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Synopsis 

Precise X-ray diffraction studies have been carried out under 

high pressure up to 15 GPa for calcium hydroxide (Ca(OH)2) and 21 

GPa for α-quartz type germanium oxide (q--Ge02) in order to clarify 

structural aspects of the pressure induced amorphization. The presｭ

sure variations in X-ray powder diffraction pattern were observed by 

combining a newly developed X-ray experimental system and a diaｭ

mond anvil pressure cell. A program software to control the system 

was origina1ly prepared, which includes many functions such as a 
determination of setting parameters, a measurement of the diffraction 
intensity distribution in a reciprocal plane a.nd so on. It was observed 

that the amorphization of Ca(OH)2 and Ge02 was reversible and irreｭ

versible transition , respectively. The analys:is of crystal structure of 
q-Ge02 as a function of pressure was performed with single crystal 

X-ray diffraction data. The amount of the volume change with respect 

to the transition from a crystalline to an amorphous state was evaluｭ

ated by in situ optical microscopic (OM) observation. under pressure. 

The elastic wave velocity measurement of high pressure amorphous 

Ge02 (a-Ge02) , which was synthesized by the multi-anvil type high 
pressure apparatus , was also undertaken and the equation of state of 
a-Ge02 was deterrnined. It was discovered th.at there was a discrepanｭ

cy between the volume of the transforrned material from single crystal 

q-Ge02 at 6.5 GPa that was evaluated by OM observation and the 

volurne of the synthesized a-Ge02 at 6.5 GPa that was calculated by 

the obtained equation of state. This discrepancy was interpreted by 

the model that two amorphous states existed. The Raman scattering 

spectrurn was rneasured and the result was consistent with this model. 
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91 lntroduction 

A) P1'essu1'e lnduced Amo1'phization 

Non-c1'ystalline mate1'ials att1'act rnany inte1'ests as well as 

c1'ystalline substance and have an irnpo1'tant 1'o1e in many fie1ds. Nonｭ

c1'ystalline mate1'ials have some advantages as follows. 

1: Physical p1'ope1'ties a1'e not 1'est1'icted to a specific di1'ection , 

because non-c1'ystalline mate1'ial is physically isomorphic. 

2: Non-c1'ystalline phases in many materials a1'e easily p1'oduced. 

In spite of the impo1'tance mentioned above , the1'e is an ambiguity in 

c1assifying the st1'uctu1'es of non-crystalline mate1'ials. For examp1e , 

the diffe1'ence between glass and amo1'phous is not c1ear. In o1'de1' to 

avoid the am biguity , in this study the te1'm amo1'phous is defined to 

desc1'ibe a sarnp1e that p1'ovides no rneasurab1e X-ray diff1'action peak. 

P1'essu1'e induced arno1'phization at ambient temperature was 

discove1'ed by Fuj� et al.(1) , (2) and some materials in Tab1e 1-1(3) 一 (10)

we1'e known to be amo1'phous by comp1'ession. 

Few general 1'u1es for the p1'essu1'e induced amo1'phization we1'e 

found(11) ー(14). Mishima et al. (15) , (16) pointed out that the arno1'phization 

occu1'1'ed along the extrapo1ation of the me1tjng line. However , it has 

not been su1'e that every mate1'ial desc1'ibed in Tab1e 1-1 is t1'ansｭ

formed to amorphous state under such condition and furthermore , the 
physical meaning to extrapo1ate the me1tmg line is not c1ear. 
B) Ca(OH)2 

(1) StructuI叫 aspect

Ca(OH)2 is an industrially important .rnate1'ial. For exarnp1e , 
Ca(OH)2 is ut註ized as rnate1'ial for const1'uction such as Po1't1and 

cement. The crystal structure of Ca(OH)2 co1'1'esponds to the structure 

of CdI2 if OH is treated as a sing1e anion (Fig.1-1). Its space g1'oup is 

P3m1 and it is cha1'acterized by sheets of 1inked Ca(OH)6 

octahed1'a (17) . 

Recent1y , it w邸 reported that Ca(OH)2 was t1'ansformed from a 

c1'ystalline to an amo1'phous state unde1' a high p1'essu1'e at about 12 

GPa and 1'oorn ternpe1'atu1'e(8). Howeve1', the detailed mechanism of the 

arno1'phization is still unknown. 

(2) Ana10gy of Mg(OH)2 

The st1'uctu1'e of Mg(OH)2 is also CdI2 type. Both Ca and Mg a1'e 

alkaline-ea1'th rnetal e1ements. Since the ionic 1'adius of Mg is srnalle1' 

than Ca, st1'uctu1'al change is expected to be found unde1' high presｭ

sures in Mg(OH)2 if it occurs. The behavior of Mg(OH)2 under high 

pressure is , however , inte1'esting f1'om the earth scientific point of 

view , because 凶 g(OH)2 is one of the H20 resE~ 1'voi1's within the earth's 

mantle. The1'efore , dehydration of Mg(OH)2 unde1' high pressure is 
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one of the themes for earth science(18). 

C) Ge02 

(1) Structura1 aspect 

There are two stable polymorphs (α-q uartz and rutile types) of 

Ge02 (Fig.1-2)(19). For convenience sake ， α-quartz type and rutile 

type Ge02 are abbreviated to q-Ge02 and r-Ge02 , respectively. As 
shown in Fig.1-3 , q-Ge02 is stable under high temperature at ambient 
pressure. However, q-Ge02 can be metastably quenched under room 
condition. 

The space group of q-Ge02 and r-Ge02 is P3121 and P42/mnm , 
respectively(20) , (21) , (22). The structure of q-Ge02 is characterized by 

a Ge04 tetrahedral framework system and a germanium atom is coordiｭ

nated by four oxygen atoms. On the other hand, a germanium atom in 
r-Ge02 is surrounded by six oxygen atoms in distorted octahedral 

coordination. This polymorph is dense compared with q-Ge02 and the 

density of q-Ge02 and r-Ge02 is 4.2 and 6.3 g/cm 3, respectively. 
(2) Ana10gy of Si02 

Ge02 h凶 a crystal chemical analogy of Si02(23). Both Ge02 and 

Si02 have α-quartz type and rutile type polymorphs.α-quartz (Si02) 

is one of the ma.jor component minerals in the earth's mantle. We 

could not understand the phenomena in the earth's mantle without the 

knowledge of the behavior of Si02 under high pressure. 

Recently , it was reported thatα-quartz (Si02) was transformed 
from a crystalline to an amorphous state between 25-30 GPa at room 

temperature(3). However , the detailed mechanism of the amorphization 
of α-quartz is still unknown. The transition pressure is a little too 

high for several experiments such as X-ray single crystal experiment. 

On the other hand, the amorphization of Ge02 occurs at about 6.5 GPa 
which is in the region possible to perform several experiments(24) , (25). 

To investigate the amorphization of q-Ge02 gives hints to understand 

that of α-quartz. From this time forward , the high pressure amorｭ
phous Ge02 is abbreviated to a-Ge02 for convenience. 

