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Effect of temperature and pressure on the crystal structure
of topaz, AL,SiO4(OH,F),

Kazuki KOMATSU*, Takahiro KURIBAYASHI* and Yasuhiro KUDOH*

*Institute of Mineralogy, Petrology, and Economic Geology, Faculty of Science,
Tohoku University, Sendai 980-8578, Japan

The effect of temperature and pressure was analyzed on the crystal structure of natural topaz from Gilgit division,
Pakistan. The unit cell parameters at 298K, 423K, 573K, 723K, 873K, 1023K and 1173K, and X-ray diffraction
intensity data at 298K, 573K, 873K and 1173K were collected using an imaging plate X-ray diffractometer
equipped with rotating anode generator. Thermal expansion coefficients along the unit cell edges and of the
volume are @,=6.4(7)x10°K"", 0,=5.5(6) x10°K™", &=8.1(6) x10°K"! and a5 =2.0(1) x10°K"". The results of
structure refinement taking into account the anisotropic displacement parameters at these temperatures yielded R
values of 2.48, 2.60, 2.56 and 2.70%. The increase of mean Al-O distance with temperature was greater than
those of Al-F and Si-O. The Al-F-Al bond angle decreased with the increase of displacement parameter of
fluorine-atom. The unit cell parameters under pressures up to 6.8 GPa and X-ray diffraction intensity data under
0.0001(ambient pressure), 3.7, 5.1 and 6.2 GPa were collected by a four-circle X-ray diffractometer. The bulk
modulus determined by the Birch-Murnaghan equation-of-state is Kor=154(2)GPa (assuming K°=4). The axial
compressibilities of this sample are £,=2.02(8)x10” GPa’', £,=1.42(5)x10” GPa’ and 3=2.25(4)x10" GPa.
The results of structure refinement at each pressure with anisotropic displacement parameters at ambient pressure
and with isotropic displacement parameter at high pressures yielded R values of 2.66, 5.61, 5.43 and 5.91%,
respectively. The mean Al-O bond distance was significantly decreased by compression. The inverse relationships
of variation against temperature and pressure are observed for both the unit cell parameters and bond distances.

Introduction

Topaz [Al,SiO4(OH, F),] is one of the major hydrous
minerals. It is known that the physical properties (Ribbe
and Rosenberg, 1971), symmetry (Akizuki et al.,, 1979)
and thermodynamic properties (Barton, 1982a; 1982b)
of topaz was controlled by the OH content. In natural
samples, it had been known that substitution of F by OH
in topaz occured only to a limited extent [OH/(OH+F) <
~30%](e.g. Ribbe and Rosenberg, 1971). The restriction
of OH-content had been considered to be caused by
H-H repulsion when H atoms located at the forbidden
region (e.g. Parise et al., 1980; Barton, 1982a). However,
Abbott (1990) suggested from energy calculation that an
OH end-member of topaz would be possible, when the
hydrogen bonding was stabilized. This suggestion was
confirmed by Wunder et al. (1993) who synthesized the
OH end-member of topaz during their high pressure
experiment at 7.0 GPa in the system Al,0;-8i0,-H,0.
Recently, Zhang et al. (2002) recognized OH-rich
topaz (Xou=0.55) in thick kyanite quartzites from
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ultrahigh-pressure belts of the Sule terrane, China. They
pointed out that the variation of OH substitution for F in
topaz depended on their environments. Therefore, it is
expected that the crystallization temperature and
pressure conditions control OH content in topaz. As the
structures of both natural topaz and topaz-OH had been
analyzed only at room temperature and ambient
pressure, it is highly desired to study the structure of
this mineral at high temperature and pressure. The
present study analyzed the crystal structure of natural
topaz by single crystal X-ray diffraction method under
high pressure and high temperature.

