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ABSTRACT

Context. Silicate minerals belong to the most abundant solids that form in cosmic environments. Their formation requires that a
suﬃcient number of oxygen atoms per silicon atom are freely available. For the standard cosmic element mixture this can usually be
taken for granted, but it becomes a problem at the transition from the oxygen-rich chemistry of M-stars to the carbon-rich chemistry
of C-stars. In the intermediate type S-stars, most of the oxygen and carbon is consumed by formation of CO and SiO molecules, and
left-over oxygen to build SiO4 -tetrahedrons in solids becomes scarce. Under such conditions SiO molecules from the gas phase may
condense into solid SiO. The infrared absorption spectrum of solid SiO diﬀers from that of normal silicates by the absence of Si-O-Si
bending modes around 18 μm whereas the absorption band due to Si-O bond stretching modes at about 10 μm is present. Observations
show that exactly this particular characteristic can be found in some S-star spectra.
Aims. We demonstrate that this observation may be explained by the formation of solid SiO as a major dust component at C/O abundance ratios close to unity.
Methods. The infrared absorption properties of solid SiO are determined by laboratory transmission measurements of thin films of
SiO produced by vapour deposition on a Si(111) wafer in the range between 100 cm−1 and 5000 cm−1 (2 μm and 100 μm). From the
measured spectra the dielectric function of SiO is derived by using a Brendel-oscillator model, particularly suited to the representation of optical properties of amorphous materials. The results are used in model calculations of radiative transfer in circumstellar dust
shells with solid SiO dust in order to determine the spectral features due to SiO dust.
Results. Comparison of synthetic and observed spectra shows that reasonable agreement is obtained between the main spectral characteristics of emission bands due to solid silicon monoxide and an emission band centred on 10 μm, but without the accompanying
18μm band, observed in some S-stars. We propose that solid SiO is the carrier material of this 10 μm spectral feature.
Key words. circumstellar matter – stars: mass-loss – stars: chemically peculiar – stars: AGB and post-AGB

1. Introduction
Silicon monoxide, SiO, is one of the most abundant and stable molecules encountered in space. It is found to be present in
many astronomical objects by observing its infrared molecular
bands. Usually (but not exclusively) it is found in objects where
rather warm (T > 1000 K) gaseous material exists, such as in circumstellar dust shells. At lower temperatures the SiO molecules
tend to associate with Mg, Fe, and O (available as H2 O) from
the gas phase to form solid magnesium-iron silicates – the
main components of cosmic dust – and some additional minor
condensed phases also bearing Al and/or Ca. Alternatively the
SiO molecules may also condense to a solid material of their
own, the silicon monoxide solid. Solid SiO is a well known material of significant technical importance, since it is widely used
for optical purposes as anti-reflection coating. Despite its technical use, the properties of SiO are not well known, and its lattice
structure remains enigmatic.
In astrophysics, solid SiO has not yet been detected as a separate dust component. In the early discussions on the nature of
interstellar medium (ISM) dust, it was taken into consideration
as a possible ISM dust component (Duley et al. 1978; see also
Millar 1982, and references therein), until amorphous silicates

(olivine, pyroxene) were identified as carriers of the observed
infrared features at 9.7 μm and 18 μm. The formation of silicon
monoxide has been thought, however, to be an important intermediate step in the formation of silicate dust for the following
reasons:
– The backbone of the silicate mineral structure is the SiO4 tetrahedron with four oxygen atoms attached to a silicon
atom. The silicate minerals detected in space are usually
identified by the stretching and bending vibrational modes
of this particular structure.
– On the molecular level there are no gas phase species with a
comparable structure (at least not in detectable amounts).
It is necessary, therefore, that the initial stages of the condensation of silicates involve some diﬀerent kind of material. Because
of the high abundance of SiO molecules in matter with standard cosmic elemental abundances, it has been speculated since
the early 1980s that condensation of SiO may be the very initial
step of silicate formation (Nuth & Donn 1982; Gail & Sedlmayr
1986, 1998a,b; Nuth & Ferguson 2006; Reber et al. 2006). It is
assumed that silicon monoxide clusters are initially formed that
serve as seed particles for growth of the silicates.
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The possibility exists, however, that the silicon monoxide
seeds finally grow to a dust species of their own in a number
of cases. The formation of silicates requires the free availability of enough oxygen to build the SiO4 -tetrahedrons in silicates.
This is usually not a problem since the oxygen abundance in the
standard cosmic element mixture is about twice the carbon abundance and about sixteen-fold the silicon abundance (cf. Lodders
et al. 2009). Even after formation of the extremely stable CO
and SiO molecules, enough oxygen remains available to form
the SiO4 -tetrahedrons of silicate minerals from SiO. However,
this does not hold during the whole lifetime of stars. During the
evolution of low- and intermediate-mass stars on the asymptotic
giant branch (AGB) the C/O abundance ratio stepwise increases
once “third dredge-up” starts to operate. In a number of steps
this drives the C/O abundance ratio to values exceeding unity,
thereby passing through a stage where the C/O ratio is close to
unity. During this stage the stars show the characteristic chemical peculiarities of the S-stars. Then almost all oxygen is used up
by the formation of CO and SiO, and with increasing C/O abundance ratio only a decreasing fraction of the SiO molecules can
finally be converted into silicate dust because of the decreasing
fraction of oxygen left over after SiO and CO formation. Since
it is possible to form a solid material with chemical composition
SiO by condensating SiO vapour, the possibility arises of forming this kind of material in stellar outflows from S-stars where
the available oxygen becomes scarce due to “third dredge-up”.
Recently some observational results for infrared emission
from dust in S-stars have been published that show spectral characteristics that cannot be explained by the standard amorphous
silicate dust (Hony et al. 2009; Sacuto et al. 2008; Smolders et al.
2012). For these stars the emission feature at about 10 μm is
as strong as usual, but the concomitant feature of silicate dust
at 18 μm is very weak or even seems to be missing entirely.
By inspecting the spectra published by Chen & Kwok (1993),
one finds some additional objects sharing this special property.
In our opinion this property is a clear signature of the emission from solid silicon monoxide dust. In this material one has
Si-O bonds as in silicates, which give rise to the stretching vibrations that are the origin of the broad 10 μm feature of amorphous silicates, but one has no Si-O-Si bending modes as in
SiO4 -tetrahedrons, which are the origin of the 18 μm feature of
silicates. Theoretically, this feature does not exist for solid silicon monoxide, but in practice, since solid silicon monoxide is
prone to disintegrate into silicon nano-clusters and SiO2 (e.g.
Hohl et al. 2003; van Hapert et al. 2004), the 18 μm feature is
not completely absent but weak. In S-stars with some oxygen
left over after formation of CO and SiO molecules, part of the
SiO may form some silicate material, whereas the bulk of the
SiO molecules condense into solid silicon monoxide. This would
give rise to an unusually weak 18 μm feature compared to the
10 μm feature.
In this paper we attempt to show that the observational finding of S-stars with strong 10 μm emission feature and a weak or
absent 18 μm feature can be explained by condensation of solid
silicon monoxide in their outflows at C/O abundance ratios close
to unity where chemically available oxygen is lacking to form
silicates. For this purpose we calculate radiative transfer models of circumstellar dust shells with silicon monoxide dust and
compare the resulting spectra with published spectra of S-stars.
For these radiative transfer calculations one needs the dielectric function of solid silicon monoxide to calculate the extinction
coeﬃcient. Because this material is used for optical purposes the
complex index of refraction is known from the middle infrared
to the extreme UV and data are listed, e.g., in Palik (1985). More
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recent determinations are given by Tazawa et al. (2006). During
the course of our laboratory studies on materials of astrophysical interest (Klevenz 2009; Wetzel 2012), the far-infrared optical properties have been determined with high accuracy. We
briefly describe the measurements and their results in this paper. In particular, the dielectric function is determined by fitting
a Brendel-oscillator model (Brendel & Bormann 1992) to experimental results. This model is particularly suited to describing
infrared optical properties of amorphous materials in contrast to
the widely used Lorentz-oscillator model that is more suited to
crystalline materials. The 10 μm feature of silicon monoxide is
always diﬀuse like the corresponding feature of amorphous silicate materials. The lattice structure of solid silicon monoxide is
not well known, but a crystalline phase does not seem to exist.
The plan of this paper is as follows. In Sect. 2 we briefly
describe our laboratory measurements of the optical properties
of solid SiO and the results for the dielectric function. In Sect. 3
we give our arguments why solid SiO could form in outflows
from S-stars. Section 4 describes the radiative transfer models
and gives the results.