D) X-ray Scattering Study for the Structural Transition 

X-ray scattering is recognized as the most powerful tool availｭ

able for the study of the structural transition of solids , because Xｭ
ray diffraction pattern is related directly to the structural symmetry. 

The in situ X-ray observation has been undertaken at various temｭ

peratures and pressures. For such observation , a temperature and/or 

pressure controller is installed in the X-ray experimental instrurnent. 

The information concerning not only long range order such as 

crystal syrnmetry but also short range order is acquired by the 

observation of X-ray djffuse scattering(26). To understand the dynam-
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ics of the structural transition , we need to know the short range 
order that is affected by nuclei and embryo in the process of crystalｭ

lization (27) . 

However, we can hardly get intense signal in the case menｭ
tioned above , because the intensity of the djjffuse scattering is almost 
one-hundredth that of the dnfraction and the sample space is often 

limited when some devices are used for the intensity measurement 

under the desired physical condition. 

The object field for X-ray scattering study would be expected 

to be wide n weak signal could be detected effectively. 

As mentioned above , to investigate the behavior of Ca(OH)2 and 
q-Ge02 under high pressure is important both industrially and earth 

scientnically. A main purpose of this investigation is to clarny the 

structural aspects of the pressure 泊duced amorphization of Ca(OH) 2 

and q-Ge02. Further, the development of the new X-ray experimental 
system for gett江19 an excellent X -ray scattering spectrum is also one 

of our purposes. 
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Tablcl-l 八 morphizlltion prcssure of some matεrials 

Material Amorpruzation 
Pressure (GPa) 

SnI4 
Si02(α-quartz) 
Si02 (coesite) 

AlP04 
LiKS04 
CaAl2Si20a 
Fe2Si04 

Ca(OH) 2 

Ge02 

10 
25-30 
30-34 

15 
13 
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39 
12 
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Fig.l-l Crystal structure of Ca(OH)2 
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92 Experimental 

92-1 Newly Developed X-ray Experimental System 

A) Specification 

A position sensitive detector (PSD) (Inel CPS-120) , a four-circle 
diffractometer (Huber D-8219) and a rotating anode X-ray generator 

(Rigaku RU-200) are major components of the newly developed X-ray 

experimental system (28). For convenience sake , the system is abbreviｭ
ated to PF system (P and F denote PSD and four-circle diffractometer , 
respectively). The detector and goniometer are controlled by a peト

sonal computer through CAMAC and IEEE-488 bus , respectively (Fig.2-
1-1). The program software to control the system was originally 

prepared by the author. 

B) Purpose 

The biggest advantage of the PF system is to observe the 

scattering intensity of many (512-4096) scattering vectors sirnultaneｭ

ously. Therefore , the required measurement period when the PF 
system is used is about 103 times shorter than the case when a po註lt

detector such as scintillation counter (SC) is used，立叫1 other condiｭ

tions are same. The main purpose of this system is to get high S/N 

ratio for weak signal (e.g. 回 the case of the 泊 situ X-ray experiment 

under high pressure) in a short time. 

C) Functions 

Functions as follows could be executed by using the software. 

(1) Powder diffractometer 

The observable region of PSD is wide to 120 degree and PSD 

could be used as a powder diffractometer without scanning. The 

required angular calibration of PSD is carried out automatically with 

Si powder diffraction data by the software. 

The geometry for the in situ X-ray measurement under high 

pressure with a diamond anvil pressure cell (DAC) is shown in 

Fig.2-1-2. The alignment of the DAC is conducted with a SC set at 

2θ =0
0

• The DAC is set on the stage that is: able to move in the two 

direction perpendicular to the incident beam. The beam intensity 

through DAC is monitored by the SC as arrang註19 the position of the 

DAC. The sample room is set on the goniometer's center , when maxiｭ
mum intensity of the monitored beam is obtained. If sample room is 

not on the beam line , the incident beam is blocked by a metal gasket. 
(2) Establishment and refinement of setting jJarameter 

In the single crystal X-ray experiment , the setting parameter 
must be known in prior to all other measurements(29). Establishment 

and refinement of setting parameter are carried out in this system as 

a following procedure. 
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1: Some reciprocal points near origin are searched by the 

ω ， X ， φro七ation.

2: Determination of setting parameter is made by the vector 

minimum method (30) with the coordin.ates of those points. 

3: Reflections having appointed hkl 註ldices are observed and 

the coordinates of the reciprocal po:ints are determined. 

4: The setting parameters are refined by least square method 

with the appointed hkl indices and the observed coordinates. 

(3)ω-sweep mode 

One of the weak poi工ltS of s註19le erystal X -ray diffraction 

measurement is to need the 2θ ， ω ， X ， φrotation drives for individｭ

ual reflection. Therefore , it takes a considerably long measurement 
time to collect diffraction intensities of reflections large enough for 

the structure analysis. PF system makes it possible to do so with 

single crystal as a following procedure (named "ω-sweep mode"). 

1: A reciprocal plane involving an origin is moved in a horizonｭ

tal plane (a detector plane) by combining the � and X 
rotations (see Appendix 1). 

2: Counting of scattering photons is ca.rried out with ωcont註1一

uous scanrnng. 

Fig.2-1-3 is an example of the data observed by this function. It 

looks like a powder diffraction pattern and four peaks (five reflecｭ

tions) were detected.ω-sweep mode needs OIﾙy a simple movement (ω 

rotating) and some reflections could be observed for a short time. For 

a sample having simple symmetry , lattice constants can be easily 
determined by us註19 this method. 

We could get the scattering intensity distribution in the recipｭ

rocal plane OIﾙY by changing the ωcontinuous scanning to the step 

scanning in the procedure 2 mentioned above. Therefore , the measｭ
urements of diffuse scattering and/or supper-lattice reflection could 

be performed easily (see S2-3-(C)). 
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92-2 Pressure lnduced Amorphization of Ca(OH)2 

A) Powder X-ray Diffraction Measurement under Pressure 

by Angular Dispersive Method 

(1) Experimenta.1 details 

In situ X-ray powder diffraction measurements under high 

pressure were carried out by the X-ray angular dispersive method. 

Reagent grade Ca(OH)2 was purchased from Nacalai Tesque Inc. The 

diamond anvil pressure cell (DAC) that was originally designed by 

Yamaoka et al. (31) was used. Both two diamonds 註1 DAC had 0.5 mmφ 

culets. The sample chamber was 0.1-0.2 mmφhole drilled 註1 stainless 

steel foil which was 訂litially 0.2 mm thick and preindented to a thickｭ

ness of about 0.1 mm. The mixture of methanol : ethanol = 4 : 1 was 

used as a pressure transmitting medium (PTM) (32). Pressure was 

determined by the shift of R1 fluorescence line of ruby(33). (34). 

In case of the experiment under high temperature and pressure , 
江lternal sample of NaCl was used as a pressure gauge and no liquid 

PTM was used. Ni-Cr ring heater was installed around one of the two 

diamonds. Temperature w回 measured by a Pt-Pt/Rh13% thermocouple 

contact with another diamond. 

PF system mentioned in 92-1 was used. A Mo target rotating 

anode X-ray generaωr wωused under the condition of 50 kV and 150 

mA with a normal focused filament and pyrolytic graphite (002) reflecｭ

tion was utilized as a monochrometor. 