Experimental

Colorless single crystal and powdered samples of
natural topaz from Gilgit division, Pakistan were used in
this study. Chemical composition was determined by
electron probe micro analyzer (EPMA: JEOL,
JXA-8800M) and gave the formula
Al 01S1; 00O4F1 57(OH) 43. Anomalous optical property
often reported by Akizuki et al. (1979) was not observed
by optical microscopy.
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X-ray diffraction measurements at elevated

temperatures

The unit cell parameters at 298K, 423K, 573K, 723K,
873K, 1023K and 1173K and X-ray diffraction
intensities data at 298K, 573K, 873K and 1173K were
collected by an imaging plate (IP) X-ray diffractometer
equipped with rotating anode (MoKa, 50kV, 80mA) and
a U-shaped resistance heater (Huber: High temperature
attachment Type231). The heating temperature was
calibrated on melting points of three standard materials
(NaNO;: 580K, NaCl: 1074K, Au: 1335K). The unit cell
parameters at high temperature and o-f phase transition
(846K) of quartz (Fig. 1) were also used to check the
measured temperature of the experiment. The
relationship between set point temperature (7;) and
sample temperature (7,) was described by the following
quadratic polynomial equation,

T, =255.88252-1.52902 T,+0.00756 T,
27.61826x10° T.3+2.6034x107° T.* .

The X-ray diffractions at high temperatures were
measured after heating with a rate of 10K/min. and
keeping for 3 hours at desired temperature.
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Figure 1. Temperature calibration by several melting points of
standard materials and thermal expansion of quartz.

The powdered sample in fused silica capillary (¢
500um) was used for the determination of the unit cell
parameters at ambient and high temperatures. The
obtained Debye rings were treated for one dimensional
integration by a powder X-ray diffraction pattern
refinement program using [P (PIP: Fujihisa,
unpublished). The unit cell parameters obtained by
least-squares fit are given in Table la. The specimen
used for the collection of X-ray diffraction intensities at

several temperatures was a single crystal (sample no.
Pax08; size: 250 X200 X 200pm’) placed in a silica
capillary (¢ 300um). The distance from IP to the sample
was 80mm. The intensities of higher angle reflections
were inaccurate, because the diffracted X-ray beams of
higher angle were oblique angles with IP. Therefore, the
maximum 26 of the obtained reflections used for
refinement were limited under 55° at room temperature
and 45° at high temperature. Approximately 800
reflections in the above range of 26 were measured. A
total of 195-347 symmetry-independent reflections (/,2
20l,) were obtained by averaging the
symmetry-equivalent intensities in Laue group mmm.
Intensities were corrected for the Lorentz and
polarization factors. The structures were refined in the
space group Pbnm using a software package,
CrystalStructure  ver. 2.0 (Rigaku/MSC). Atomic
coordinates and isotropic displacement parameters
reported by Belokoneva et al. (1992) were used for
initial data in the refinements. Spherical absorption
correction was applied, and the Larson r* secondary
extinction parameter (Larson, 1970) was refined.
Weighting schemes were based on w=1 (unit weight).
Details on the intensity collection and structure
refinements are given in Table 2a.

X-ray diffraction measurements at high pressures

The unit cell parameters under pressures up to 6.8 GPa
and X-ray diffraction intensity data under pressures,
0.0001, 3.7, 5.1 and 6.2 GPa, were collected by a
four-circle ~ X-ray diffractometer ~with  graphite
monochromatized MoKa radiation (50kV, 30mA). Two
single crystal specimens (sample no. Pax02; size: 80 X
80 X40um’ and sample no. Pax05; size: 50 X 50 X
50um3) were used.

The modified Merill-Bassett-type diamond anvil
pressure cell (Kudoh and Takeda, 1986) was used. A
0.25mm thick stainless steel (SUS301) plate was used
as gasket material. A 16:3:1 mixture of methanol,
ethanol and water were used as a fluid pressure medium.
The pressure was calibrated by the ruby fluorescence
method (Mao et al,, 1986). The unit cell parameters
obtained using 24 reflections in an angular region of 268
=11° - 45° are given in Table 1b. Approximately 1100
reflections in a sphere accessible with the diamond anvil
cell were measured, and a total of 221-330
symmetry-independent reflections (I, 2 20l,) were
obtained. The structures were refined in the space group
Pbnm using the program SHELX97 (Sheldrick 1997).
Weighting schemes were based on the following
function:
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w=1/[ (F)+ (aP)* +bP],
where P is [ 2 F.2 + Max( F,5,0) 1/ 3.