2. Optical properties of SiO
To study the mid-infrared (MIR) optical properties of SiO spectroscopic transmittance, measurements were performed in situ
on condensed SiO films produced by evaporation under UHV
conditions. After the experiment the film was measured ex situ
in the far-infrared (FIR). The dielectric function of solid SiO is
derived via Brendel-oscillator fits to the experimental IR spectra.
2.1. Experimental setup

The experiments were performed under UHV conditions (base
pressure <10−10 mbar). IR spectra were taken in the MIR range
between 500 cm−1 and 5000 cm−1 with a Fourier-transform
IR spectrometer (Bruker IFS66v/S with deuterium triglycine sulfate (DTGS) detector and evacuated beam path (4 mbar)). The
IR spectra were measured in transmittance geometry at normal
incidence of light. A floating zone Si(111) wafer with dimensions of 10 × 10 mm2 and a thickness of 0.740 mm and high resistivity was used as transparent substrate. Spectra were taken
in situ, i.e., during the growth of the evaporated film on the substrate (spectral resolution of 4 cm−1 ), and normalized to the spectrum of the bare Si(111) taken directly before deposition. This
method allows monitoring the whole growth process and detecting changes due to the film growth.
Commercial SiO (Mateck, silicon monoxide, SiO, 99.9%
pure, −325 mesh, CAS no. 10097-28-6) was evaporated from
a tantalum Knudsen cell heated by electron bombardment. The
background pressure measured during evaporation away from
the SiO molecular beam did not exceed 1 × 10−9 mbar. The
SiO deposition rate was determined before and after the spectroscopic experiment with a quartz crystal microbalance with a
relative error up to 5%. This error is caused by the uncertainty
in the density of the evaporated film in the thickness calculation
for which the density of bulk SiO (2.18 g/cm3 ) was taken (Hass
& Salzberg 1954). Further experimental details can be found in
Wetzel et al. (2012a).
In addition to the in situ measurement in the MIR that
was explained above we also characterized the sample in the
far-infrared (FIR) after transferring it to ambient conditions.
These ex situ measurements in the range between 100 cm−1
and 600 cm−1 were performed in the sample compartment of
a Bruker Vertex80v with a special FIR-DTGS detector and a
mylar beam splitter. The sample compartment and beam path
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Fig. 1. Relative transmittance spectra of SiO on Si(111) are shown for
increasing film thicknesses up to 57 nm. The thickness change between
two shown spectra is about 6.3 nm. The strong peak at 983 cm−1 is
attributed to the asymmetric Si-O stretching vibration (Cachard et al.
1971). For such film thicknesses, there is clearly no shift in that peak.
SiO oscillator positions are indicated by dashed lines.

was evacuated to 3 mbar during the measurement. The MIR and
FIR measurements show a good match in the overlapping region
and can be easily connected as shown in Wetzel (2012). With
this method we can obtain experimental IR spectra in the range
between 100 cm−1 and 5000 cm−1 (2 μm and 100 μm).
2.2. Results

In Fig. 1 relative transmittance spectra of SiO with increasing film thicknesses are shown. The films were produced by
SiO evaporation and subsequent condensation on a Si(111) substrate hold at 300 K. Two broad features develop with growing
film thickness. The stronger one at 983 cm−1 is assigned to the
asymmetric stretching mode of the oxygen atom in a Si-O-Si
bridge against the Si-neighbour atoms (Philipp 1971; Chabal
et al. 2002; Queeney et al. 2004; Cachard et al. 1971; Lehmann
et al. 1983, 1984). The much weaker structure at approximately
715 cm−1 corresponds to the Si stretching mode, a mode with
dominating Si displacement (Lehmann et al. 1983), sometimes
called “bending" mode in the literature. It is important to note
that already from 1 nm the IR spectral features of the evaporated
SiO films no longer change (Klevenz et al. 2010b). Accordingly,
the IR dielectric function of the evaporated film already resembles that of bulk SiO (Hjortsberg & Granqvist 1980; Tazawa
et al. 2006; Klevenz et al. 2010a). After the in situ measurement
the SiO film with the final film thickness auf 57 nm was measured in the FIR. In Fig. 2 the composed spectrum from both
measurements is shown where a third strong peak at 384 cm−1
caused by the rocking mode can be identified.
2.3. Dielectric function

For thin dielectric films with the thickness d of the film that is
much smaller than the wavelength λ (d  λ), approximate formulas for the transmittance can be derived based on the Fresnel
equations (Berreman 1963). For a thin layer on a thick (noninterfering) substrate the normal transmittance (φ = 0◦ ) is given
by (Lehmann 1988; Teschner & Hübner 1990)
T rel ≈ 1 −

2d ωc
√ Im (εf ),
1 + εs

(1)

Fig. 2. Normal transmittance measurement of an evaporated SiO film
(black solid line) with 57 nm thickness shown together with the best fit
by a Brendel-model of the dielectric function as described in the text.
Peak positions are indicated by dashed lines.

with ω = 2πc/λ, εs as the dielectric function of the substrate and
εf as the dielectric function of the film. In transmittance measurements under normal incidence (φ = 0◦ ), therefore, only the
transverse optical (TO) modes can be observed with frequency
at the maximum of the imaginary part of the dielectric function
ε and with a dynamic dipole moment parallel to the surface.
To determine the dielectric function of SiO in the IR from
such thin film measurements, an appropriate model for the dielectric function has to be used. A simple Lorentz-oscillator
model cannot be applied in our case owing to the amorphous
character of the film. The model introduced by Brendel &
Bormann (1992) accounts for the amorphous structure of a material by assuming that the diﬀerent IR modes can be represented
by Lorentz-oscillators, but with randomly shifted resonance frequencies that are distributed according to a Gaussian probability distribution. The dielectric function in the IR is therefore assumed in this model to be given by the relation
ε(ω)IR = ε∞ +

N

j=1

1

√
2πσ j

∞
−∞

dz e−(z−ω0, j ) /2σ j
2

2

ω2p, j
z2 − ω2 − iγ j ω

·
(2)