(2) Results 

Change 泊 diffraction pattern with increasing pressure at room 

temperature was me邸ured (Fig.2-2-1). We observed three reflections 

of 001 , 100 and 101 under low pressure region up to about 7 GPa. 
However , we could observe only 101 refleetion and weakened 100 
reflection at 9.7 GPa. No diffraction line of Ca(OH)2 was observed 

above 12 GPa. On decompression , the diffraction lines reappeared at 
pressures between 4 and 2 GPa (Fig.2-2-2). 

Temperature dependence of the diffraction pattern after comｭ

pression up to 12 GPa was investigated. New diffraction lines marked 

by arrow in Fig.2-2-3 were observed on raising temperature. Since 

these new lines had weak intensities , we could not determine the 
crystal structure. Those lines were also observed after quenched to 

room temperature under the compressed condition (Fig.2-2-4). As 

decreas江19 pressure to 1 GPa, the diffraction lines of start江19 material 
reappeared. The new lines appeared on heating were also observed at 

1 GPa. However , these lines disappeared on decompression to atmosｭ
pheric pressure. 
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B) Powder X-ray Diffraction MCllSurement under Pressure 

by Energy Dispcrsivc 門 cthod

(1) Experimental Details 

1n situ X-ray powder diffraction measurements under high 

pressure were performed by the X-ray energy dispersive (ED) methｭ

od (35). The sample , DAC and gasket were sam.~ as mentioned in 92-2-
(A). The mixture of methanol : ethanol = 4 : 1 was used as a PTM. 

Pressure was determined by ruby fluorescence method. 

X-ray diffraction patterns were observed at BL-4B station of 

Photon Factory. Synchrotrons radiation white X-ray was used as an 

incident beam. The divergence of the incident beam was as small as a 

0.08 mm square by slit system. Diffraction was detected by an 包ltrin­

sic Ge solid state detector. Diffraction angle was set to 16 0

• 

(2) Results 

Since divergence of synchrotrons radiation was very small, only 
a sample could be irradiated. A diffraction pattern included no d立­

fraction lines of a metal gasket as shown in Fig.2-2-5. We could 

observe ED diffraction lines having small d-values that were in the 

range up to 30 keV. 

Lattice constants were determined by a least square method 

with six observed 001 ,100 ,111 ,102 ,110 ,101 reflections (Table2-2-1 , Fig.2-
2-6). However , we observed only three reflections at 8.5 and 10.0 GPa. 
Therefore , the lattice constants at 8.5 and 10.0 GPa were determined 
with those three reflection data. The axial ratio of c/a decreased with 

increasing pressure (Fig.2-2-6). Pressure dep(~ndence of the unit cell 

volume is shown in Fig.2-2-7. The isothermal lbulk modulus Kt and its 

pressure derivative Kt' were deterrnined to be 30.4(2.9) GPa and 

8.6(1.8) by fitting V /Vo to the Birch-Murnaghan's equation of 

state(36) , (37) (Fig.2-2-7). 

3.. 1 IV" ¥.1 I V ,,\\ ¥ r. 3 1 ., , .." IIV () ¥) .. ¥ 1 
P 二一 K. ~ (;;O)_{;;O)} 11 +ー( K t ' -4 ) { (i;O) -1 ~ 1 
2nt¥¥VI ¥V/Jl.& 4¥"t T'¥¥VI ...., J 

where P is pressure , V and Vo is voJlume at P and ambient 
pressure , respectively. Previous Brillouin scattering measurements 
determined adiabatic bulk modulus Ks=31.7(2.5) GPa(38). 1n general, the 
difference between adiabatic and isothermal bulk modulus falls within 

a few percents. Therefore , our results are consistent with the Brillouｭ

in measurements. On the other hand , Meade et al. (39) determined 
Kt=37.8(1.8) GPa and Kt'=5.2(0.7) by X-ray powder diffractometry. 

However , their results are considered to be incorrect, because they 
did not use ﾐ. liquid PTM and the non-hydrostatic effect should be 

considered. 
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Table2-2-1 Lattice constants as a function of pressure 
for Ca(OH)2 

m
 
n
 

0.4804(0.0004) 
0.4699(0.0006) 
0.4642(0.0003) 
0.4592(0.00005) 
0.4553(0.0003) 
0.4537(0.01002) 
0.4504(0.01012) 
0.4457(0.0017) 

C a (nm) 

0.3581 (0.0001) 
0.3557(0.0002) 
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~2-3 Pressure lnduced Amorphization of Ge02 

A) powder X-ray Diffraction Measurement under Pressure 

(1) Experimenta1 Details 

The reagent grade q-Ge02 powder was purchased from Nacalai 

Tesque lnc. and the powder was annealed at 1200 K for 24 hours. The 

DAC and gasket were same as mentioned in s2-2-(A). Pressure was 

generated with and without a PTM to investigate the effect of shear 
stress on the amorphization. Kerosene , water and the mixture of 
methano1 : ethano1 = 4 : 1 were used as a PTM. 

X-ray diffraction experiments were carr:ied out with PF system 

mentioned in 92-1 at room temperature. 

(2) Results 

Change in diffraction pattern with increasing pressure was 

investigated. There was a discontinuous 10ss in the diffracted X-ray 

intensity from q-Ge02 between pressures of 6 and 8 GPa (Fig.2-3-1). 

The effect by the variation of PTM was seen in the difference of the 

broadness of the diffraction line on compression. On decompression , 
the effect was obvious as follows. In case of no PTM , kerosene and 
the alcoho1 mixture, no diffraction line was observed after decompresｭ
sion to atmospheric pressure independent of peak pressure (the term 

"peak pressure" denotes the maximum pressure of each experiment) 

(Fig.2-3-2). On the other hand, in case when water was used as a 
PTM and peak pressure Was be10w 15 GPa, the 101 reflection of qｭ
Ge02 reappeared on decompression (Fig.2-3-3). However, after the 
samp1e was compressed above 20 GPa, no diffraction line was observed 
as decreasing pressure to atmospheric pressure independent of PTM 

(Fig.2-3-3) . 

q-Ge02 was transformed to the amorphous state by compression 

at am bient temperature. The activation energy for the amorphlzation 

was considered to be quite sm a1l, because heating was unnecessary 

for the transformation (i.e. the transformation was considered to take 
p1ace without diffusion process). In most pressure induced transition 

without diffusion process, the reverse transition takes p1ace on 
decompression. In this amorphization of q-Ge02 , reverse transition 
from the amorphous to the crystalline phase occurred only in the case 

when water was used as a PTM and peak pressure was be10w 15 GPa. 

lt was understood that water worked as a catalyst for the reverse 

transition (40) • Possibility of existence of reverse transition will be 

discussed in 93-2. 
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B) Single-Crystal X-ray Diffraction Measurementシ of α-quarlz type 

Ge02 under Pressure 1 

(1) Sample Preparation 

A s註19le-crystal of q-Ge02 was grown with the aid of Li2Mo207 

flux by slow cooling(41). The synthesis of the single-crystal was perｭ

formed by the following procedure. Reagent grade Li2C03 , M003 and 
q-Ge02 were purch鎚ed from Nacalai Tesque Inc. Li2Mo207 was preｭ

pared by reacting Li2C03 and M003 powders 泊 a Pt crucible at 1100 

K. q-Ge02 (1.0 g) and Li2Mo207 (11.5 g) were heated to 1400 K 泊 a Pt 

crucible for 12 hours and cooled from 1400 K at rates 3 K/hour to 

1100 K. The sample was rapidly cooled from 11.00 K to room temperaｭ
ture. The q-Ge02 s註19le-crystals were synthesized in the flux glass. 