The use of this combination of F,”> and F,> was
shown by Wilson (1976) to reduce statistical bias. Other
set up for intensity collections and structure refinements
are summarized in Table 2b.

Results and discussion

Thermal expansion coefficients along crystal axes
and of volume

Variations of the unit cell parameters and volume with
temperature are shown in Figure 2a. The thermal
expansion coefficients along crystal axes up to 1173K
are a=6.4(7)x10°K", @,=5.5(6) x10°K", a=8.1(6)
x10°K ™" and @y =2.0(1) x10°K™". The ratio of the axial
thermal expansion coefficients a,: a;: . is 0.79:0.68:1,
showing significant anisotropy which is concordant with
the presence of the perfect {001} cleavage of topaz. The
expansion along the direction normal to the staking
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layer of closest packing of anion, b axis, was the
smallest of the three principal axes.

Effect of temperature on the crystal structure

The results of structure refinement of Pax08 at 298K,
573K, 873K and 1173K with anisotropic atomic
displacement parameters yielded R values of 2.48, 2.60,
2.56 and 2.70%, respectively. Although these R values
was significantly low, it is necessary to consider the
possibilities that the data obtained using flat IP such as
R-axisIV™" have a systematic error by neglecting higher
angle reflections. We compared the structural
parameters of Pax08 at 298K and 0.0001 GPa to those
of Pax02 at the same conditions. The atomic positions
of Pax08 approximately equaled to those of Pax02, but
the anisotropic displacement parameters showed
significant difference exceeding the experimental errors
(Tables 3a and 3b). Therefore, the numerical values of
atomic positions obtained from IP are reliable, but those
of the anisotropic displacement parameters are less
reliable.

Table 1a. Unit cell parameters and volume at several temperatures and thermal expansion coefficients

Sample T/K alA b/A c/A V/A°
Pax08 298 4.6489(24) 8.7935(39) 8.3957(39) 343.22(28)
423 4.6561(20) 8.8056(33) 8.3989(38) 344.35(25)
573 4.6593(23) 8.8121(36) 8.4171(36) 345.59(27)
723 4.6640(23) 8.8173(36) 8.4255(36) 346.48(26)
873 4.6680(25) 8.8244(39) 8.4340(39) 347.41(29)
1023 4.6705(24) 8.8289(37) 8.4416(37) 348.09(28)
1173 4.6774(25) 8.8405(39) 8.4554(39) 349.63(29)
The thermal expansion coefficient
a, x10°/K1 6.4(7) o, x10°° /KT 5.5(6) o, x10°% /K" 8.1(6) ay x10% /K" 2.0(1)
Table 1b. Unit cell parameters, unit cell volume, the axial compressibility and bulk modulus
Sample P /GPa a/A b/A c/A VA
Pax02 0.0001 4.6500(9) 8.7996(17) 8.3902(14) 343.32(11)
2.0 4.6346(18) 8.7792(23) 8.3519(15) 338.46(14)
3.7 4.6193(20) 8.7579(25) 8.3174(17) 335.13(16)
45 4.6124(28) 8.7431(34) 8.3023(23) 333.46(21)
Pax05 0.0001 4.6539(3) 8.8063(15) 8.3940(12) 342.63(8)
1.4 4.6415(11) 8.7925(30) 8.3652(13) 340.01(14)
2.3 4.6288(8) 8.7754(23) 8.3437(10) 337.56(11)
32 4.6214(9) 8.7612(23) 8.3296(10) 335.90(11)
3.9 4.6156(10) 8.7564(26) 8.3157(12) 334.73(13)
5.1 4.6047(10) 8.7423(25) 8.2932(11) 332.50(12)
5.9 4.5956(8) 8.7324(22) 8.2829(10) 331.06(11)
6.2 4.5949(11) 8.7252(29) 8.2730(14) 330.34(14)
6.8 4.5877(10) 8.7203(26) 8.2640(11) 329.28(12)
The axial compressibility and bulk modulus
B, %107 /GPa' 2.02(8) B, x107/GPa 1.42(5)  Bx107/GPa™ 2.25(4) K /GPa 154(2)
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Table 2a. Several parameters of structure refinement at high temperature measurement
Sample Pax08
T/K 298 573 873 1173
26 max 55 45 45 45
No. of reflections 347 217 195 213
No. of parameters 47 47 47 47
Para./refl. ratio 7.38 4.62 4.15 4.53
R (%) 2.48 2.60 2.56 2.70
wRt (%) 2.74 3.05 2.57 3.00
Goodness-of-fit 1.18 0.908 0.839 0.873
Ext. coef. 616.1 441.5 403.4 617.5
R=E|IFHF|ZIE]
FWR={S[W(F,-F.2%) / Z[w(F,H 2, where w = 1
Table 2b. Several parameters of structure refinement at high pressure measurement
Sample Pax02 Pax05
P /GPa 0.0001 3.7 0.0001 5.1 6.2
260 ax 80 60 60 60 60
No. of reflections 610 247 330 224 221
No. of parameters 48 23 48 23 23
Para./refl. ratio 12.71 10.74 6.88 9.74 9.61
R (%) 3.15 5.61 2.66 5.43 5.91
wRt (%) 6.11 10.77 5.84 10.56 11.41
Goodness-of-fit 1.099 1.065 1.082 1.030 1.215
Ext. coef. 0.0850 0.0650 0.1930 0.1550 0.0240