It consists of a dielectric background ε∞ and N distributions
of Lorentz oscillators with resonance frequencies ω0, j , damping
constants γ j , plasma frequencies ωp, j , and with standard deviations σ j of the Gaussian probability distributions.
The composed spectrum of Fig. 2 was fitted with such a
Brendel dielectric function using four oscillators, similar to a
procedure for SiO2 (Kirk 1988), which results in very good
agreement. We performed the spectral fits in the range between
100 cm−1 and 1400 cm−1 using the software package SCOUT
(Theiss 2011). For the high-frequency limit ε∞ of the dielectric function, a value of 3.61 was taken from the literature
(Hjortsberg & Granqvist 1980). Since the oscillator damping
constant γ cannot be properly determined from fits to vibration
spectra of disordered solids (cf. Ishikawa et al. 2000), we fixed
the value of γ to the resolution of our measurement of 4 cm−1 .
Nearly the same kind of procedure has already been reported in
the literature (Ishikawa et al. 2000; Brendel & Bormann 1992;
Grosse et al. 1986; Naiman et al. 1985). The result of the best fit
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Table 2. Brendel oscillator parameters for the dielectric function from
the temperature dependent condensation and annealing experiments of
Wetzel et al. (2012a).
T [K]
40 K

93 K

300 K

373 K

Fig. 3. Dielectric function obtained from the best fit with four Brendel
oscillators to the transmittance data shown in Fig. 2.
Table 1. Constants of the Brendel oscillator model for the dielectric
function of amorphous materials, Eq. (2), for our best fit to our experimental results on solid SiO obtained at 300 K.
Osc.
1
2
3
4
ε∞

ω0

ωp

σ

1100
983
715
384
3.61

329
709
305
469

47
57
76
113

473 K

573 K

673 K

Notes. All quantities are given in cm−1 units.
773 K

is also plotted in Fig. 2, and the corresponding dielectric function of SiO in the IR is shown in Fig. 3. Our parameters of the
best fit for the oscillator model are given in Table 1.
This result for a substrate temperature of 300 K confirms our
previously published data (Klevenz et al. 2010a,b; Wetzel et al.
2012a) but extends the wavelength range into the far-infrared.
2.4. Temperature dependence

Other substrate temperatures than 300 K result in shifted peak
positions. This is discussed in detail in Wetzel et al. (2012a). In
Table 2 the corresponding oscillator parameters for temperatures
from 40 K to 873 K are summarized. It is important to note that
the rocking mode around 400 cm−1 was not measured in the experiments of Wetzel et al. (2012a), so the data for temperatures
diﬀerent from 300 K are only valid above 500 cm−1 . For temperatures below 350 K, the oscillator data are taken from condensation experiments, and the results for temperatures above
350 K are based on annealing experiments in which a 100 nmthick SiO film was annealed at a number of gradually increased
temperatures for 100 min. To take the observed splitting of the
peak around 730 cm−1 for higher temperatures into account, the
data were re-evaluated with two oscillators for the Si stretching mode. In Fig. 4 relative transmittance spectra at 300 K of
SiO and SiO2 are compared to the spectrum of a SiO film that
was annealed at 873 K. The splitting of the Si stretching mode is
clearly visible, and the peak (3a) around 800 cm−1 gets stronger
compared to the peak 3b with increasing temperature indicating
the partial decomposition of SiO into Si and SiO2 (Wetzel et al.
2012a).
A92, page 4 of 13
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No.
1
2
3a
3b
1
2
3a
3b
1
2
3a
3b
1
2
3a
3b
1
2
3a
3b
1
2
3a
3b
1
2
3a
3b
1
2
3a
3b
1
2
3a
3b

ω0
1077
957
750
642
1082
966
760
678
1100
983
767
670
1108
986
780
669
1113
994
784
668
1115
1000
786
667
1117
1010
791
661
1125
1022
791
662
1135
1031
791
661

ωp
336
682
231
289
324
685
205
205
329
709
203
221
338
729
233
274
338
736
238
270
359
733
238
271
396
720
245
272
406
712
239
254
401
706
234
229

σ
52
63
51
64
49
61
47
48
47
57
46
48
51
58
48
58
50
58
49
59
51
55
48
61
54
52
48
68
54
50
48
67
54
49
47
62

Notes. All values are given in cm−1 . Oscillator parameters for temperatures below 350 K are taken from condensation experiments and
above 350 K from annealing experiments. A splitting of the peak around
730 cm−1 is observed at higher temperatures and was taken into account
for all measurements.

2.5. Absorption efficiency

The data for the coeﬃcients of the Brendel oscillator model at
diﬀerent temperatures given in Tables 1 and 2 are fitted with a
linear relation
ω0 = a + b T

(3)

(and analogous for ωp and σ) by the least square method using the corresponding option in gnuplot1. The coeﬃcients a
and b are given in Table 3 and the fit is shown in Fig. 5.
The complex dielectric function ελ (T ) is calculated for different temperatures from the Brendel oscillator model with
temperature-dependent parameters given by these approximations, including the fourth oscillator from Table 1, which is
1

The public domain graphics program.
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Table 3. Fit coeﬃcients for the temperature dependent oscillator parameters of the Brendel model for the dielectric function.
Osc.
No.
1
2
3
4

ω0
a
1078.2 ± 2.57
955.4 ± 1.62
754.8 ± 3.53
663.8 ± 6.96

b
0.064 ± 0.0048
0.084 ± 0.0030
0.049 ± 0.0065
0.0009 ± 0.013

ωp
a
311.0 ± 10.59
696.3 ± 11.7
214.7 ± 8.32
252.2 ± 20.2

σ

b
0.103 ± 0.020
0.035 ± 0.022
0.032 ± 0.015
0.0037 ± 0.037

a
48.74 ± 1.29
63.35 ± 0.81
48.67 ± 0.95
52.78 ± 4.19

b
0.0056 ± 0.0024
−0.016 ± 0.0015
−0.0015 ± 0.0018
0.014 ± 0.0078

1200
ω0,AS2

1000

ω0,AS1

ω0,SS1

ω0, ωp, σ [cm-1]

800

ωp,AS1
ω0,SS2

600
deposition

annealing

ωp,AS2

400
Fig. 4. Simulated spectra at 300 K for SiO (oscillator data from Table 1)
and SiO2 (oscillator data from Wetzel 2012) compared to the measurement of a SiO film that was annealed at 873 K. The spectra are shifted
against each other, and the dashed lines indicate the oscillator position
of the Si stretching mode of SiO and SiO2 , respectively.

ωp,SS2
ωp,SS1

200

0
0

treated as temperature-independent because no data for its temperature dependence are presently available.
We have calculated the dielectric function ε(ω) according to
Eq. (2) for a set of temperatures and, from this, the absorption
eﬃciencies Qabs
λ of spherical grains by means of Mie-theory (see
Bohren & Huﬀman 1983). Figure 6 shows the result for the spectroscopically relevant wavelength range for particles with radius
of 0.1 μm and for a number of diﬀerent temperatures. The absorption spectrum is clearly dominated by the strong Si-O bond
stretching mode. This feature peaks at a wavelength close to
10 μm for completely amorphous material formed at very low
temperatures. From the other oscillators only subordinate variations of Qabs
λ result. The peak position of the strong absorption
band depends on the temperature up to which the material has
been heated or at which it has been formed and shifts towards
shorter wavelengths with increasing temperature. This change of
(Qabs
λ )max with temperature is caused by a partial decomposition
of the solid SiO into a SiO2 matrix and nano-m sized Si clusters
(Hohl et al. 2003) at elevated temperature. The peak position of
the absorption feature shifts by this change in micro-structure
in the direction towards the peak position of the corresponding
SiO2 feature at 8.6 μm if temperatures increase.
It has to be observed that the temperature does not correspond to the actual temperature of a dust particle in a circumstellar environment but to the highest temperature that the particle has seen so far. A second point to be observed is that the
peak position of the absorption band shifts somewhat if particles
are not spherical, usually to longer wavelengths (e.g. Henning &
Mutschke 2010).

