That means that the combination of temperature
and shape effects cannot explain the narrowness of the
observed features, especially in the wavelength range up
to 40 µm. In the FIR range, the narrowing seems to be
more pronouned. According to Chihara et al. (2001), the
FWHM of the 49.8 µm decreases from 0.59 to 0.17 µm

Table 2. Characteristics of selected forsterite features.
Minimum and maximum FWHM of features observed in cir-
cumstellar dust shells from Molster (2000) are compared to
FWHM from calculations of spheres and ellipsoids and CDE1.
All data are given in µm.

feature observed sphere/ell. CDE1

λPeak (FWHM) (FWHM) (FWHM)

9.80 0.14... 0.29 0.08 0.49

10.70 0.11... 0.66 0.06 -

11.40 0.38... 0.86 0.06 1.00

16.20 0.08... 0.62 0.36 0.95

33.6 0.52... 1.15 0.65 2.20

36.50 0.25... 0.97 0.63 0.65

69.0 0.46... 1.04 2.30 2.35

at liquid-helium temperature. The 69.7 µm band FWHM
decreases from 1.34 to 0.27. Therefore, the small FWHMs
of observed bands can be caused by temperature effects.
However, we should note that the temperature of the crys-
talline forsterite in circumstellar shells is closer to 100 K
than to liquid-helium temperature (Molster 2000).

5. Conclusions

We were able to derive optical constants of crystalline Mg-
rich olivine and fayalite by reflection spectroscopy. In the
case of forsterite we could extend the data by Servoin &
Piriou (1973) by two FIR features. These optical constants
were used to calculate mass absorption coefficients for
wavelengths between 8 and 100 µm for a variety of particle
shapes. These data can be used for a direct comparison
with ISO SWS data of circumstellar dust shells compiled
by Molster (2000). The consideration of different shapes
is motivated by condensation experiments (Tsuchiyama
1998) which demonstrate that forsterite forms crystalline
euhedral flakes elongated along the c-axis, when condens-
ing from the gas phase at high temperature. For this rea-
son, we calculated mass absorption coefficients for spheres,
ellipsoids elongated along the c-axis, and distributions of
ellipsoids.

An important result of our study is the fact that shape
effects play an important role for the interpretation of as-
tronomical spectra, at least in the cases of strong crys-
talline bands. The comparison between the mass absorp-
tion coefficients and the astronomical spectra of optically
thin envelopes showed that both sphere-like particles and
ellipsoids elongated along the z-axis are necessary to ob-
tain a convincing band assignment.

Broad distributions of ellipsoids turned out to be un-
satisfying, since their FWHM mismatched the observa-
tions pointing to a condensation of cystalline particles
from the gas phase where the crystal structure influences
the particle shapes.
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