“R=Z|FHF  ZIF,

+wR:{2[w(F02-FZ)l] IS[W(FAY? wherew = 1/[ P(F,) + (aPY+bP ], P=[ 2 F2+Max( F,’,0)]/3.
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Table 4a. Selected bond distances at several temperatures

Sample Pax08
T/K 298 573 873 1173 ax10° /K
Al -O1 1.897(2) 1.900(3) 1.908(3) 1.912(3) 10(2)
-02 1.902(2) 1.905(3) 1.909(3) 1.914(3) 7(2)
-03 1.898(2) 1.908(3) 1.908(3) 1.915(3) 9(2)
-03 1.885(2) 1.892(3) 1.893(3) 1.901(3) 9(2)
-F 1.790(2) 1.788(3) 1.791(3) 1.793(3) 2(3)
-F 1.801(2) 1.804(3) 1.805(3) 1.807(3) 4(3)
Al -F . 1.796 1.796 1.798 1.800 3
Al -0 e 1.896 1.901 1.905 1.911 9
Al -anion .. 1.862 1.866 1.869 1.874 7
Si -0l 1.636(3) 1.638(5) 1.635(5) 1.639(5) 1(5)
-02 1.642(3) 1.645(5) 1.648(4) 1.649(5) 5(5)
-03 1.640(2) 1.639(3) 1.643(3) 1.639(3) 0(3)
Si-O e 1.639 1.641 1.642 1.642 2
F -0l 3.081(3) 3.095(4) 3.101(4) 3.110(5) 10(2)
-02 3.044(3) 3.059(5) 3.070(5) 3.082(5) 14(3)
-F 3.234(3) 3.255(5) 3.267(5) 3.287(6) 18(3)
Table 4b. Selected bond distances at several pressures
Sample Pax02 Pax05
P /GPa 0.0001 3.7 0.0001 5.1 6.2 ﬁ’><10'4 /GPa™!
Al -0O1 1.896(1) 1.895(4) 1.898(2) 1.878(5) 1.864(5) 23(5)
-02 1.902(1) 1.888(4) 1.901(2) 1.889(6) 1.884(5) 12(4)
-03 1.898(1) 1.886(4) 1.899(2) 1.879(5) 1.875(5) 20(5)
-03 1.888(1) 1.875(4) 1.886(2) 1.882(5) 1.870(4) 15(5)
-F 1.790(1) 1.789(4) 1.792(1) 1.783(4) 1.788(3) 5(4)
-F 1.801(1) 1.790(3) 1.803(2) 1.792(4) 1.791(3) 10(4)
Al -F 4. 1.795 1.790 1.797 1.788 1.790 8
Al -0 4 1.896 1.886 1.896 1.882 1.873 17
Al -anion .. 1.896 1.886 1.896 1.882 1.873 17
Si -0l 1.636(2) 1.625(6) 1.636(2) 1.625(7) 1.633(6) 8(7)
-02 1.644(2) 1.638(6) 1.648(3) 1.628(10) 1.635(9) 14(10)
-03 1.638(1) 1.633(3) 1.642(2) 1.634(4) 1.630(4) 9(4)
Si-0 ge. 1.639 1.632 1.642 1.629 1.633 10
F -0O1 3.081(3) 3.017(9) 3.081(4) 3.032(9) 3.024(7) 18(5)
-02 3.042(2) 2.997(5) 3.047(2) 2.966(5) 2.950(4) 50(3)
-F 3.235(3) 3.155(7) 3.235(4) 3.141(12) 3.112(10) 60(6)
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As shown in Table 4a, the mean distance of Al-O
bond significantly increased, while those of Al-F bond
and Si-O2 bond increased slightly only less than lo.
Figure 3a also shows the results of calculation using the
following equation determined by Downs et al. (1994)
for the bond length correction between a cation and an
anion held with a strong rigid bond.