The single crystals were grown up to 5 mm x 5 mm x 3 mm at maxiｭ
mum. 

(2) Experimenta1 Deta.ils 

A s江19le-crystal having dimensions of 0.0:8 mm x 0.08 mm x 0.03 

mm was used for the X-ray diffraction measurement. Quality of the 

crystals was examined and no trace of existence of twin was confirmed 

in advance of the diffraction experiment by us:ing a polarizing microｭ

scope. 

The DAC and gasket were same 邸 mentioned in S2-2-(A) Berylｭ

lium mount disks for diamond support in the DAC were used to collect 

diffraction lines as many as possible(42). The q-Ge02 single-crystal 

was put on the diamond with silicon grease and a ruby tip 出 a

pressure gauge hav江19 dimensions of 0.02 mm x 0.02 mm x 0.01 mm 

was put on another diamond with silicon grease. The mixture of 

methanol : ethanol = 4 : 1 was used as a PTM. 

The X-ray diffraction experiments at room temperature were 

performed on a four-circle diffractometer (Rigaku AFC-6). A convenｭ

tional Mo target X-ray tube was used under the condition of 35 kV 

and 30 mA. Pyrolytic graphite (002) reflection was used as a monoｭ

chrometor. The divergence of the incident beam was controlled in a 

0.8 mmφcollimator. Intensity measurements were carried out with ω-

2θscan technique for reflections in the range of 28 <50 0

• The scan 

speed was 1 degree/minute 註1 2θ. Lattice constants were determined 

by least square method using 8-10 reflections in the range of 

30
0 く28 <40 0

• 

(3) Results 

We observed reflections at pressure up to 5.8 GPa. However , no 
reflections could be detected above 6.5 GPa (see 92-3-(D)). 

The pressure dependence of lattice constants was investigated 

(Table2-3-1 , Fig.2-3-4). The axial ratio of c/a increased with increas-

n
J
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f
u
 



江19 pressure (Fig.2-3-4). The isothermal bulk modulus Kt w邸 deter­

mined by fitting V jVo to the Birch一Murnaghan's equation of state. We 

determined Kt=32.7(3.3) GPa and Kt'=6.0(2.2) (Fig.2-3-5). Based on the 

assumption that Kt'=4 , the value of Kt was determined to be 36.0(0.8) 
GPa. The determined value is smaller than Kt=3B.0 GPa (Kt'=4.0) deterｭ

mined by Sowa et al. (14) with X-ray single crystal diffraction data. 

The pressure dependence of the reflection intensity was invesｭ

tigated. No remarkable change of the intensity was detected for reｭ

flections which were observed under all pressure conditions in case 

of F>3 a (F) (F and σ(F) denote the observed structure factor and its 
deviation , respectively). The sum of the observed structure factors 
for such ref1ections under each pressure is shown 江1 Fig .2-3-6 (No 

ref1ections were observed under 6.5 and 7.:3 GPa. Therefore , the 
structure factors under 6.5 and 7.3 GPa were treated as 0 , respective-
ly). 
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Table2-3-1 Lattice constants as a function of pressure 
for q-GeOz 

P (GPa) a (nm) c (nm) 

9
9
3
4
0
3
7
3
3
9
 

0
1
2
2
3
3
3
4
5
5
 

0.4940(0.0003) 
0.4880(0.0002) 
0.4867(0.0002) 
0.4840(0.0007) 
0.4829(0.0002) 
0.4826(0.0003) 
0.4820(0.0002) 
0.4781 (0.0004) 
0.4749(0.0001) 
0.4737(0.0004) 
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0.5611 (0.0006) 
0.5600(0.0004) 
0.5589(0.0003) 
0.5578(0.0011) 
0.5569(0.0004) 
0.5582(0.0004) 
0.5577(0.0004) 
0.5551 (0.0006) 
0.5533(0.0003) 
0.5528(0.0018) 



C) Single-crystal X-ray Diffraction Measurement of α-quartz type 

Ge02 under Pressure II 

(1) Experimenta1 Details 

The sample and method to generate pressure were same as 

mentioned in 92-3-(B). X-ray diffraction experiments were carried out 

with PF system at room temperature. A Mo target rotating anode Xｭ

ray generator was used under the condition of 50 kV and 100 mA. 

Pyrolytic graphite (002) reflection was utilized as a monochrometor. 

The divergence of the incident beam was eontrolled 泊 a 0.8 mmφ 

collimator. The measurements of scattering intensity to get a threeｭ

dimensional peak profile were done in a following procedure. Firstly , 
the ω ， X ， φangles were determined so that maximum scatter泊g

intensity for each reflection was observed. Secondly , scattering intenｭ
sity was measured with 0.1 0ωstep scanning in the range of the 

determined ωangle 土 0.3
0

. Namely , we observed seven peak profiles 
for each reflection on different ωangle. 

(2) Results 

Four reflections of 110 , 103 , 013 and 105 were observed under 
pressures up to 5.6 GPa. The observed reflection profiles with ωrota­

tion were shown in Fig.2-3ー7. The pressure dependence of peak proｭ

files was investigated. Fig.2-3-8 shows the profiles having maximum 

scattering intensity of seven observed profiles at each pressure. No 

remarkable change as a function of pressure was observed , although 
the peak position shifted toward higher 28 angle side as increasing 

pressure. 

The seven observed profiles for one reflection on different ω 

angle provided a three-dimensional profile BLS schematically shown in 

Fig.2-3-9. We also investigated the change of the three-dimensional 

profiles on compression. As shown in Fig.2-'3-9, the profiles did not 
change remarkably up to 5.6 GPa. Judg註19 from the experimental reｭ

sults mentioned above , no noticeable disorder of crystal symmetry 
occurred at least up to 5.6 GPa. 

It was reported by Hazen et al. (43) that the diffraction line of 

α-quartz (Si02) broadened at about 15 GPa which was almost 10 GPa 

below its amorphization pressure. Our result on q-Ge02 is inconsistent 

with the report on Si02. 
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D) Optical Microscopic Observation of Single-Crystal 

α-quartz type Ge02 under Pressure 

(1) Experimental Details 

1n situ observation under high pressure was carried out by 

combining the DAC and the microscope. The sample and method to 
generate pressure were same as mentioned in ~2-3-(B). Pressure was 

controlled by manual and the increasing rate of pressure was kept 

not to exceed 0.1 GPa/second. Change of transmitting light image with 

increasing pressure was recorded by a high speed video tape-recordｭ

er (Nac HSV-200). The high speed video tape-recorder recorded 200 

flamesjsecond. 