σSS

σAS1
σAS2

200

400

600

800

1000

T [K]
Fig. 5. Fit of the coeﬃcients of the Brendel oscillator model for the
dielectric function of solid SiO at a number of temperatures by a linear
temperature variation. The various data points correspond to data from
Tables 1 and 2 for oscillator parameters at diﬀerent temperatures. Full
lines show the linear fit (3). The vertical dotted line indicates the limit
between the temperature ranges where data are obtained either from thin
films made by vapour deposition on a substrate with given temperature
or from thin films deposited at low temperature and annealed at high
temperatures.

3. Astrophysical applications
In this section we discuss the possibility that solid silicon
monoxide might be an important dust species in the dust shells
of S-stars.
3.1. S-stars

Low- and intermediate-mass stars from the range of initial
masses below ≈8 M evolve until the very end of their lives
to the thermally pulsing asymptotic giant branch (TP-AGB)
where they are composed of an electron-degenerated core of
carbon and some oxygen, resulting from He-burning, an overlying layer of mainly He, itself resulting from H-burning via
the CNO-cycle and an enormously extended hydrogen rich envelope. On the TP-AGB the stars alternatively burn either (i) H
in a shell source at the interface between the H-rich envelope
and the He layer for a period of several thousand years or (ii)
A92, page 5 of 13
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Qabs
λ

T=0K
10-2
T = 1000 K
10-3

10-4

5

10

15

20

25

30

λ [μ]

Fig. 6. Absorption eﬃciency Qabs
λ of solid SiO at diﬀerent temperatures
from T = 0 K to T = 1000 K in steps of 200 K. The particle radius is
assumed to be 0.1 μm.

He in a shell-source at the interface between the He layer and
the carbon-oxygen core for a period of about 200 yr. During the
short burning phase of He (the thermal pulse), the He layer is
fully convective from bottom to top for part of the time and distributes freshly synthesized carbon from the He-burning shell at
the bottom of the He layer over the whole layer. Somewhat later
in the pulse phase, the convection zone of the fully convective
hydrogen envelope briefly dips into the upper parts of the He
layer and mixes some carbon-rich material into the outer envelope. As a result, after each thermal pulse the carbon abundance
of the envelope increases stepwise. The oxygen abundance in
the envelope remains almost unchanged by this process because
only very little oxygen is synthesized by He-burning in TP-AGB
stars. Thus, the carbon-to-oxygen abundance ratio (C/O) in the
envelope changes from its initial value of ≈0.5, corresponding
to the C/O of the cosmic standard element mixture (see, e.g.,
Lodders et al. 2009), to C/Os far exceeding a value of unity.
For most of the stars on the TP-AGB, the C/O falls – after
mixing carbon from the core into the envelope during a thermal
pulse – for one or two inter-pulse phases into the critical range
between about 0.9 and 1.0 where the chemical composition of
the material in the stellar photosphere dramatically changes from
an oxygen-compound-dominated composition for a C/O below
0.9 and a hydrocarbon-dominated composition for a C/O exceeding 1.0. This switching of the chemical composition is brought
about by the extraordinary stability of the CO molecule that by
its formation almost completely consumes the less abundant of
the two elements C and O. Only part of the TP-AGB stars leap
over the critical range of C/O abundance ratios during a single
thermal pulse.
In the intermediate abundance range of C/O ratios between
0.9 and 1.0, the stellar spectrum is dominated by molecular
bands of some low-abundance elements that are seen neither in
M-Stars (C/O <
∼ 0.9) nor in C-stars (C/O >
∼ 1.0). These stars are
the so-called S-stars. They are much less abundant than M-stars
or C-stars since stars on the TP-AGB suﬀer numerous thermal
pulses, but only during one or two inter-pulse phases are they
S-stars.
For these S-stars the material that flows out from the stellar
surface can form neither the silicate dust that is seen in circumstellar dust shells around M-stars nor the graphite and SiC dust
seen in dust shells around C-stars. This is because the excess
oxygen over carbon, which is not bound in CO molecules, is too
A92, page 6 of 13

rare to combine with all of the silicon to the SiO4 -tetrahedrons
that form the backbone of silicate minerals. At the same time no
excess carbon is available to form solid carbon.
The details of the chemistry of dust formation in outflows
from S-stars is discussed in Ferrarotti & Gail (2002). Because of
the very high bond energy of the SiO molecule – not as high as
for CO, but also exceptionally high – the silicon is bound in this
molecule, and the excess of the oxygen not bound in SiO and
CO forms H2 O. Some quantities of silicate dust may be formed
in outflows from S-stars if C/O is not too close to unity, because
then SiO molecules react with the leftover H2 O and with Mg
(and/or Fe). Indeed, weak emission bands showing the characteristic two peaks around 9.7 μm and 18 μm are seen in the infrared spectrum of a number of S-stars (Chen & Kwok 1993;
Lloyd Evans & Little-Marenin 1999). It is argued by Ferrarotti
& Gail (2002) that iron dust also may be formed and may be
an abundant dust species for S-stars. This dust would be hard
to detect observationally for optically thin dust shells, since its
smooth and featureless extinction would act as a more or less
grey opacity source. For optically thick shells, it is likely that
this is mistaken to be carbon dust because of largely indistinguishable extinction properties of iron and carbon dust.
3.2. Why solid silicon monoxide?

If the abundance of excess oxygen not bound in CO and SiO
tends to zero for C/O approaching unity, the possibility exists
that SiO molecules start to condense as a solid of their own. This
has not yet seriously been considered as a dust component in
circumstellar dust shells, though it was discussed several times
whether it could be the first condensate to form the necessary
seed particles for silicate dust formation (Nuth & Donn 1982;
Gail & Sedlmayr 1986, 1998a,b; Nuth & Ferguson 2006; Reber
et al. 2006). This is a crucial question for cosmic dust formation
since it is not possible to form the necessary seed particles for
silicate dust growth from a material with the composition and
lattice structure of one of the many silicate minerals.
The main reason solid SiO was not considered as one of the
major dust materials in circumstellar shells was the seemingly
high vapour pressure from which one predicts a rather low condensation temperature under the low-pressure conditions of circumstellar dust shells. New determinations of the vapour pressure of solid SiO (Ferguson & Nuth 2008, 2012; Wetzel et al.
2012b) have now shown that the older measurements were seriously in error and had strongly overestimated the vapour pressure. Our own results (Wetzel et al. 2012b, Gail et al., in prep.)
can be approximated by a vapour pressure formula for the equilibrium pressure of SiO molecules over solid silicon monoxide


49 520
p = exp −
+ 32.52 ,
T

(4)

where the pressure is in units of dyn cm−2 (as usual in astrophysics). Our results (Wetzel et al. 2012b) extend the range
of measured vapour pressures down to the pressure range relevant to circumstellar dust shells. Only moderate extrapolation of
vapour pressures measured at higher temperatures in the laboratory to the lower temperatures of circumstellar dust condensation
is required. The details will be discussed in a separate paper.
Figure 7 shows the resulting stability limit against evaporation in chemical equilibrium for the astrophysically important
silicates, for solid iron, and for solid SiO, calculated by using
the new results for the vapour pressure of solid SiO and thermochemical data from Barin (1995) for the other materials, for
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Table 4. Some data used for calculating the opacity of the dust
species considered in the model calculations and the corresponding key
elements.
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dust component in such dust shells. To test this hypothesis we
performed radiative transfer calculations using our new results
for the dielectric function of SiO.
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Fig. 7. Stability limits against vaporization of some refractory compounds formed from an oxygen-rich element mixture with cosmic
standard element abundances, and of solid SiO. Dashed line: typical
pressure-temperature combinations in an outflowing gas element for a
stellar wind model with stationary outflow and Ṁ = 5 × 10−6 M yr−1
(here for an M-star). Most parts of the dust condensation occur around
the knee where the velocity turns from subsonic (horizontal part of the
curve) to highly supersonic (steep descending part of the curve) outflow.
Pressures are typically 10−8 bar to 10−10 bar in the region of main dust
growth.

