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Abstract. Broad infrared bands at 10 and L& have often been observed around oxygen-rich evolved stars, and these are
thought to arise from amorphous silicate dust grains. In order to study the formation mechanism of silicate dust grains, we have
analyzed synthesized silicate dust analogs by reflection absorption infrared spectroscopy (RAIRS) and X-ray photoelectron
spectroscopy (XPS). The dust analog was produced from SiO and Mg vaposs Tin®analyses showed that an amorphous
silicate is formed at about temperature of 650 K through O-deficient silicate formation. However, when the substrate temperature
was below 650 K, the main product is a mixture of gi@hd MgO, where k x < 2. Our experimental results indicate that
temperature is an important factor for amorphous silicate formation in the circumstellar environment of oxygen-rich evolved
stars.
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1. Introduction compare to spectral features in the near infrared region because
] - ] _astronomical silicates are mixed with other dust components.
Oxygen-rich evolved stars form silicaeetal oxide dustgrains |, these simulation experiments of circumstellar shells, un-
in a course of their mass loss process. Broad 10 andni8 g 4 solids were often detected in condensates produced from
peaks observed in emission or absorption have been attribujgfors, Rietmeijer et al. (1999) synthesized condensates from
to an amorphous silicate. Well-known amorphous silicates Y8g-Fe-SiO-H-O, vapor and they found amorphous grains
atypg of.glass_. Gla_ss ?saquenched liquid with silica rich corgt, unique mixed “MgSiO” and “FeSiO” compositions of
position in which SiQ is more abundant than MgO and FeOpetastable eutectics together with oxides in the condensates.
Amorphous olivines and amorphous pyroxenes whose oty et al. (2001) observed laboratory-products from Mg
positions are 2(Mg@FeO)+SiO; and (MgO+FeO)+SiO; re- - 4nq sio smoke by high-resolution transmission electron micro-
spectively have been proposed as candidate materials of ard@hpe. They detected amorphous MgSiO, Si crystallites, Mg,
phous silicate dust grains around oxygen-rich evolved StainZSi, MgO, MgSiO, crystal, and MgSiOs and Si mixed
Hoyveyer, itis very dﬁc_ult to makg a glass whose compositiogrystm in the products.
is rich in MgO + FeO like an olivine. Dorschner et al. (1995) ~ crysialiine silicates are formed by heating of amorphous
produced amorphoyglassy silicate from melts by a very rapidy,sts after condensation. Brucato et al. (1999) determined the
cooling method. activation temperature for crystallization and suggested that
Various methods have been used to synthesize silicate di§ttalline silicates would be formed by the long term expo-
analogs with an infrared spectrum resembling that of the inte{sre of amorphous dusts to a temperature of higher than 770 K.
stellar medium and circumstellar shells. These methods include A dust shell develops around a mass-loss star. It is gen-
arc melting of silicate (Dorschner et al. 1986), quenchingtally thought that the highest temperature of the dust in the
of melts (&iger etal. 1994; Dorschner et al. 1995), deposiyst forming region corresponds to the condensation tempera-
tion from a gas mixture (Day 1979; Nuth & Donn 1983tyre of dusts. Using low resolution spectra (LRS) of Infrared
Wada et al. 1991; Koike & Tsuchiyama 1992; Kaito et ajstronomical Survey (IRAS), Simpson (1991) found the tem-
2001), and condensation from evaporates of a laser heatedgdfature of inner boundaries of dust shells is 400—-800 K. This

icate (Stephens & Russell 1979; Brucato et al. 1999). Thegenperature is too low to form crystalline silicate in a short pe-
authors compare the infrared band features of their materiglsg of time.

to the interstellar band features at 10 andub& They also | the circumstellar environment, dust grains are formed

from gaseous species. Until recently, there is little experimental
Send gprint requests toS. Wada, work concerning the formation mechanism of dusts. Our pur-
e-mail:wada@e-one.uec.ac. jp pose is to clarify the formation process of dust by analysing the
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condensate from SiO and Mg vapors using reflection absorp-
tion infrared spectroscopy (RAIRS) and X-ray photoelectron
spectroscopy (XPS).