The system that consisted of a work station (Sony NWS-831 ), a 

flame memory processor (Sony NWB-224 ), a time b凶e corrector (N aｭ

tional AV-6350) and a video tape recorder (National NV-8950) was used 

as a image da七a processor. U sing such system , the image recorded by 
the video tape-recorder was divided to 768 x 480 pixels and the 

brightness of each pixel was classified by 2!56 grade. 1n this experiｭ

ment, 1 pixel corresponded to the square having dimensions of about 
0.7 x 0.7μm. The edge of crystal was apparently dark and was 

detected easily. Therefore , we could evaluate the occupied area by 
crystal in the image. 

(2) Results 

1t was observed that the transparent crystal abruptly changed 

to be translucent by compression. As soon as the change of the 

transparency was observed , pressure was mec:tSured and determined to 
be 6.5 GPa. Further , we performed X-ray dliffraction experiment for 
the sample and observed no diffraction line. Judging from these 

results , the change of the transparency was considered to be caused 
by the amorphization. 

To investigate the change in transparency with time , we 
checked the image flame by flame. The change was completed within 

one flame. Therefore , the transformation was completed within time 
duration shorter than 0.005 second. The change of the sample area in 

the image was investigated by the image data processing system 

mentioned above. As shown in Fig.2-3-10 , the area was shrunk by 5-
7% through the transformation. Assuming that an isotropic shrinkage 

occurred , the change in volume w回 evaluated to be 7-11%. The inｭ

creasing rate of pressure did not exceed 0.1 GPa/second. Therefore , 
the area change was not caused by elastic deformation , but by the 
transformation. Further , the area of the translucent material did not 
change markedly 註1 0.15 second from the onset of the transition 

(Fig.2-3-10). Namely , the amorphization completed within time duration 

i
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shorter than 0.005 second. Frorn this tirne forward , we treat the 
observed translucent rnaterial as high pressure arnorphous Ge02. For 

convenience sake , the observed translucent material is abbreviated to 
aーGe02(OM).

The change in transparency with the arnorphization was considｭ

ered to be explained as follows. The amorphization took place with 

volume change of 7-11 % mentioned above. If nucleation occurred in 

several places of the single-crystal, shear stresses in the transformed 
area were caused by the volume change. S註19le-crystal had to be 

polycrystallized for the relaxation of the shear stresses. For 凶1 of 

surface induced by the polycrystallization, reflection of the sarnple 
was increased. Therefore , the transparency of the sample was de-
creased 
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E) Synthesis ll.nd Mea.surcments of the Density ll.nd 

the Elastic Wll.ve Velocity of lligh Pressure Amorphous Ge02 

(1) Experimenta1 Detai1s 

High pressure synthesis of a-Ge02 was carried out using a 

uniaxial split-sphere apparatus at the Institute for Study of the 

Earth's Interior of Okayama University. The q-Ge02 sample mentioned 

in S2-3-(A) was used as a starting mater�. The starting material 

charged in Pt capsule was put into the center of MgO octahedron. 

Samples were quenched from 13, 14 and 20 GPa. For convenience sake , 
the sample quenched from 13, 14 and 20 GPa are abbreviated to 
Sample-13 , Sample-14 and Sample-20 , respectively. 
Density and elastic wave velocity of the quenched samples were 

measured. The Berman density torsion balance was used for the densiｭ

ty measurement. Toluene was used as an immersion liquid. Measureｭ

ments were repeated 3-5 times for each sample. 

The pulse-repetition frequency (inversion of the travel time) for 

the elastic velocities under pressure up to 3 GPa was measured by 

the pulse-echo-overlap method (44). (45). The sample was inserted in a 

cylindrical Teflon capsule with silicon grease as a pressure transmitｭ

ting medium and was compressed with a uniaxial split-sphere type 

high pressure apparatus. LiNb03 was used a.s a transducer and CuZn 

was used as a buffer rod. 

(2) Results 

The X-ray powder diffraction measurements for the all quenched 

samples were carried out with a vertical type diffractometer (RIGAKU 

RAD-II A). As shown in Fig.2-3-11 , no sharp diffraction line was obｭ
served for each sample , although weak and broad peak near 26 0

註1

2θw邸 observed for Sample-13 ,14. 

The densities of Sample-13 ,14,20 were determined to be 4.4 , 4.8 
and 5.3 gjcm 3 , respectively. 
The pressure dependence of the travel time was investigated 

for Sample-13 ,14 ,20 (Fig.2-3-12). The elastic wave velocity v , the 
travel time T and the length of the sample 1 have following relation 

(1). 

21 
u= 寸 (1)

The length of the sample under pressure was obtained as following 

procedure. Sample-13 ,14 ,20 could be treated as the material having 

elastic isotropy , because Sample-13 ,14 ,20 were the aggregate of 

powder. For such material , adill.batic compressibility K s , elastic wave 

velocity can be represented by relll.tion (2). 
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土 = ρ(vp2 - 3u s2)(2)
where ρis the density , Vp  is the longitudinal wave velocity , Vs  

is the shear wave velocity. 

The isothermal compressibility K t is calculated by relation(3). 

α2T 
Kt = K s +ρCp (3) 

where αis the thermal expansion coefficient, T is temperature , 
Cp is the heat capacities at constant pressure. 

S江lceαand Cp were unknown for Sample-13 ,14,20 and in general the 

difference between K t and K s is within a few percents , here K t is 
approximated by K s. 

κt と守 K s (4) 

In accordance with a small increment of pressure ム P ， an increment of 

volume ム V is expressed by follow江19 relation (5). 

ムV
マ 二 Kt ム P (5) 

where V and K t is the volume and the isothermal compressibiliｭ

ty at P. For the elastic isotropic material, the length of the sample at 
P and P+ム P are expressed by following re1ation (6). 

子=( 1 -守 )τ (6) 

where 1 and l' is the 1ength at P and P+ム P.

The trave1 time at P+ム P is obtained by fitting a series of experimenｭ

tal data to the following po1ynomial relation (7). 

T(P) 二 ao+a 1 P+a2p2 + 一.. . (7) 

where T(P) is the travel time at P , ai( i:=0 ,1 ,2…) are constants. 
The ultrasonic wave ve10city v' at P+ム P was obtained with l' 註1 re1aｭ

tion (6) and T(P+ム P) in re1ation (7). 

, 21 ' 
ム p) (8) 

The volume V' at P+ム P is expressed by following relation (9). 

子1 -κtムP (9) 

The pressure dependencies of the elastic wa.ve velocity and of the 

volume were obtained (Fig.2-3-13 ,14) by repeating the sequence of the 

procedure. The isothermal bulk modulus Kt and its pressure derivaｭ

tive Kt' were obtained by fitting V;Vo to the Birch-Murnaghan's 

equation of state. Kt and Kt' for Sample-13 ,JL4 ,20 were determined to 

be 52.2(0.3) , 60.4(0.4) , 76.6(0.9) GPa and 7.6(0.4) , 7.4(0.4) , 9.6(1.0). 
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F) Raman Scattering Experiment 

(1) Experimenta1 Details 

In situ Raman scattering experiment under high pressure was 

performed. The sample and DAC were same as mentioned in ~2-3ー(A).