the case of standard cosmic element abundances (Asplund et al.
2005; Lodders et al. 2009). At C/Os close to unity, no silicates
can be formed in S-stars because of a lack of freely available
oxygen to convert a significant fraction of the SiO molecules
from the gas phase into the SiO4 -tetrahedrons in silicate minerals (e.g., for a C/O ratio of 0.95 only about 20% of the Si can
condense as silicate dust). Then the SiO molecules may condense instead into solid disordered SiO. At a typical pressure of
p = 10−8 bar → p = 10−10 bar in the dust condensation layer of
circumstellar dust shells (see Fig. 7), the SiO would become stable against evaporation at about 950 K → 1050 K. This is high
enough that such dust could be observed as warm dust in a circumstellar dust shell. Solid SiO is thus a candidate dust material
to be observed in S-stars.
A lack of oxygen to form normal silicates may also be encountered in massive supergiants if the outer layers are peeled
oﬀ by mass loss and material that has burned H via the CNOcycle and evolved to isotopic equilibrium appears at the surface.
Then the O abundance may drop to values close to the Si abundance, and solid SiO may also form in the outflows from such
stars.
Whether this material really forms can be tested observationally. The absorption properties of solid SiO are suﬃciently
diﬀerent from normal silicate materials that they can be distinguished by their spectral features. Amorphous olivine and
pyroxene both show two strong absorption features centred on
9.7 μm and 18 μm, which are usually observed as emission features in the infrared spectra from circumstellar dust shells. For
SiO the strong feature at 18 μm is missing because this corresponds to rocking modes in the SiO4 -tetrahedron, but a strong
feature at about 10 μm is present because this originates from
Si-O bond stretching vibrations. As a result, the presence of a
strong 10 μm feature without a strong 18 μm feature is diagnostic for solid SiO.
These characteristics have, indeed, been observed for a number of S-star spectra (Hony et al. 2009; Smolders et al. 2012),
and one may speculate that they result from solid SiO as a major

3.3. Growth of silicon monoxide grains

Now we turn to the question whether growth of silicon monoxide is kinetically possible. Consider the simple approximation of
a spherical dust grain co-moving with the outflowing gas collects SiO molecules from the gas phase. For simplicity we neglect evaporation. The equation of growth of radius a for a single
grain is
vexp

da
= Vd α ngr vgr Φ(Udrift )
dr

(5)

if we introduce by dr = vexp dt the radial coordinate instead of
time as an independent variable, vexp being the outflow velocity.
The meaning of the quantities in the growth equation is as
follows: Vd is the volume of one chemical formula unit in the
condensed phase
Vd =

A d mH
·
ρd

(6)

Here Ad is the atomic weight of the condensed phase and ρd its
mass density. Numerical values are given in Table 4.
The quantity α is the growth coeﬃcient. This seems to be
first measured by Gunther (1958) who found a rather low value
of α ≈ 4 × 10−3 in the temperature range 1200 K → 1500 K.
Rocabois et al. (1992) made a new determination of the vapour
pressure and of the evaporation coeﬃcient α of SiO and found
that their results for α can be approximated by
α(T ) = 0.1687 − 2.909 × 10−4 T + 1.373 × 10−7 T 2

(7)

in the temperature range 1175 K to 1410 K. Similar results for α
are found by Ferguson & Nuth (2008, 2012) and are essentially
confirmed by our own measurements (Wetzel et al. 2012b, Gail
et al., in prep.) which can be approximated by


3685
α (T ) = 0.52 exp −
·
(8)
T
Extrapolating these results down to a temperature of 1000 K
results in α ≈ 0.013. This value is used in the following
considerations.
The quantity ngr is the particle density of the growth species.
If we concentrate on the initial growth phase where not much of
the growth species has been consumed from the gas phase, we
can approximate ngr by
ngr =

gr

Ṁ
,
1.4mH 4πr2 vexp

(9)
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Table 6. Basic parameters of the dust-shell models

Table 5. Data used for calculation of silicon monoxide growth.
Quantity

Unit
3

Vd
Agr

cm

gr
d

α
amax
Tc
vth
Rc

μm
K
cm s−1
cm

Value
3.46 × 10
44.09
3.55 × 10−5
5 × 10−13
0.013
0.0837
700
1.54 × 104
3.2 × 1013

is the thermal velocity of the growth species (SiO molecules in
our case) and Agr their molecular weight, while

U2
(11)
Φ(U) = 1 +
16v2gr
is a correction factor for particle drift relative to the gas with relative velocity U. If U
4vgr the particle drift is supersonic with
respect to the thermal velocity of the growth species (not the carrier gas!); then vgr Φ(U) ≈ 14 U. Typical values of all these quantities required for calculating SiO growth are given in Table 5.
For the following we assume the outflow velocity vexp in the
region of dust growth to be constant. This is not completely
correct since dust condensation results in an acceleration of
the wind, but the velocity increase is moderate if we consider
S-stars. It increases from a velocity of about the sonic velocity
(2 km s−1 –3 km s−1 ) at the inner edge of the dust shell to the final outflow velocity that is at most 10 km s−1 for S-stars (e.g.
Ramstedt et al. 2006). Then integrating from the inner radius
Rc of the dust shell, where dust commences to grow, to infinity
we obtain
gr

Ṁ
,
1.4mH 4πRc v2exp

(12)

where a0 is the radius of the seed nuclei for dust growth and a∞
the grain radius at infinity. This equation requires that the grain
radius a∞ remains smaller than the maximum radius amax , attained if all condensable material is condensed, because the consumption of the growth species is neglected in Eq. (5). The maximum possible radius to which a particle may grow in the outflow
is given by
4π 3
(a − a30 )
3 max

T eﬀ
L∗
R∗

Wind

vexp
Ṁ

2700 K
1 × 104 L
3.18 × 1013 cm
=534 R
10 km s−1
3 × 10−7 –1 × 10−5 M a−1

Dust

κabs
fSiO
Ri
Ra
Tc

amorphous SiO
0.5
depends on Ṁ
1 × 105 R∗
700 K

Shell

where gr is the element abundance of the element (Si in our
case) that determines the gas-phase abundance of the growth
species. The second quantity on the right hand side is the density of H nuclides in a spherically symmetric, stationary outflow
with velocity vexp and mass-loss rate Ṁ.
The quantity

kT
vgr =
(10)
2πAgr mH

a∞ = a0 + Vd α vgr Φ

Star
−23

We can now write
a∞ = a0 + amax

Ṁ
Ṁcr

(14)

with
Ṁcr =

amax 1.4mH 4πRc v2exp
Vd α vgr Φ

gr

·

(15)