B, (O]

iso

3
RSRBZ = R()BSZ + ’7’ [stg(A) -
T

where Rgg; is the length of the simple rigid bond, Rogs is
the observed bond length, and Bj,,(4) and B, (C) are the
isotropic temperature factors for the anions and cation,
respectively. The mean distance of Si-O1 and Si-O3
bond remained almost constant. As shown in Table 5a,
the volume of ALO,F, octahedron and SiO, tetrahedron
showed similar trend for the bond distance, that is, the
thermal expansion coefficient of AlL,O4F, octahedron
increased significantly with temperature, while those of
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Figure 3. a The observed bond distances and the lengths of the simple rigid bond(Rszs) at several temperatures. b Bond distances at several pressures.

SiO, tetrahedron remained almost constant. This result
is consistent with the fact that the ¢ axis, which passes
through the layer without crossing Si-O bonds, was the
most expansible direction. It should be noted that
thermal expansion coefficients of F to anion distances
(10-18 x10°K’") were larger than that of Al to anion
distances (2-10 x10°K™!) and Si-O bonds (0-5 x10°K™").
The Al-O bond distances increased with increasing
temperature while the Si-O bonds distances remained
almost constant. This tendency appears also in the other
aluminum silicate (Winter and Ghose, 1979), but the

thermal response of the tetrahedral bond in low albite
(Winter et al., 1977), in which many T-O bond distances
decreased with increasing temperature, did not appear in
topaz. Taken thermal vibration into consideration (Fig.
3a), the Si-O bonds slightly increased with temperature,
but the difference between these values and the
observed bond lengths was subtle. Therefore, as
indicated by Winter and Ghose (1979), reduction in
observed bond distances due to thermal vibration was
greater in albite than in the other aluminum silicates.
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Table 5a. Polyhedral volume and polyhedral thermal expansion
coefficients

octahedron

Sample T/K

vIA

Si0,

tetrahedron

viA3

Pax08 298 8.52
573 8.58
873 8.62
1173 8.68

2.26
2.26
2.27
2.27

The polyhedral thermal expansion coefficient, oz <107 /K
2.0(1)

0.42)
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Table 5b. Polyhedral volume and polyhedral bulk modulus

AlO4F,
octahedron

Sample P /GPa 0N

SiO4
tetrahedron
10N

Pax02  0.0001
3.7

Pax05  0.0001
5.1
6.2

8.53
8.42

8.54
8.38
8.31

2.26
2.23

2.27
2.22
2.23

The polyhedral bulk modulus, K /GPa

251(19)

324(76)