The mixture of methanol : ethanol = 4 : 1 was used as a PTM. Microｭ

Raman scattering measurements were carried out by using an polyｭ

chrometor (SPEX 1877) and a diode array detector (Pr泊ce句n Instruｭ

ments Inc. h/SIDA-700). The Raman scatter泊g was observed in a back 

scattering geometry with the 488 nm line of an Ar+ laser (NEC 

GLG3300). 

(2) Results 

The observed Raman spectrum of q-Ge02 at ambient pressure is 

shown in Fig.2-3-15. The spectrum is characterized by an extremely 

strong A1 band at 441 cm -1 (48) J (47). Change in the spectrum with in-

cre鎚ing pressure was 泊vestigated (Fig.2-3-16). As shown 泊 Fig.2-3-

16, the Al band was observed under pressure up to 6.0 GPa. However, 
no sharp peak was detected above 6.5 GPa. The pressure dependence 

of the frequency shift of the Al band by compression was investigatｭ

ed (Fig.2-3-16). As shown in Fig.2-3-16 , the frequency of the Al band 
shifted toward higher frequency side. The phenomena are consistent 

with the result by Wolf et a1. (48). 

The Raman spectra of the quenched sample from several presｭ

sure were observed. The spectrum of the quenched sample from 6.0 

GPa was same as that of the starting q-GeO~~. However, the spectrum 
of the quenched sample from 12 GPa was different from that of the 

starting (Fig.2-3-17). We could observe 3 bands marked in this 

Fig.2-3-17, although each peak was weak and broad. Two bands near 
400 and 700 cm-1 was considered to correspond to the observed bands 

of the quenched sample from 20 GPa by Wo1f et al. (48) (They assigned 

the band at 700 cm-1 as Alg of r-Ge02). The band near 450 cm-1 w郎

considered to be the A1 band of q-Ge02. 
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92-4 Summary of Experimental Results 

We performed several experiments to investigate the pressure 

induced amorphization of Ca(OH)2 and q-Ge02. The results are summaｭ

rized as follows. 

A) Ca(OH)2 

By powder X-ray diffraction measureme:nts 

(1) The amorphization occurred at pressures between 10 and 12 

GPa by compression (s2-2-(A)). 

(2) The isothermal bulk modulus and its pressure derivative 

were determined to be 30.4(2.9) GPa. and 8.6(1.8) , respectiveｭ
ly (S2-2-(B)). 

(3) High pressure amorphous Ca(OH)2 was recrystallized on 

decompression (S2-2-(A)). 

(4) High pressure amorphous Ca(OH)2 w俗 transformed to a 

crystalline state at 450 K by raising temperature under 

pressure (s2-2-(A)). 

B) q-Ge02 

By powder X-ray diffraction measurements 

(1) The amorphization was brought about at pressures between 

6.0 and 8.0 GPa (S2-3-(A) ,(B) ,(F)). 

By single-crystal X-ray diffraction meru;urements 

(2) The isothermal bulk modulus and its pressure derivative 

were determined to be 32.7(3.3) GPa. and 6.0(2.2) ,respectively 

(s2-3ー(B)). 

By optical microscope observations 

(3) The volume change by the amorphization was evaluated to 

be 7-11 % (S2-3ー(B)). 

C) aーGe02
By powder X-ray diffraction measurements 

(1) a-Ge02 was not transformed to q-Ge02 on decompression to 

0.1 MPa in the most experimental conditions (S2-3-(A)). 

By density measurements 

(2) The density of Sample-13,14,20 w邸 4.4 ， 4.8 and 5.3 g/ cm 3 , 
respectively (s2-3一(E)). 

By elastic wave velocity measurements 

(3) The isothermal bulk modulus and its pressure derivative of 

Sample-13 ,14,20 were evaluated to be 52.2(0.3), 60.4(0.4), 
76.6(0.9) GPa and 7.6(0.4) , 7.4(0.4) , B.6(1.0) (S2-3-(E)). 

By Raman scattering measurements 

(4) The band at 700 cm-1 was observed in the spectrum of the 

sample quenched from 12 GPa. It may be assigned as Alg 

mode of r-Ge02 (s2-3-(F)). 
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~3 Discussions 

93-1 Pressure Induced Amorphizatぬn of Ca(OH)2 

(A) Driving Force of the Amorphization 

A transformation under high pressure is often caused by shear 

stress(49). (50). The experiments under hydrostatic and non-hydrostatic 

pressure were performed to investigate the effect of shear stress on 

the amorphization of Ca(OH)2. It w回 shown that no remarkab1e diffeト

ence by hydrostaticity was detected in the observed X-ray powder 

diffraction patterns. Further, in the amorphization of Ca(OH)2 , reverse 
transition from the amorphous to the crystalline phase took p1ace. As 

mentioned above , the transition is caused by changes in pressure. 
(B) Mechanism of the Amorphizatおn

There are two important reports on the mechanism of the 

amorphization of Ca(OH)2. Fir、st1y ， Kruger et al. (8) performed infrared 

spectroscopy experiments to pressures of 24 GPa. They reported that 

the O-H vibrational peak width increased abrupt1y by 300 cm-1 at 11.7 

GPa. Second1y , Meade et al.(51) carried out in situ Raman observations 
under pressure up to 20.1 GPa. It was observed that a new peak at 

3639 cm-1 appeared at 10.8 GPa. 

We performed in situ X-ray observations under high pressure 

and observed that there was a discontinuous 10ss in the diffracted Xｭ

ray intensity between 10 and 12 GPa. We cons:ider that the amorphizaｭ

tion occurred drastically between 10 and 12 GPa by following reasons. 

First1y , the 101 diffraction line was sharp just before the transition 
to the amorphous state. Therefore, the samp1e e足sted as crysta且泊e

state up to 10 GPa. Secondly , the new Raman band that was observed 
by Meade et al. (51) was not detected at 9.8 GPa. Third1y, the line 
broadening of infrared spectra that was observed by Kruger et al. (8) 

took p1ace at pressures between 10.6 and 11.7 GPa. 

As mentioned above , the amorphization of Ca(OH)2 is considered 
to occur at about 11 GPa and comp1ete witlhin 2 GPa. Further, the 
activation energy for the amorphization was considered to be small, 
because the transition occurred drastically at ambient temperature 

without heating. Therefore, the amorphization is considered to be 
disp1asive transition without diffusion process. 
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93-2 Pressure lnduced Amorphization of Ge02 

(A) Equations of States of Ge02 Polymorphs 

We discuss the arnorphization of q-Ge02 with the inforrnation on 

the equations of states of Ge02 polyrnorphs. Molar volume is one of 

the rnost important variables from the thermodynamical point of view. 

We should know molar volumes of the starting and transformed phases 

to discuss their phase relation. 

Here , we use the Birch-Murnaghan's equation of state (see 
92-2-(B)) . 