The mass-loss rate Ṁ has to be lower than Ṁcr in order for our
assumption to be valid that there is no strong depletion of the gas
phase from condensable material.
For applying this to silicon monoxide condensation we have
to specify the values of vexp , Rc , and Φ. All other quantities are
given in Table 5. For the outflow velocity we assume a value of
vexp = 3 km s−1 , which is slightly higher than the sound velocity
of the gas, since most of the grain growth proceeds before the gas
is accelerated to highly supersonic outflow velocities; otherwise,
further growth is suppressed by rapid dilution of the gas. For Rc
we assume a value Rc = 3 × 1014 cm, corresponding to about
eight stellar radii, see Table 6. For the drift velocity we assume
the same value as for vexp since typical drift velocities usually
are close to the sonic velocity of the gas, except for very high
mass-loss rates where they are much less. With these estimated
values we obtain
Ṁcr,sil = 8.7 × 10−5 M yr−1 ·

(16)

This shows that significant condensation of solid silicon monoxide is kinetically possible, at least for mass-loss rates exceeding
10−6 M .
The result for Ṁcr,sil depends on the rather uncertain value
of α that is determined from extrapolating laboratory measured
values (which decrease with decreasing temperature) to much
lower temperatures. The value of 0.013 at 1000 K determined
this way may be too low. In this case Ṁcr,sil would be overestimated, and the growth of solid silicon monoxide may be even
more favourable than in the estimate above.

4. Radiative transfer model for dust shells
4.1. Opacity

d

= Vd

gr ,

(13)

if d is the number of dust grains per hydrogen nucleus. This
quantity is not precisely known, so we assume a value of 5 ×
10−13 that is a typical value found by observations (Knapp 1985).
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The spectral energy distribution of the emission from circumstellar dust shells is determined by the composition of the dust
mixture and the properties of the diﬀerent dust species. Here we
concentrate on the special question whether the unusual feature
at 10 μm detected in some S-stars could result from solid SiO.

S. Wetzel et al.: SiO condensation in space
3

10

2

10

1

10

kλ [cm2 g-1]

Since this feature is the most prominent dust feature in the objects where it has been detected so far (Hony et al. 2009), it also
appears to be the most abundant dust species in these objects,
apart from possible contributions to opacity from dust species
with structure-less pure continuous extinction, such as iron dust
grains. Therefore we concentrate on models with solid silicon
monoxide as the sole dust component.
In our model calculations we assume the opacity in the shell
to be completely determined by the dust components; no contribution of the gas phase is considered. The dust particles are
assumed to be small spheres of radius a. The absorption and
scattering coeﬃcients of the diﬀerent dust components, characterized by an index i, are then given by

0
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10-4

scattering

-5

κabs,sc
i

=

Ai i
3
Qabs,sc fi .
4 (1 + 4 He )ρd,i i

10

(17)

The quantity Ai is the molecular weight corresponding to the
chemical formula of the condensed phase, i is the elemental
abundance of a characteristic key element that is required to
form the condensed phase, and fi is the fraction of the atoms
of this element that are really condensed into the solid phase,
ρd,i is the mass density of the solid. The quantities Qabs,sc
are the
i
absorption and scattering eﬃciencies, divided by the particle radius a. These quantities are calculated by means of Mie-theory
(see Bohren & Huﬀman 1983) from the dielectric function of
the dust material. The basic data used in the calculation of dust
extinction are given in Table 4.
With respect to the particle shape we consider spherical
grains and ellipsoids. If the grains are not spherical, the absorption band profiles of dust grains are distorted, and their centre
is shifted compared to the case of spherical grains. SiO grains
formed in laboratory condensation experiments from the gas
phase generally seem to be almost spherical (Kamitsuji et al.
2004, their Fig. 1a). Though there seems to be no immediately
obvious reason why this should be diﬀerent for the tiny grains
condensed in a circumstellar shell and for nanometre-sized laboratory condensed grains, there are indications from presolar silicate dust grains that there are noticeable deviations from sphericity (Vollmer et al. 2009; Bose et al. 2010). Therefore we also
use the continuous distribution of ellipsoids (see, e.g., Bohren &
Huﬀman 1983), in order to account for possible non-sphericity
eﬀects.
With respect to the particle size we assume the canonical value of a = 0.1 μm that seems to be typical of dust
grains in circumstellar shells (e.g. Kruszewski et al. 1968; Jura
1996; Serkowski & Shawl 2001). Without calculating a complete model for the dust shell including hydrodynamics and
dust growth, the grain radius cannot be specified more precisely.
Fortunately, for the FIR spectral region, the opacity does not depend on the grain size a since circumstellar grains are in any case
much smaller than the wavelength λ in the far infrared. Only
for the absorption of stellar radiation might there be a slight dependency on grain size since in the optical and near UV spectral region the grains may satisfy only marginally the condition
2πa/λ  1 that particles can be considered as small.
For the purpose of model calculations of dust shells of cool
giant stars, one needs optical data for the dust species at least
in the wavelength range from about 0.4 μm to about 100 μm in
order to cover (i) the wavelength range of the stellar radiation
field from the ultraviolet to the MIR, and (ii) to cover the wavelength range of dust emission from the shell that ranges from
the near infrared to the sub-mm region. Our own measurements
discussed in Sect. 2 cover only the mid- to far-IR wavelength

0.1

1

10

100

1000

λ [μm]

Fig. 8. Absorption and scattering coeﬃcient per unit mass of some dust
species in a dusty gas with standard cosmic element abundances. Full
line: solid SiO at low temperature. Dashed line: amorphous olivine.
Dotted line: amorphous pyroxene.

range. Therefore we have to augment our data by data from other
sources to cover also the spectral region from NIR to UV.
For the visible to far-ultraviolet spectral regions (λ ≤
0.8 μm), we used data for solid SiO listed in Palik (1985). The
real part of the complex index of refraction of our infrared extinction data and the data given in Palik fit nicely in the NIR
where they overlap. The imaginary part becomes very small in
the wavelength region below 8 μm in our results, and it is omitted in the range between 8 and 0.8 μm in the listing of Palik. In
this region the absorption coeﬃcient of solid SiO would become
many orders of magnitude smaller than the scattering coeﬃcient
(or would vanish at all if data of Palik are used). To avoid numerical problems in solving the radiative transfer problem, we
arbitrarily increase the absorption in the wavelength range 0.8
to 8 μm by assuming that the dust material contains tiny inclusions of pure iron particulates with a volume-filling factor of
fV = 10−3 and calculating the average dielectric function ε for
this composite material from the Maxwell-Garnett mixing rule
(cf., e.g., Bohren & Huﬀman 1983)
(1 − fV ) m + f β
1 − fV + fV β

 =

inc

,

(18)

where
β=

3m
inc + 2

m

·

(19)

Here m is the bulk dielectric function of the matrix material
(solid SiO in our case) and inc the bulk dielectric function of
the material forming the inclusions (solid iron in our case).
This kind of additional absorption by impurities has no influence on the calculated temperature of dust grains since this
is determined by the strong absorption at λ < 0.8 μm and also
has no influence on the calculated radiation field. It is unlikely
that any real dust material is pure and ideally transparent, and
nano-sized iron inclusions are fundamental constituents of, e.g.,
GEMS (e.g. Bradley 2010).
The resulting mass-absorption and scattering coeﬃcients
of small particles of solid SiO are shown in Fig. 8. They
are calculated according to Eq. (17) using the data given in
Table 4 and calculating optical constants for SiO according to
the Brendel-model for the dielectric function of amorphous materials, Eq. (2), using constants from Table 1, and following the
procedure described above.
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Brendel & Bormann (1992) have shown that the integral in
Eq. (2) can be solved in terms of the complex probability functions and Gaussians. We did not make use of this in our opacity
calculations but preferred to evaluate the integrals numerically
since evaluation of the analytic expressions seems to be numerically more expensive because of their complicated structure.
Also mass-absorption and scattering coeﬃcients of amorphous olivine and pyroxene are shown for comparison2, which
are the main dust species in circumstellar dust of M-stars. It is
seen that solid SiO indeed shows a prominent absorption feature
centred on about 10 μm and only some weak structure on the
long-wavelength side.