Table 6a. Selected bond angles at several temperatures

Sample
T/K

Pax08

298

573

873

1173

Al-O1-Al
Al-02-Al
Al-03-Al

Al-F-Al

01-A1-02
03-A1-03
F-Al-F

Al-Al-Al

01-8i-02
01-Si-03
02-Si-03
03-5i-03

95.8(1)
95.4(1)
97.0(1)

144.5(1)

83.3(1)
83.1(1)
89.0(1)

113.86(6)

109.9(2)
109.5(1)
110.3(1)
107.42)

95.6(2)
95.4(2)
97.1(1)

145.1(2)

83.4(1)
82.9(1)
89.0(1)

109.92)
109.5(2)
110.2(2)
107.5(2)

113.96(8)

95.5(2)
95.5(2)
97.1(1)

145.3(2)
83.4(1)

82.9(1)
89.0(1)

95.51(2)
95.26(2)
96.97(1)

145.7(2)
83.53(1)

83.03(1)
88.90(1)

113.91(8) 113.97(8)

110.0(2)
109.6(2)
110.2(1)
107.3(2)

109.84(2)
109.60(2)
110.19(2)
107.38(2)

Table 6b. Selected bond angles at several pressures

Sample Pax02

P /GPa

0.0001

Pax05

3.7

0.0001

5.1

6.2

Al-O1-Al
Al-O02-Al
Al-03-Al

Al-F-Al

01-A1-02
03-Al1-03
F-Al-F

Al-Al-Al

01-8i-02
01-Si-03
02-8i-03
03-5i-03

95.67(8)
95.27(8)
97.00(6)

144.67(6)

83.52(6)
83.00(6)
88.95(3)

113.87(5)

109.97(9)
109.54(6)
110.20(6)
107.349)

95.25(26)
95.69(28)
96.96(16)

142.79(15)

83.74(18)
83.04(16)
89.47(8)

113.63(9)

108.77(33)
109.70(20)
110.66(19)
107.35(26)

95.58(11)
95.38(11)
97.09(8)

144.63(9)

83.50(8)
82.91(8)
88.94(4)

113.87(7)

109.83(13)
109.56(8)
110.20(8)
107.44(12)

95.79(33)
95.10(37)
96.65(18)

142.57(17)

83.78(26)
83.35(18)
89.30(11)

113.67(10)

110.47(37)
108.61(26)
110.89(25)
107.25(30)

96.45(31)
95.07(32)
96.78(16)

141.93(16)

83.48(18)
83.22(16)
89.27(10)

113.65(9)

110.00(30)
108.87(24)
110.62(22)
107.80(30)
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Figure 5. Schematic drawing of Al-F-Al bond angle's change.

Selected bond angles with temperature are listed in
Table 6a, and those variations of bond angles from room
temperature are shown in Figure 4a. The Al-F-Al bond
angle increased with temperature from 144.5(1)° to
145.7(2)°, while other bond angles showed little change.
As shown in Figure 5, if a fluorine-atom is apart from
the neighboring fluorine-atom by heating, the Al-F-Al
bond angle should increase. And so vice versa, the
increase of the Al-F-Al bond angle is consistent with the
most expansive F...F distances.

Isotropic atomic displacement parameter of
fluorine-atom had the largest value of all atoms in topaz
at room temperature and enhanced at high temperature.
In addition, the largest principle axis of thermal
ellipsoid of fluorine-atom was perpendicular to the
plane defined by three Al-F-Al atoms as shown in
Figure 6.
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1.0 {
0.5 i
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S
< 104
-1.54
] | m ar01-ay .
204 | ® acar0z-an 1 T
1| & a(A103-A1 I
254 | v A(ALF-Al .
1 Y
3.0
T T T T T T T 1
1 2 3 4 5 6 7
P /GPa
b

Figure 6. Displacement ellipsoids drawn with probability of 99% at
elevated temperatures.
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Figure 7. Temperature dependences of isotropic atomic displacement
parameter.

In general, the large isotropic atomic displacement is
attributed to thermal vibration and/or positional disorder.
To distinguish the effect, the isotropic atomic
displacements are plotted against temperature in Figure
7. When we extrapolated the isotropic atomic
displacement of each atom to OK, these values
converged approximately to 0. Therefore, the large
isotropic atomic displacement of fluorine-atom can be
attributable to thermal vibration.