In this paper we will attempt to address the questions of the 0.8]]
nature of astronomical amorphous silicates and their formation
mechanism by experiment and comparison to astronomical
observations.

2. Experimental S-1

O—IogR

Dust analogs were synthesized experimentally in the following
manner. A Si wafer about 1 cm wide and 5 cm long was set
in an apparatus which can be evacuated to undet 8. The
wafer was attached to a tantalum foil that was connected to
a copper electrode. Heating of the Si wafer was achieved by
applying direct current to the copper electrode.

The Si wafer was heated up to 1120-1170 K with electric o5 110 35 20 55
power directly in an atmosphere of oxygen. An oxygen pres- Wavelength (micron)
sure of higher than about 2 Pa is required to produce SiO vapor.
However, if the oxygen pressure is too high then SiGrms Fig. 1. RAIRS of ;ynthetic oxides me_asured with an incidence angle
and sticks to the surface of the Si wafer, thus preventing tﬂfew Vertical axis is-logR, whereR is the reflectance. M_—l: MgO
formation of SiO vapor. Therefore an oxygen pressure of &{ich was formed on a cold substrate from a Mg vapor in 13 Pa of
ther 6.5 Pa or 13 Pa was used to enhance the production of <} bient Q gas. S-1: a product which was formed on a cold substrate

. hi . . h apout 300-330 K) from a SiO vapor in 13 Pa of ambientdas.
To obtain Mg vapor, thin magnesium ribbons were heated : a product which was formed on a hot substra@50 K) from

in an alumina tube with a nichrome heater. The both vapQ{$io vapor in 6.5 Pa of ambient,@as. Sharp peaks at 421 and
were condensed onto a tantalum substrate set at a distancei®y fine peaks-6 um are caused by atmospheric £@nd HO,

or 50 mm apart from both vapor sources. The sample MSékpectively.
used a distance of 50 mm, while the samples MS-2 and MS-3
were collected with a distance of 5 mm. o
SiO and Mg were evaporated simultaneously in an oxy- RAIRS of samples are shown in Figs. 1 and 2. The sam-
gen atmosphere for 15-30 min. We controlled the evapo,ré{e S-1is a condensate collected on the cold substrate (300-
tion rate of the Si wafer by monitoring the temperature with 330 K), which was made from the SiO vapor only. Peaks ap-
pyrothermometer. However, it is filicult to control the evap- Pear at 8.2, 11.2 and 20um as shown in Fig. 1. The sample
oration rate of magnesium because of the low VaporizatiglﬁZ is a condensate from SiO vapor on a hot substrate at 650 K.
temperature of Mg. When the temperature of the magnesilfiih€ spectrum, peaks are observed at 8 andr@Dhowever
source was too high, the color of the products became bidiaére is no peak in the 11~ spectral region. _
gray (Mg metal-rich), while at lower temperatures a pale white It i known that in the absorption spectrum of Sithree
product (SiQ-rich) was obtained. TO mers give rise to absorption peaks; asymmetric stretching
After synthesis, we obtained the RAIRS of the producf O-Si-O (AS,~9 um), symmetrical stretching of the oxy-
with a Spectrum 2000 (Perkin-Elmer Co.) and the XPS wie" atom along a line blsectn_wg the axis formed by the two
a ESCA-K1 (Shimazu Co.). RAIRS was obtained instead of a4 &(0ms (SS, 12.5m), and rocking of the oxygen atom around
absorption spectrum because the sample was too thin to ph§: 8xis connecting the two silicon atoms (R, 24r8). More

duce either a good spectrum in transmission directly or wit€cisely, the AS is composed of two modes. In one stretching
the KBr pellet method. mode neighboring oxygen atoms move in phase (A80um)