(1) q-Ge02 , r-Ge02 

We deterrnined that the isothermal bulk modulus Kt and its 

pressure derivative Kt' of q-Ge02 was 32.7(3.3) GPa and 6.0(2.2) , 
respectively (92-3一(B)). For r-也e02 ， we adopt Kt=265(4) and Kt'=4 

(assumed) that were determined by Hazen et al. (52) The pressure 

dependencies of q-Ge02 and r-Ge02 are shown 泊 Fig.3-2-1.

(2) a-Ge02 

[1] a-Ge02(OM) 

The volume change of the sample with the arnorphization was 

evaluated as 7-11 %. The transition pressure was determ江led to be 

6.5(0.5) GPa (92-3ー(D)). The solid square labeled OM in Fig.3-2-1 shows 

a-Ge02(OM). 

[11] Sample-13 ,14,20 

The densities of the quenched sample from 13, 14 and 20 GPa 
(Sarnple-13 ,14,20) were determined to be 4.4, 4.8 and 5.3 g/cm 3 , reｭ
spectively (92-3-(E)). Therefore, the molar volumes of Sample-13,14,20 

under roorn condition were evaluated as illustrated by solid square 

labeled a1 ,a2,a3 in Fig.3-2-1. As mentioned in 92-3-(D) , the isothermal 
bulk modulus Kt and its pressure derivative Kt' of Sample-13 ,14,20 

were deterrnined to be 52.2(0.3) , 60.4(0.4) , 716.6(0.9) GPa and 7.6(0.3), 
7.4(0.4) , 9.6(1.0) for Sample-13 ,14,20 , respectively. The pressure 
dependencies of their volurnes were shown with line-A1 ,A2 ,A3 in Fig.3-

2-1. 

The solid square labeled OM 包1 Fig.3-2-.1 must be on one of the 

line-A1 , A2 and A3，立 aーGe02(OM) was quenchable. However, the solid 
square labeled OM is not on any line. Therefore , a-Ge02(OM) is considｭ
ered to be unquenchable. 
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(B) Two Amorphous States Model 

The behavior of Ge02 under high pressure could be explained 

with the model of the presence of two high pressure amorphous states 

(Amorphous 1,11). A{Dorphous 1, which appears from about 6.5 to about 
11 GPa on compression, consists of the micro domains lacking of 
dimensions to provide the measurable X-ray ctiffraction. A germanium 

atom in each domain of Amorphous 1 is coordiJlated by more than four 

oxygen atoms. On the other hand , Amorphou81 11, which appears from 
about 11 GPa on compression, has the short range order of crysU� 
symmetry resembled to that of rutile type. Amorphous 11 does not have 

the long range order enough for the ctiffraction, either. 
We consider the amorphization of q-GeO~~ as follows on the basis 

of our experimental results and previous reports. 

(1) a-Ge02 w凶 transformed to Amorphous 1 with appro足mately 10% 

volume change at about 6.5 GPa on comDressiQ恒三

The amorphization pressure was determ,ined by our X-ray difｭ

fraction (92-3-(A) ,(B)) and Raman scattering experiments (92-3一(E)). 

The volume change was evaluated by our microscopic observation 

(92-3-(D)) . 

(2) The transition from g-Ge02 to Amorphous 1 occurred without diffuｭ

S10n process. 

The amorphization occurred at ambient temperature. Therefore , 
the transition need not large activation energy. Further, the transiｭ
tion completed within time duration shorter than 0.005 second (92-3-

(D)) . 

1t was recently reported by Tsuneyuki et al. (53) that α-quartz 

(Si02) was transformed to an amorphous state without diffusion procｭ

ess by their computer simulation. Since Ge02 has an analogy of Si02 , 

the mechanism of the amorphization of q-Ge02 is considered to resemｭ

ble that of α-quartz. 

(3) Amorphous 1 consisted of many doma凶s.， A germanium atom was 

coordinated by. more than four oxygen atQms in each domain of 

Amorphous L 
1t was observed by the TEM experiment(48) that the samples 

quenched from high pressure above 7 GPa were divided to some 

domains having scale of tens nm. 

Since the Ge-O distance increased markedly between 7 and 12 

GPll, which was observed by the XANES experiment(9) , the coordinaｭ
tion num ber 01' 鑞. germanium lltom increased by the amorpruzlltion. 
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SiQO tQ ambient pressure. 

Since both molar volumes of Sample-l3" and 14 at 6.5 GPa were 

larger than that of a-Ge02(OM) by the calculation with the obtained 

equation of state , part of a-Ge02(OM) made reverse transition. The 
density of Sample-13 was close to that of q-Ge02. Further , it was 
observed by the XANES experiment(9) that the Ge-O length was close 

to the length in q-Ge02 on decompression in the case when peak 

pressure was 9.7 GPa. 

(5) Amorphous 1 was transformed to Amorphous 11 at pressures between 

11 and 20 GPa. 

Since the molar volume of Sample-20 at 6.5 GPa was smaller than 

that of a-Ge02(OM) by the calculation with the obtained equation of 

state , the transition from an amorphous to another amorphous state 
occurred above 6.5 GPa. 1t was reported (48) that the Raman spectra of 

the quenched sample from 8.5 GPa and 20 GPa were different and that 

the pressure dependence of the Al mode frequency of q-Ge02 changed 

at 7 and 11 GPa. Judging from the report, the transition from an 
amorphous to another amorphous state might occur at about 11 GPa. 

On the other hand , we observed that the Raman spectrum of the 
sample quenched from 12.0 GPa included common bands which were 

found in Raman spectra of the samples quenched from 8.5 and 20.0 

GPa. Therefore , the Amorphous 1 to Amorphous 11 transition occurred at 
11 GPa, but two amorphous states coe.xisted in wide pressure range 
(11-20 GPa). 

(6) The structure in the domain of Amorphous 11 resembled that of rｭ

Ge02. 

The band at about 700 cm-1 that was observed in the Raman 

spectrum of the quenched sample from 12 GPa may be assigned as Alg 

mode of r-Ge02 (92-3一(F)). Further，トGe02 regions w邸 observed in 

the TEM image of the quenched sample from 20 GPa(48). As mentioned 

above , the short range order of Amorphous 11 resem bled that of ト
Ge02. However, since Amorphous 11 also consisted of small domains 
having scale of tens nm , we could not obse:rve any X-ray diffraction 

lines of r-Ge02. 

I七 is interesting that the high pressure amorphous phllse of α­

quartz (Si02) was transformed Lo sLishovite at llbout 70 GPu on cornｭ

p ression (54) . 
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(7) Amorphous 11 was auenchable to ambient lPressure. 

We observed no reflection regardless of pressure transmittな19

mediums for the quenched sample whose peak pressure was above 20 

GPa (�2-3-(A)). Further, the density of Sample-20 was much larger 
than that of q-Ge02 (S2-3-(E)). 