and 10 km s−1 (Groenewegen & de Jong 1998; Ramstedt et al.
2006). We use a value of 10 km s−1 . The observed mass-loss rates
of S-stars vary over a wide range between values as low as a
few times 10−8 M yr−1 up to ≈10−5 M yr−1 (e.g. Groenewegen
& de Jong 1998; Ramstedt et al. 2006; Guandalini 2010). We
consider Ṁ as free parameter and calculate models for diﬀerent
values of the mass-loss rate.
The basic model parameters of the calculations are shown
in Table 6. The calculations are done for spherical dust grains of
radius 0.1 μm and for a continuous distribution of ellipsoids with
the same volume as the spherical grains.
4.3. Results for spectral energy distribution

4.2. Model calculations

Using the above opacity description we have calculated radiative transfer models of circumstellar dust shells with solid SiO
as the dust component for a range of mass-loss rates in order
to determine the spectral features that would result from solid
silicon monoxide. The essentials of the model of the dust shell
and of the radiative transfer calculations are briefly described in
Appendix A.
A fundamental parameter of the model is the location of the
inner boundary of the dust shell, Ri , that depends on the mechanism by which the dust forms from the gas phase by nucleation and subsequent grain growth. About the details of these
processes almost nothing is known, and we have recourse to the
simple assumption that the dust suddenly appears at some prescribed dust temperature T c , and the fraction fSiO of material
condensed into the solid phase is constant across the dust shell.
This is the kind of approximation on which most existing models of circumstellar dust shells are based. For temperature T c ,
we assume a value of 700 K for silicon monoxide dust because
the temperature where solid SiO becomes stable against vaporization is about 1000 K under conditions in circumstellar dust
shells, see Sect. 3.2, and because in dust shells this temperature probably is somewhat lower if some super-cooling of the
outflowing material should be required for the onset of nucleation and condensation. Calculations with T c = 800 K result in
model spectra that are not significantly diﬀerent. The old results
of Gail & Sedlmayr (1986) seem to indicate a temperature for
onset of SiO condensation as low as 600 K, but this conclusion
can no longer be maintained since that calculation is based on
older vapour-pressure measurements of solid SiO for which it is
now known that they have to be revised downwards substantially
(Ferguson & Nuth 2008; Wetzel et al. 2012b; Ferguson & Nuth
2012), which increases the condensation temperature.
For the basic parameters T eﬀ , L∗ , Vexp , we use representative average values, since we do not intend to model individual
stars but to only perform some explorative calculations. For the
eﬀective temperature of the central star we choose a value of
2700 K. This seems to be a representative value for S stars (e.g.
Kerschbaum & Hron 1998; Kerschbaum 1999). The luminosity
is chosen to be L = 104 L , which is typical of stars at the uppermost part of the TP-AGB, where one expects AGB-stars to
pass through the stage of S-stars. Observed values given in the
literature for stars with substantial mass-loss rate are within this
order of magnitude or slightly less (e.g. Jorissen & Knapp 1998;
Groenewegen & de Jong 1998; Ramstedt et al. 2006). The observed expansion velocities Vexp of S-stars vary between a few
km s−1 and about 20 km s−1 and are typically between 5 km s−1
2
Data for silicates with x = 0.7, from the Jena-St. Petersburg data
basis, accessible via: http://www.mpia-hd.mpg.de/HJPDOC/
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Models are calculated for mass-loss rates ranging from Ṁ =
3 × 10−7 M yr−1 to Ṁ = 1 × 10−5 M yr−1 with solid silicon
monoxide as the sole opacity source. Figure 9 shows the resulting spectral energy distribution of the radiation emitted by the
star and its dust shell. Since we assumed for the star a blackbody radiation field, the strong structure of cool stellar spectra resulting from molecular absorption bands is missing in our
models. This simplifies the identification of the dust features in
the spectrum. Emission from warm dust is seen only at wavelengths longer than 8 μm since the absorption coeﬃcient of solid
SiO is weak at shorter wavelengths, see Fig. 8. The prominent
absorption band around 10 μm is clearly seen as a strong emission feature in all of the spectra. Some structure is seen in the
spectrum at longer wavelengths, but there is no strong emission
feature around 18 μm.
This is similar to what is found in a number of S-star spectra.
Figure 10 shows a more close-up view of our synthetic spectra in
the wavelength region between 5 μm and 25 μm. For clarity the
blackbody radiation field of the star is subtracted from the synthetic spectra and the resulting emission profiles are shifted relative to each other and scaled to approximately comparable peak
heights. The calculations are done for spherical grains and for
a continuous distribution of ellipsoids (see Bohren & Huﬀman
1983). These emission profiles reflect the peculiar characteristics
of the emission coeﬃcient of amorphous solid silicon monoxide: A strong emission band centred at ≈10 μm and a missing
strong feature around 18 μm. For the highest mass-loss rates,
some structure is seen in the 15 to 25 μm wavelength region,
which, however, is dissimilar to the 18 μm feature of silicates.
Figure 10 also shows one of the two diﬀerent profiles of the
emission bands around 10 μm observed in S-stars where none or
only a very weak 18 μm feature is observed. The data are taken
from Fig. 6 of Hony et al. (2009). The profile in Fig. 10 corresponds to the lower one in Fig. 6 of Hony et al. (2009). This
profile is scaled such that the peak value coincides with that of
the synthetic emission profiles in our models.
The upper profile of Fig. 6 of Hony et al. (2009) is not considered since it peaks at a significantly higher wavelength. It may
result from a diﬀerent kind of material or a complex superposition of emission bands from several materials.
4.4. Discussion

The calculated line profiles for a distribution of ellipsoids show
some similarity with the average profile derived in Hony et al.
(2009), which peaks at 10 μm. The peak position does not match
exactly, but probably within the limit of errors with which such
averaged profiles can be determined. For spherical grains the calculated line profiles are located at somewhat shorter wavelengths
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Fig. 9. Synthetic spectra of models of circumstellar dust shells with
solid silicon monoxide dust particles for diﬀerent mass-loss rates from
Ṁ = 3 × 10−7 M yr−1 to Ṁ = 1 × 10−5 M yr−1 . Dotted line: stellar
radiation.