and in the other mode they move out of phase each other, (AS
8.70um) (Trchowd et al. 1997).
3. Results and discussion Moreno et al. (1997) analyzed infrared spectra of
a SiG film of various thickness. The 9-1@m-band feature
of SiO, shows complicated variations depending on incidence
RAIRS is used for a measurement of a spectrum of a very thingle and the film thickness. Therefore we prepared samples
film deposited on a metal substrate. In our experiments, wih a constant film thickness and measured RAIRS spectra
prepared sample films whose thickness did not produce an alith a fixed incidence angle of 8@r 75°. These angles were
sorbance greater than 0.2 at the 9400 peak. The thickness chosen because the best spectra were obtained at these angle
was approximately 100-300 nm. Note that the RAIRS spectiee spectra were more noisy at higher angles.
are essentially the same as the absorption spectra obtained byn the infrared transmission absorption spectra of solid-
the KBr pellet method except for the reflectivitffect of the SiOx (1 < x < 2), the AS peak usually appears at a longer
substrate metal in the case of amorphous and polycrystallimavelength than that of SO The peak moves to the shorter
solids. The RAIRS method is described by Golden (1985). wavelength region with increasing concentration of oxygen

3.1. Infrared spectra
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of MgO was modified due to a chemical reaction with QiO
0.4+ . The peaks in 8—8m should be fiected by the reaction.

Two broad bands appear at Afth and 16.5-17m in the
RAIRS of MS-3. That indicates a new material form in MS-3.
This spectrum has some resemblance to spectra often observed

MS-1 around evolved stars.
o MS-2 and MS-3 were synthesized under the same ex-
2ok | perimental condition. In spectra of samples produced about
T MS—2 520-570 K, a peak around 15;am appeared with or without

the ~14 um—MgO band and a modified @m peak was often
observed. This means that a chemical reaction begins to occur
in this temperature range. The temperature dependence of the
reaction is a future problem.

In the next section we discuss the nature of the composition
differences between MS-2 and MS-3. A temperature of about
650 K or higher was found to be necessary temperature to form

5 10 15 20 55 silicate material.
Wavelength (micron) Small peaks in the MS-3 are caused by absorption& H
(3 um and 6um) in the air. A peak at m is often observed
in spectra of Mg-containing sample, and this is caused from

formed on a cold substrate. MS-2: a product formed on a hot (650 rponate absorption which is produced by a reaction with CO

Fig. 2. RAIRS of products from Mg and SiO measured with an inci
dence angle of 7AYMS-1) and 60 (MS-2 and MS-3). MS-1: a product

air.
It should be noted that the RAIRS spectra shown in Figs. 1
and 2 cannot be directly compared to absorption spectra be-

cause the RAIRS spectra depend critically on the incidence
(Nakamura et al. 1984). Another index for the oxygen coangle.

centration of SiQ is the SS peak. The peak at 125 peak
in SiO, spectrum is not observed in the Sifroduced in vac-
uum, instead, a small peak appears at Lind 3.2. X-ray photoelectron spectroscopy

The sample S-2 appears to be &iftom its peak wave- xps measures energy of the photoelectron ejected from atoms
length, although the 12 5m peak is not seen in the RAIRS.ypon irradiation by X-rays. From XPS we can obtain informa-
On the other hand, S-1is not oxidized enough. A Jir?peak tion about the chemical bonding of the element in the material.
in the RAIRS of S-1 corresponds to the 11u# peak of SiQ  |n our XPS experiments we used Mg#és source of the excita-
in the transmission infrared spectrum. These results indicgtsh. The C 1s peak of carbon was used as an internal reference
that SiQ, is completely oxidized if the substrate temperatulgeak. We corrected the observed binding energies by using the
is 650 K. C 1s peak (284.4 eV) which was contained in our samples as a