Compressibilities along crystal axes and isothermal
bulk modulus

All three unit cell constants decreased with pressure
(Fig. 2b). Accordingly, the bulk modulus determined by
the Birch-Murnaghan equation-of-state up to 6.2GPa is
Ky1=154(2) GPa (assuming K’=4). The ratio of the axial
compressibilities ~ are  £=2.02(8)x10°  GPa’,
B=1.42(5)x107 GPa™' and £=2.25(4)x10" GPa™. Axial
compression ratios S, B, f. is 0.90:0.63:1. These ratio
with pressure was quantitatively similar to those with
temperature (¢, ¢&: &, = 0.79:0.68:1), that is, the
variation of the unit cell parameters showed “inverse
relationship” (Fig. 8), the term of which had been
presented on some authors (e.g. Hazen and Finger,
1982; Hazen et al., 2000) on the relationship between
thermal expansion and compression.

Haussiihl (1993) determined elastic constants of
topaz and several minerals using ultrasonic resonance of
thick plates. The mean elastic stiffness of topaz,
C=174.3 GPa, was greater than the isothermal bulk
modulus obtained in the present study. The elastic
stiffness tended to be larger than the isothermal bulk
modulus at room temperature. Our result was in good

agreement with the relationship between bulk modulus
and molar volumes for the Al,SiOs polymorphs obtained
by previous authors (Yang et al., 1997b; Vaughan and
Weidner, 1978; Ralph et al., 1984) as shown in Figure 9.
The bulk modulus of topaz obtained by X-ray analysis
in this study was consistent to the results of other
aluminum silicates.

Topaz has the crankshaft-chain of AIO4F, octahedra
along the ¢ axis. The Al,SiOs polymorphs also have
chains of AlQ¢ octahedra, and especially in andalusite
and sillimanite. These octahedra arrange along the ¢ axis.
However, the structure along the c-axis of andalusite
and sillimanite was less compressible than along the a
or b axes. These results seem different from our results.
The most compressible direction was the ¢ axis. The
crankshaft-chain of topaz consists of a pair of
edge-shared AlO4F, octahedra and corner-shared
linkage of those pairs. On the other hand, there are, in
addition to the edge shared AlOq octahedra, double
chains consisted of corner-shared SiO, tetrahedra and
AlOs hexahedra in andalusite, or SiO; and AlO,
tetrahedra in sillimanite as pointed out by Yang et al.
(1997b). The crankshaft-chain of topaz would be more
flexible than the chains of the Al,SiOs polymorphs. The
difference between linkage of the chains of topaz and
those of the AL;SiOs polymorphs would result from the
difference of the most compressible directions.

Effect of pressure on the crystal structure

The results of structure refinement of Pax02 at
0.0001GPa and 3.6GPa, and Pax05 at 0.0001GPa,
5.1GPa and 6.2GPa, with anisotropic atomic
displacement parameters at ambient pressure and with
isotropic atomic displacement parameter at high
pressures, yielded R values of 3.15, 5.61% for Pax02
and 2.66, 543, 5.91% for Pax05, respectively (Table.
2b). The obtained atomic coordinates and anisotropic
atomic displacement parameters for Pax02 and Pax05 at
several pressures are shown in Table 3b. Selected bond
distances, polyhedral volumes and bond angles with
pressure are shown in Tables 4b, 5b and 6b,
respectively.

The structural variation with pressure was showing
opposite trend to that with temperature. The mean Al-O
distances significantly decreased with increasing
pressure, while the mean Al-F distances and the mean
Si-O slightly decreased. The cation-anion distances
versus V/V;, showed large variation in contrast to the
unit cell parameters versus V/V, (Figs. 8 and 10). The
systematic errors might be caused by the present of the
blind region in reciprocal space inevitable in the
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Figure 9. The relationship between the bulk modulus of several
aluminum silicates and their molar volumes (modified by Yang et
al., 1997a). Molar volume and the bulk modulus of topaz are 8.54
A*and 251(19) GPa, respectively.