than the observed profile. They do not match observations well,
but this is a well known problem if one assumes particles that
are exactly spherical (see, e.g., Lindsay et al. 2013, for a detailed
discussion of this).
The broad extension to the long-wavelength side of the observed profile, however, does not agree with the shape of our profiles. The strong asymmetry of the observed profile is conspicuous. This may have a number of reasons. Either the observed
profile is the superposition of the strong 10 μm emission feature
of solid silicon monoxide with one or more absorption bands
of additional dust materials centred on somewhat longer wavelengths, or the properties of solid silicon monoxide deposited

under conditions in circumstellar shells diﬀer from that of the
material obtained in our laboratory experiments by PVD.
With respect to a contribution by some other materials, the
most likely candidates are hibonite (CaAl6 O19 ) with a strong
absorption band centred on 12.3 μm, spinel (MgAl2 O4 ) with a
strong absorption band centred on 13 μm, or corundum (Al2 O3 )
with a strong and broad band peaking at 11 μm. Such materials probably would start to condense at higher temperatures than
solid SiO because of their lower vapour pressure. They would
use up only small amounts of the oxygen because of the much
lower element abundances of Al and Ca compared to that of Si.
This would not noticeably compete with SiO condensation under
conditions where oxygen is scarce.
Explorative calculations for hibonite (optical data from
Mutschke et al. 2002) and spinel (optical data from Palik 1985)
showed that their main absorption band would always be seen
as a strong separate band, which does not seem to be found in
spectra of S-stars with a strong 10 μm feature. The rather broad
corundum feature (optical data from Koike et al. 1995) is a better candidate. Figure 10 shows a Ṁ = 1 × 10−6 M yr−1 model
where corundum is included as absorber (assumed condensation
temperature T c = 1300 K). This obviously strongly widens the
long-wavelength side of the SiO profile, but results in somewhat
too strong a filling-up of the observed dip of the emission profile
around about 15 μm.
Forsterite may also contribute somewhat to the observed profile and increase its width and asymmetry. If the oxygen abundance somewhat exceeds the critical abundance limit O,crit =
C − Si + S (where O is completely bound by CO and by that
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fraction of Si, which is bound in SiO and not in SiS), then some
oxygen is left over to form silicates. However, it seems impossible to reproduce the observation with a mixture of solid SiO and
silicates, because if more than a few per cent of the Si forms a
silicate, the 18 μm feature becomes clearly visible. On the other
hand, additional formation of silicates besides solid SiO could
explain the sources with a marked 10 μm feature but only a weak
18 μm feature, which is frequently found within the population
of S-stars.
Possibly one could reproduce the observed band structure of
the stars under consideration by a mixture of the oxides and silicates with solid SiO, but this is beyond the scope of this paper.
Another possibility for the strong asymmetry of the observed
profile may be that the material formed in stellar outflows is
more strongly disordered than the material formed in our laboratory experiments. A significantly stronger damping constant γ j
would also result in an asymmetric and much broader line profile. However, test calculations with strongly increased values of
γ j showed that the observed band shape cannot be explained in
this way.
Finally some remarks are needed on the structure of SiO. At
low temperatures this material slowly decomposes into silicon
nano-clusters embedded in a SiO2 matrix (Kamitsuji et al. 2004).
The material called silicon monoxide then in truth is an intimate mixture of two diﬀerent phases which is inhomogeneous
on scales of a few nanometres. The absorption peak then shifts to
the characteristic peak of SiO2 at 9.2 μm (see Sect. 2.4). Clearly,
such a decomposition did not occur for our silicon monoxide
films for temperatures below 800 K. Decomposition times have
been measured for the closely related material Si2 O3 in the laboratory by, e.g., Nuth & Donn (1984). If this can be taken as
representative of solid SiO the decomposition would be slow
enough at the temperatures of interest (<
∼750 K) that solid SiO
can survive long enough to be observable.

5. Conclusions
This paper reports on laboratory studies of the infrared optical
properties of solid silicon monoxide. The dielectric function ε
was derived from transmission measurements of thin films obtained by evaporation of commercially available solid SiO and
depositing its vapour on a cold substrate. A Brendel oscillator
model is fitted to the results of the transmission measurements
to determine ε(ω).
Solid silicon monoxide is a material that has been speculated
on diﬀerent occasions to be involved in the formation process
for silicate dust in circumstellar environments, such as accretion disks around protostars or dust shells around AGB stars. In
this paper we study the possibility that solid silicon monoxide
forms a separate dust component in circumstellar dust shells if
not enough oxygen is available to build the SiO4 -tetrahedrons of
normal silicate dust material. This would apply, for instance, to
S-stars with a C/O abundance ratio very close to unity.
The characteristic property of this SiO dust would be a broad
and structure-less emission feature centred on about 10 μm,
resulting from Si-O bond stretching vibrations. It is similar
to the 9.7 μm feature of amorphous silicates, but is missing
an 18 μ feature resulting from O-Si-O bending modes in a
SiO4 -tetrahedron. Such peculiar cases have, indeed, been detected for some S-stars (Hony et al. 2009; Smolders et al. 2012).
We propose that we see solid silicon monoxide in these stars
as an abundant dust component. Radiative transfer calculations
for circumstellar dust shells were performed using our new data
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on the dielectric function of solid SiO to calculate the emission
band structure due to SiO dust.
The resulting emission feature at 10 μm was compared with
one of the two average emission profiles derived in Hony et al.
(2009). The profile of the emission feature obtained in the model
calculation peaks at about just the same wavelength as the observed feature, which makes its identification very likely as due
to solid SiO. However, the observed profile is much more extended to longer wavelengths than the synthetic profile, which
either may result from blending the band from solid SiO with
emission bands from a number of additional minor dust species
(corundum, hibonite, etc.) or shows that the laboratory produced
amorphous SiO films have a somewhat diﬀerent lattice structure
than the material condensed in stellar outflows.
More work is required to explain the asymmetry of the observed peculiar 10 μm feature in some S-stars before the identification of solid silicon monoxide as carrier material of this
feature can be considered safe, but at least this explanation can
presently be considered as the most likely one.
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and special research program SPP 1385, which both are supported by the
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Appendix A: Radiative transfer model
Model spectra of S-stars are calculated using a simple code for
modelling radiative transfer in circumstellar dust shells. The basic assumptions on the structure of the dust shell follow the
conventional assumptions: a spherically symmetric mass distribution around the central star, with inner radius Ri and outer
radius Ra . The outflow is assumed to be stationary and the outflow velocity vexp to be independent of distance r from the centre.
The radial distribution of mass density in this case is
(r) =

Ṁ
·
4πr2 vexp

(A.1)

Here Ṁ is the mass-loss rate that is also assumed to be constant.
With given opacities (see Sect. 4.1), the radiative transfer
equation in spherical symmetry
∂ Iν 1 − μ2 ∂ Iν
+
= −κext (Iν − S ν )
∂r
r ∂μ

(A.2)

is solved by the so-called p-z-method (cf. Mihalas 1978). The
source function S ν and the total extinction coeﬃcient κext are
⎧
⎫
I ⎪ abs
⎪

⎪
⎪
κsc
⎨ κi
⎬
i 3
2
2
Sν =
Bi,ν (T i )+ ext (3 − μ )Jν +(3μ − 1)Kν ⎪
(A.3)
⎪
⎪
⎪
ext
⎩κ
⎭
κ 8
i=1

κext =

I 



sc
κabs
i + κi .

(A.4)

i=1

The sum runs over all dust species. The angular distribution of
the scattering term is the one for small particles. The temperatures T i of the dust species are determined so as to satisfy radiative equilibrium
 ∞
dν κabs
(A.5)
i [Jν − Bν (T i )] = 0
0

for each species by applying an Unsöld-Lucy temperature correction procedure (see Lucy 1964) adapted to the spherically
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symmetric case. This requires an iteration procedure for determing all temperatures T i . This iteration is combined with
a simple iteration scheme (successive over-relaxation) with respect to Jν and Kν in the scattering contribution of the source
function.
The inner radius Ri of the dust shell is fixed by the requirement that the most stable of the dust species appears at some
prescribed temperature T c . Since it is not known in advance at
which radius this condition is satisfied, an additional iteration
procedure is required to determine Ri . The outer radius Ra is always taken at 105 stellar radii.
The radiation field of the central star is approximated by a
black body radiation field.
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