In the spectrum of MgO crystal, peaks caused by L@ntaminant.
and TO modes appear at 13 and 24.9um, respectively  Guittet et al. (2001) discussed the binding energy of Si 2p
(Farmer 1974). ARAIRS of MgO sample is presented in Fig. 4nd O 1s in mixed oxides. They calculated the Si 2p-binding
M-1. The sample was produced from a vapor of Mg in a 13 Raergy in mixed oxides using a linear combination of charge of
atmosphere of @ A peak is observed at 14.3-14uih (LO)  silicon atom, the Madelung energy (Coulomb force and struc-
in the RAIRS, however the TO peak is not observed in thgre of oxides), and the relaxation energy (final state after elec-
wavelength region of our measurements. As mentioned abaygn emission). Their calculation agreed well with their ex-
metallic Mg is often contained in the products. This is causgfrimental values of a crystalline olivine, ZrSiQ101.8 eV)
by the high evaporation rate of Mg. and SiQ (103.4 eV). The binding energy of silicon (Si) and

SiO and Mg were evaporated simultaneously and coatirat of a silicide (MgSi) are expected to be lower than these
densed on substrates withfférent temperatures. The samvalues because of the charge of silicon atom. The binding en-
ple which was formed on a cold substrate is presented grgies are reported as 99.7 eV for silicon (Trchetal. 1997)

Fig. 2 (MS-1). Clearly, MS-1 is a superposed spectrum of Sahd 98.5 eV for silicide (An et al. 1995).
and M-1. This means that the Sample is a mixture of,SiO Since SiQ (]_ < X< 2) are very important materials for in-
and MgO. dustrial applications, many XPS studies have been performed.

MS-2 and MS-3 were condensed on a 650 K substrate ahlde Si 2p peak of the low oxidation state appears in the lower
the spectra are presented in Fig. 2. In the spectrum of MS-2 temergy region than that of S}OThe diference of binding en-
bands appear in 8-9:8n. These peak wavelengths corresporergy of Si(1V), Si(lll), Si(ll), Si(l), and Si(0), in which IV,
to those of Ag and AS of Si0O,. However, the wavelength lll, 11, 1, 0 is the oxidation number of silicon, was reported to
of the peak seen at 15/8n is longer than that of MgO. We be about 1 eV by Barranco et al. (2001). In particular they re-
infer that phase separation occurred in MS-2 and the structpaeted the binding energies to be Si(IV):103 eV, Si(ll1):102 eV,

substrate. MS-3: a product formed on a hot (650 K) substrate.
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to an O-deficient silicate. The peak at 98.0 eV coincides with
(a) ] the silicide peak.

MS-2 shows a maximum at 102.5 eV with a shoulder
at 103.2 eV. The shoulder at 103.2 eV indicates the presence
of Si0,. The peak of the MS-2 occurs at higher energy than
that of MS-3. We think that the material and the peak at 99.0 eV
corresponds to the peak of Si(0).

Full width at half maximum (FWHM) of peaks depends
on the variety of the chemical bonds of Si. The FWHM of the
main peak of S-2, MS-2, and MS-3is 1.9, 2.1, and 2.5 eV, re-
spectively. This indicates that there are more kinds of Si bonds
in MS-3 than S-2 and MS-2.
| Guittet et al. (2001) reported that binding energies of O 1s
MS-3 are 532.7 eV (Si@) and 531.3 eV (ZrSi@), respectively. The

1 binding energies of oxygen shown in Fig. 3b are measured at
532.9 (S-2), 532.1 (MS-2), and 531.1 eV (MS-3). The val-
ues of full width at half maximum are 1.9 (S-2), 2.5 (MS-2),
and 2.9 eV (MS-3). The binding energy is also matched with
SiO; (S-2). The peak of MS-3 is composed of two peaks at
least. Apparently, the binding energy at the maximum of the
peak in MS-3 is very close to that of olivine. The O 1s-peak
of MS-2 is also an intermediate value between S-2 and MS-3.

Note that the oxidation numbers of silicon atom are Il
in SiIO molecule, and 0 in solid silicon and silicide, b&i.

The presence of solid silicon and silicide appearing in MS-2
and MS-3 means that silicon atom is reduced from Il to O.
On the other hand, the oxidation number of silicon atom is IV
in SiO, and silicates. The presence of these compounds means
that silicon atom is oxidized from Il to IV. In other words, re-
actions of oxidation and reduction of silicon atoms occurred in
our samples.

