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Introduction:  It has been well known that infrared 

(IR) spectra of astronomical observations and that of 

laboratory measurements revealed the presence of 

crystalline silicate dust (e.g., enstatite, MgSiO3 and 

forsterite, Mg2SiO4,) as well as amorphous silicate dust 

in circumstellar environments (e.g., [1]). In contrast, 

the interstellar dust is almost amorphous [2]. They 

were incorporated into the circumstellar disk of young 

stars, and crystalline silicates could form by heating. In 

order to understand the formation and evolution of the 

circumstellar dust, crystallization of amorphous sili-

cates have been performed (e.g., [3-6]). 

 Imai [5] carried out heating experiments of amor-

phous MgSiO3 prepared by an induction thermal plas-

ma (ITP) technique and obtained the activation energy 

and frequency factor for the crystallization of enstatite. 

In powder X-ray diffraction (XRD) profile of the run 

product heated for 3 hr. at 800 °C, three broad and 

weak peaks at around 9°, 35° and 60° in 2θ appeared in 

addition to an original halo peak of the starting amor-

phous material at around 26° (Fig. 1a,b). After 6 hr. 

heating, weak peaks disappeared (Fig. 1c), and after ≥ 

12 hr. heating, enstatite crystallized (Fig. 1d). An IR 

absorption feature of the amorphous silicate was ob-

served at around 18 μm, which originates from O-Si-O 

bending vibration in the starting material (Fig. 1h). 

After 3 hr. heating at 800 °C, a 22 μm shoulder peak 

grew and intensity of the peak at around 18 μm de-

creased (Fig. 1i). In the spectrum of heating for 6 hr., 

the 18 μm feature grew again while the 22 μm shoulder 

peak became unclear, and after ≥12 hr. heating, 

enstatite crystallized (Fig. 1j,k). These evolutions of 

both XRD pattern and IR spectrum onset enstatite 

crystallization were also observed at different tempera-

tures (780 °C and 820 °C). Previous heating experi-

ments of amorphous Mg-silicates synthesized by sol-

gel method showed the similar weak and broad peaks 

in their starting materials by XRD and these peaks 

disappeared after heating [3,4,6,7].  

These XRD and IR features may be caused by 

structural changes of SiO4 network and/or Mg
2+

 site in 

the amorphous silicates. The 18-22 μm features of the 

IR spectra may also affect the estimation of silicate 

dust species around the circumstellar regions. There-

fore, it is important to elucidate the reason of appear-

ance and disappearance of the XRD and IR features. 

Thus, we measured high energy X-ray diffraction 

(HEXRD) data and extended absorption fine structure 

(EXAFS) spectrum of the amorphous samples to inves-

tigate bond distance and coordination numbers. It 

should be also noted that the amorphous silicates pre-

pared by the sol-gel method may contain H2O or OH 

residue due to insufficient dehydration of the gel alt-

hough there was no evidence. Thus, we examined the 

effect of hydration to the XRD and IR features too. 

Experimental:  The heating experiments were per-

formed using two amorphous MgSiO3. One was syn-

thesized by ITP technique and the other was by sol-gel 

method. Nanometer-sized spherules (typically 70 nm 

in diameter) were produced by ITP technique [5]. By 

spraying slurry composed of Mg(OH)2 and SiO2 in 

ethanol with the Mg/Si ratio of 1 into an ITP chamber 

together with Ar and O2 gas at one atmosphere. They 

evaporated at about 10000 K and amorphous nano-

spheres condensed from the gas by rapid quenching 

(10
4
-10

5
 K/sec). For the sample preparation by the sol-

gel method, Mg ribbons were dissolved into ~10% 

nitric acid solution and mixed with tetraethyl 

orthosilicate and the mixture started to gel. Thereafter, 

~15% ammonia solution was gradually added. Finally, 

the gel was dried at 400 °C over a night [3]. Both 

amorphous MgSiO3 were heated in air at a constant 

temperature ranging from 780 to 850 °C for different 

durations from 0.5 to 240 hr [3,5]. 

The phases of the samples were determined using 

XRD (SmartLab, Rigaku). The samples were mounted 

on a reflection-free sample holder of silicon and ex-

posed to CuKα radiation. For the IR spectroscopic 

measurement, the samples were dispersed and embed-

ded in KBr for mid-IR and in polyethylene for far-IR 

measurements. The spectra were obtained with a Fou-

rier transform IR spectrometer (Nexus 670, Nicolet). 