diamond anvil pressure cell and the different
orientations for Pax02 and Pax05. The changes of
polyhedral volumes was due to the variation of the bond
distances. The AlO4F, octahedral bulk modulus was
251(19) GPa. In contrast, the SiO, tetraheral bulk
modulus was 324(76) GPa. The former seemed similar
to the bulk modulus of AlQg octahedra in many
structures, which agreed with the 235( £ 10%)GPa
reported by Hazen et al., (2000). However, the AlO,F,
octahedron did not behave in similar way with AlOs
octahedron. Yang et al. (1997a) showed the relationship
between the bulk modulus of the three Al,SiO;
polymorphs and their molar volumes, the bulk
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Figure 10. Cation-anion distances versus ¥/F;.

350 - 1 | LI R B .
Lo ro i | ® Kyanite
Lot o470 7| m Sillimanite
300 b odo i i | A Andalusite
! i ! © Topaz(this study)

| |
o=

250

—e—

150 -

Al octahedral bulk modulus, X /GPa
(v~}
=3
T

F — 4 — - L -l -1

g

9.0 92 94 9.6
Volume, V/ A’

oo
s
oo
=N
oo
oo

Figure 11. The bulk modulus-volume relationship for AlOs octahedra
in the three Al;SiOs polymorphs and AlQ,F; octahedra in topaz
(modified by Yang et al., 1997a).

modulus-volume relationship for AlQg octahedra in
kyanite and andalusite. As mentioned above, our result
was in good agreement with the relationship between
bulk modulus and molar volumes for the AlSiOs
polymorphs (Fig. 9). On the other hand, our result of
AlO,F, octahedral bulk modulus differed from the
relationship indicated by Yang et al. (1997a) (Fig. 11).
This discrepancy came from the fact that the Al-F
distances was shorter than the AI-O distances by ~0.14,
and then the A104F, octahedral volume was smaller than
AlO4 octahedral volume. AIQO,F, octahedral bulk
modulus was consequently lager than AlQ4 octahedral
bulk modulus. The substitution of F for O affected the
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compression of aluminum polyhedral volume.

The variation of bond angles with pressure showed
the opposite trend with temperature effect. The Al-F-Al
bond angle decreased with pressure, while other bond
angles were kept almost constant within 2c (Fig. 4b).
F...F distances seemed more compressible than the other
distances for the opposite reason to the case of structure
change with temperature. Substituting OH for F, the
F..F distances, in other words OH..Y (Y=0O or F)
distances, could be considered as one of the candidate
for hydrogen bond distances, because these distances
would be shorter than 3.0A at high pressure to about 7
GPa (Fig. 3b). The OH..Ol, OH..O2 and OH..F
distances of Pax05 at 6.2GPa are 3.024(7) A, 2.950(4)
A and 3.112(10) A, respectively. These values are
similar to those of topaz-OH (OH..Ol: 3.054A,
OH..02: 2.961A, OH..OH: 3.100A) at ambient
pressure determined by Northrup et al. (1994), and
topaz-OH had been confirmed to form hydrogen bonds
by infrared spectroscopy (Wunder et al., 1999).

From the present work, especially from bond-length
and angle change around OH...Y at high pressures and
at high temperatures, topaz-OH would be favored more
than natural topaz at higher pressure conditions because
of the formation of hydrogen bonding. As the nature of
hydrogen bonding is not clear now at high pressures,
spectroscopic work of hydrogen bonding in topaz at
high pressure is desirable.

Conclusion

Thermal expansion and compression of topaz are
controlled by those of Al-O bond distances which
change significantly with temperatures and pressures.
The structural variation with pressure is opposite to
those with temperature, showing “inverse relationship”.
Several comparisons between topaz and ALSiOs
polymorphs indicate that the linkage of chains of Al
octahedra and the substitution of F for O affect thermal
expansion and compression mechanism of topaz. The
OH...Y distances, a candidate for the hydrogen bond, is
more compressive than other atomic distances. This is
provoked by the Al-F-Al bond angle which decreases
with increasing pressure.
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