We performed a depth analysis of Si 2p of MS-3. The bind-
ing energy of the main peak seems to be slightly shifted to
higher energy side. The peak intensity of silicide decreases
with depth, as shown in Fig. 4. Most likely we are observing
that the material changes to silicate as we go deeper into the
sample.

MS-2

Intensity (arb. unit)

n n n n n | n n n n
105 100 95
Binding Energy (eV)

Intensity (arb. unit)

Binding Energy (eV)

Fig. 3. a) XPS spectra of Si 2p of S-2, MS-2, and MSB3 XPS spec- 3.3. Silicate formation
tra of O 1s of S-2, MS-2, and MS-3.
Based on the preceding analysis, we present the following
mechanism for the formation of MS-3, as compared with that
of MS-2. RAIRS of MS-3 shown in Fig. 2 is similar to emis-
Si(I1):101 eV, Si(1):100 eV, Si(0): 99 eV. Barranco et al. (20013jon and absorption spectra of amorphous silicate dusts around
made a condensate from SiO vapor in ultra high vacuugkygen-rich evolved stars. The product of MS-3 is an amor-
The composition was Si3 and it was composed of Si(l) phous silicate, since the 16n feature of RAIRS correspond-
and S|(|”) as a result of oxidation-reduction reaction of SiO. |ng to asymmetric Stretching of O-Si-0 is broad and the wave-
Figure 3a shows Si 2p spectra of XPS for samples of Si2ngth is shifted to the longer side than that of SiO
MS-2, and MS-3. Only one peak appears at 103.2 eV in S-2. Both samples of MS-2 and MS-3 were produced
The feature is smooth and symmetrical. The peak of S-2 Ggith the same experimental conditions with a substrate
incides with the binding energy of S§{103 eV). The result temperature of 650 K. In MS-3, the deposit reacted
agrees with RAIRS measurement. rapidly to form O-deficient amorphous silicates, 380,y
Two peaks are detected in MS-3. The main peak is found MgSiOs_x (x > 0) (we don’t know the ratio of M{pi in the
at 101.3 eV and a broad small peak is found at 98.0 eV. Thamples). At the same time, a small amount of reduced silicon
peak of an olivine, ZrSi@presented by Guittet et al. (2001) igMg,Si and Si) is also produced. As mentioned above, MS-2 is
very close to the 101 eV peak. However the peak of MS-3adsmixture of SiQ, SiO, a product reacted from SiO-MgO and
located on the lower energy side. We tentatively assign MSsilicon. It is thought that gases of Mg and SiO were not mixed
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o because of the registration of the amorphous structure due to
the overlayer. Thus, the underlayer silicates keep their amor-
phous structure.

3.4. Astronomical implications

Broad 10 and 1g&m bands have been observed in emission and
absorption around oxygen-rich evolved stars. Both bands are
usually attributed to amorphous silicate dusts. Various features
were noted in the 814 um spectral range by Little-Marenin
& Little (1990), and they classified them into groups (7 groups
for M Mira variables), 6 groups for oxygen-rich AGB stars,
and 6 groups for red giants (Speck et al. 2000). About 32%
of the M Mira variables show the standard silicate feature (de-
noted as “Sil” by Little-Marenin & Little 1990). The Sil feature
extends from about 8—%4m with a peak at 9.& 0.2um. They
reported a broad 18 micron peak that is often but not always
P B observed with the Sil bands.
105 o 100 95 In some groups, a 14m and a 13:m bands are observed
Binding Energy (eV) in addition to the 1Qum peak. The~12 um peak in M Mira
Fig. 4. Variation of XPS spectra of Si 2p with depth. Total minute¥@riables has been attributed to alumina grain (Onaka et al.