 The HEXRD measurements were performed with 

a synchrotron X-ray at BL04B2 of SPring-8 and the 

incident photon energy was 61.6 keV [8]. The EXAFS 

measurements were performed in a high-vacuum 

chamber at a soft X-ray spectroscopy station BL11A 

and 11B of the Photon Factory, the Institute of Materi-
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als Structure Science of the High Energy Accelerator 

Research Organization. Powder samples were diffused 

on carbon adhesive tapes on a brass sample holder. X-

ray absorption spectra were recorded by total electron 

yield [9].  

In order to investigate the effect of hydration, we 

performed a hydrothermal alteration experiment using 

the amorphous MgSiO3 prepared by ITP at 150 °C for 

3 weeks with a water/rock ratio of 0.1 by weight under 

saturated water vapor pressure in a Teflon vessel 

sealed by a stainless jacket.  

Results and discussion:  In the HEXRD analysis, 

structural information was obtained by the Fourier 

transformation of the total structure factor S(Q) ob-

tained by normalizing the raw data after several correc-

tions [8], where Q is a scattered angle and inversely 

proportional to the diffraction angle, to a total correla-

tion function, T(r), where r is a real space distance. 

Both the T(r) of the starting material and that of the run 

products of the heating experiments show that the Si-O 

correlation peak  at ~1.62 Ǻ (Fig. 2). This means that 

the Si-O bond of the SiO4 structure did not change. In 

contrast, Mg-O distance of the run product of heating 

for 3 hr. is slightly longer (~2.05 Ǻ) than that of the 

starting material and heating for 6 hr. (~2.00 Ǻ). This 

feature is also supported by the EXAFS data,  suggest-

ing the XRD and IR features are related to the changes 

of the Mg-O distance.  

The XRD pattern of the run product on the hydro-

thermal experiment has three broad and weak peaks at 

around 9°, 35° and 60° in 2θ in addition to an original 

halo peak of the starting material at around 26° (Fig. 

1g). This is similar to that of the sample heated at 

800 °C for 3 hr. (Fig. 1b). The peaks of the hydrother-

mal run product correspond to hydrous phyllosilicates 

(e.g., talc and serpentine) although it is difficult to def-

initely identify a specific phase by XRD alone because 

of their orientation rotation and/or swelling. The fea-

tures observed in the XRD pattern of the run products 

at 800°C for 3 hr. should also correspond to hydrous 

phyllosilicates. The peak positions of the amorphous 

silicate produced by the sol-gel method [3,4,6,7] are 

also similar to that of phyllosilicates. The shift of 18-

22 μm of IR absorption probably results from 

phyllosilicates too. In the ITP method, H2O or OH 

molecules (or H and O separately), which were origi-

nated by decomposition of Mg(OH)2, should be incor-

porated into the amorphous MgSiO3 during the rapid 

condensation. In this case, a possible scenario is fol-

lows: (1) phyllosilicate minerals crystallized from the 

O and H bearing amorphous silicate by heating for 3 

hr., (2) they were dehydrated and became amorphous 

for 6 hr., and finally (3) anhydrous silicate (enstatite) 

crystallized by heating for 12 hr. Although the exact 

amount of the phyllosilicate is unknown, the weak 

XRD peaks suggest that the amount should be small.  

The present results suggest that H2O (or H and O) 

should be included in amorphous silicates condensed 

in circumstellar regions and hydrous silicates may 

form by mild heating, such as at ~1000 K for a few 

hours. They may be observed around the circumstellar 

region of evolved stars on 22 μm IR absorption, alt-

hough more kinetic experiments are needed.   
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Figure 1:  XRD and IR spectra (absorption unit) of 

MgSiO3 amorphous silicates prepared by ITP method 

(P) or sol-gel method (S) and their heating or 

hyrdrothermal run products. 

 

 

Figure 2:  The 

total correlation 

functions, T(r), ob-

tained by HEXRD 

measuremnets. 

Peaks around 1.6 Å 

and 2.0 Å corre-

sponds to the bond 

length of Si-O and 

Mg-O, respectively.  
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