1t was elucidated by XANES experiment(9) that the Ge-G length 

of the quenched sample from 29.1 GPa elongated from 0.184 nm at 29.1 

GPa to 0.187 nm at ambient pressure. A relaxation of GeOa octahedra 

might result the elongation. 1f reverse transition occurred , the GeーO
length was considered to decrease close to 0..175 nm in q-Ge02 as seen 

in the case when peak pressure was 9.7 GPa. 
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Appendix 1 

We give the method to move the reciprocal plane including the 

reciprocal origin to the detector plane with φand X rotation. The 

reciprocal plane including the reciprocal origin is determined by three 

points (0 ,0 ,0) , (X1 ,Y1 ,Z1) and (X2 ,Y2 ,Z2). The coordinate axes and 

2θ ， ω ， X ， φrotation axes are taken as shown in Fig.A-1. 

The point (X ,Y,Z) movesωthe point (X" ,Y" ,Z") with � and X 
rotation (under the conditionω=0 0 ). 

(1)φ rotation 

(1)=(~吋 -sinφ 

~) (1) YZ'' 二 SIROφ COSφ 
。

(2)χ rotation 

( ~:)二(∞
。

吋(~)Z"J ¥-sinx 。 COSχZ 

The purpose is to make both Z1" and Z2" be zero ( (X1 ,Y1 ,Zl) 

and (X2 ,Y2 ,Z2) movesω(X 1 " , Y 1 " , Z 1 " ) an d (X 2 " , Y 2 " , Z 2 " ) w i th φand X 
rotation). Therefore , we get a following simultaneous equation. 

Z1 COSχ-X1sinxcosφ+Y 1 sinχsinφ=0 
Z2COSχ-X2 sinχCOSφ+Y2sinxsinφ=0 

The required φand X angles are given as follows by resolving 

the simultaneous equation. 

I X1Z2-X2Z1 I 
a = + 

j(X(i2-~Xム )2+(y 1 Z 2 -Yム )2

I Z1 I 
十

JZ:2+ (X 1江三"2 -Y1a)2 
b 

a = siω ， b = sinχ( ヲ豆 φ ， χ 寸π 
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Appendix 2 

In the text, the Birch-Murnaghan's equation of state is used. 
The equation of state is based on finite-strain theory and known to 

be successful in matching previous compression data. On the other 

hand , Vinet et al. (55) proposed the "universal" equation of state 
having a following form (relation (1)). 
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(1) 

where P is pressure, V and Vo is volume at P and at ambient 
pressure , Kt and Kt' are the isothermal bulk modulus and its pressure 
derivative. The "universal" equation of state is based on an expresｭ

sion for the cohesive energy (relation (2)) that is varied with inteト

particle separation(a*). 

E(a*) = ー ( l+a本+ .............) exp ( -a * ) (2) 

It was found (55) 一 (57) that the pressure-volurne rela七ions for a variety 

of metallic, covalent, ionic crystals could be expressed by the "uniｭ
versal" equation of state. 

Our experimental results on the P-V relations for Ca(OH)2 ， α­

quartz type and high pressure amorphous Ge02 were tested to be fit 

to the "universal" equation of state and good agreements were obｭ

tained. Remarkable difference from the case with the Birch-Murnaｭ

ghan's equation of state was not seen (It was pointed out by 

Jeanloz(58) that the two equations of state gave almost same pressure 

for 予。>0.6). The determined Kt and Kt' are 山wn in Table A-l 

Table A-l The bulk modulus and its pressure derivative determined 
with the "universal" equation of state and the Birch-Murnaghan's 
equation of state. (EOS stands for equation of state) 

sample (Birch-Murnaghan's EOS) ("universal" EOS) 
Kt (GPa) Kt' Kt (GPa) Kt' 

Ca(OH)2 30.4(2.4) 8.6(1.8) 30.6(2.5) 8.2(1.2) 
q-Ge02 32.7(3.3 6.0(((2.2) ) ) 32.6((((3.3) ) ) ) 

6.2(2.0) 
Sample-13 52.2(0.3 7.6(0.4 52.1(0.3 7.7(0.3) 
Sample-14 60.4(0.4 7.4(0.4 60.4(0.4 7.4(0.4) 
Sample-20 76.6(0.9) 9.6(1.0 76.6(0.9 9.6(0.8) 
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Appendix 3 

L口仁S04 undergoes several phase transitions under low temperaｭ

ture. Its crystal structure is hexagonal belonging to the P63 space 

group at ambient temperature and pressure. A first-order phase 

transition has been observed at about 200 K by neutron diffraction 

experiment(59). And nonlinear temperature variations of the dielectric 

constants of LiKS04 were observed at about 250 K an<i 200 K(60). 

Our main purpose is to elucidate the possibility of the existence 

of the structural phase transition at about 250 K by X-ray diffraction 

experiment. Experiments were performed in a following procedure. 

Single-crystals of LiKS04 were grown by slow evaporation from 

aqueous solutions with equal stoichiometric concentrations of 

Li2S04 ・ H20 and K2S04. In situ X-ray observa.tions under low temperaｭ

ture (300-150 K) were performed by combining the PF system and a 

cryostat. A Mo target rotating anode X-ray genera句r was used under 

the condition of 50 kV 出ld 50 mA. Pyrolytic graphite (002) reflection 

was utilized as monochrometor. The temperature of samples were 

controlled within 土 0.1 K. Temperature dependence of the line profile 

of the (401) reflection was precisely investigated (Fig.A-2). A new 

diffraction line appeared at the lower angle side of (401) reflection in 

2 e at 200 K. The intensity of the new diffraction line incre俗ed with 

decreωing temperature. The first-勺rder phase transition at about 

200 K was observed 鎚 mentioned above (both reflections of the origiｭ

nal and transformed phωe were observed at 200 K). On the other 

hand , no remarkable change was observed at about 250 K. Therefore , 
we could not explain the anomaly of the dielectric constants at about 

250 K with our experimental data. However, it was reported that a 
commensurate-incommmensurate phase transition occurred at about 230 

K(61). In the case where the anomaly of the dielectric constants is 

considered to be caused by the commensurate-incommensurate phase 

transition , superlattice reflections of the incommensurate phase are 
observed. In the present experiments, we have not confirmed the dif-
fraction phenomenon yet. 
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Appendix 4 

Since phase transformations involving dehydration may be a 

source of deep seismicity in the mantle , the mechanism of the dehyｭ
dration is an important study in earth science. Many investigators 

treated the MgO-Si02-H20 system to understand high pressJre behavｭ

ior of water in the mantle(62). However, successful results have not 
been obtained , because the system is too c:omplicated. Since Mg(OH)2 
and Ca(OH)2 have one of the simplest crystal structures among hyｭ

drous minerals , these minerals are more effective for the purpose 
mentioned above. 

Shock experiments on Mg(OH)2 were performed (18). However, the 
mechanism of the dehydration of Mg(OH)2 under pressure is still 

unknown. We have studied the mechanism of the dehydration of 

Mg(OH)2 and Ca(OH)2 at high temperatures under ambient pressure by 

using a time-resolved X-ray observation teehnique(63). In situ X-ray 

observations of Ca(OH)2 under high temperature and pressure were 

performed as mentioned in the text. We could not observe the dehyｭ

dration under the experimental conditions. 1We would perform experiｭ

ments at higher temperature than 500 K to confirm the dehydration of 

Ca(OH)2 under pressure. 
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