for milling by Ar ions are (1) 0 min (surface), (2) 4 min, (3) 8 min,1989). Though the 1km peak have been attributed to crys-
(4) 12 min, and (5) 16 min. talline silicate (olivine; Little-Marenin & Little 1990), recently

amorphous alumina grains was proposed as the candidate ma-
terial for the broad 1m peak (Miyata et al. 2000; Begemann
well angor the ambient @pressure was S||ght|y h|gher than iret al. 1997) On the other hand, a Spinel which is a double oxide
the experimental conditions of MS-3. of aluminum and magnesium was proposed as the carrier of the
The formation of MS-3 starts from O-deficient silicates, i.et3#m band (Fabian et al. 2001).
Mg,SiO4_x or MgSiQOs_y (X > 0), containing many oxygenva-  Another oxide, Mg 1Fey 900, was proposed as a carrier of
cancies. The structure of the O-deficient silicates is amorphdixg 19.5um feature which is accompanied by 13 andii
due to the O vacancies. The O-deficient silicates are condigatures of oxygen-rich stars (Posch et al. 2002). Authors sug-
ered to be less stable than completely oxidized silicates, s@gsted the existence of a shell dominated by oxide dusts not
as M@SiO, and MgSIiQ. accompanied by silicate dust around the circumstellar space.
The O-deficient Si|icate, for examp|es, WOA—X is more This |mplles that oxides formed undefi@irent physical condi-
unstable than MgSiOs_x for x > X. Thus, when the sec-tion from amorphous silicate dust.
ond layer of MgSiO,_ is formed on the first layer, a small  In the present work, we focus on the dust analog which
amount of O atoms is transferred from the overlayer to the uemits Sil-like spectrum. Our synthesized material MS-3 shows
derlayer and a part of vacancies in the underlayer is occupeedil-like spectrum, although our spectrum was obtained by
by O atoms. Next, the third layer is deposited and O atoms rRAIRS. Gail & Sedlmayr (1999) discussed processes of dust
grate from the second and the third layer to the first and tf@rmation around an M star. They reported that olivine, peri-
second layer, respectively. Further processes continue anddiase (MgO), and a small fraction of quartz (g)@re formed
oxygen migration to the adjacent underlayer always occursiinthe outflow. Kozasa & Sogawa (1997, 1998) and Sogawa
every layer for each step. & Kozasa (1999) calculated the condensation temperature and
Then, thex value of MgSiO,_x and MgSiQ_y decreases crystallized volume fraction of silicate dust formation of a typ-
with depth and silicide of MgSi and silicon is formed near theical aged star with and without ADs as a function of distance
surface. This formation mechanism of MS-3 is supported i§r a given mass-loss rate. Their results show that the con-
variation of XPS spectra of Si 2p with depth shown in Fig. 4lensation temperature without nuclei is ranging fre@90 K
In addition to the decrease of the peak intensity correspondiigass-loss rate= 4 x 10> Mo/yr) to ~400 K (mass-loss
to Mg,Si with depth, the binding energy of the main peak igate= 1 x 10°® Mo/yr).
slightly shifted to higher binding energy side. That is, Siatoms Onaka et al. (2002) observed the infrared spectrum
are more oxidized with depth due to the O atom migration. Tl Z Cyg over an entire light cycle. The object is an oxygen-rich
substrate temperature of 650 K is necessary for the O at®fira variable star. The infrared spectral features indicate that
diftusion to the adjacent underlayer. As a result, silicate formtse dust is amorphous during the light cycle. However, ratios of
as an end member of oxidized product and silicide or silicahe peak height of 10 to the 18n changes during a light cycle.
forms as an end member of reduced product. They attributed it to a change of dust-temperature and they
After receiving O atoms from the overlayer, however, thestimated the highest dust temperature to be+000 K.
amorphous structure is not transformed to the crystalline stebémpson (1991) also assumed the temperature of inner dust

Intnesity (arb. unit)
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shell is in the range 400-800 K. The dust formation in thesg It is suggested by our experiments that around oxygen-

objects occurred at a lower temperature than those assumedich mass loss stars amorphous silicate is formed

previously. through O-deficient silicate when the dust temperature is
The chemical composition (metal composition), oxidation about 650 K or higher.

degree (the ratio of oxygen to metals), mineral compositions,

amorphous or crystalline, have been discussed regarding dust
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