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Abstract. Natural hokutolite, (Ba,Pb)SQy,, is a radioac-
tive sulfate mineral occurring in hot-spring deposit. Unlike
the limited PbSO,4 content observed in natural specimens,
the present study reveals that (Ba,Pb)SO4 crystals can be
grown with compositions covering the whole solid solu-
tion series of PbSOs and BaSO4. X-ray measurements
show that the unit cell parameters gradually increase with
increasing BaSO, content. The nonlinear behavior of the
unit cell dimensions with composition shows that a posi-
tive deviation from linear variation exists in the b-axis di-
rection and negative deviations for a- and c-axes. It is evi-
dent that the variations in the M-O bond lengths result in
the significantly negative deviations of all unit cell para-
meters from Vegard’s rule around 70 mol% BaSO,.
Hence, the abnormally negative deviations of all unit cell
parameters from Vegard’s rule are primarily attributed to
the discontinuities in the mean M-O bond lengths. In addi-
tion, the existence of structure gap in natural hokutolite
samples reported may be ascribed to the same reason.

Raman bands in these synthetic crystals show monoto-
nous changes in v; frequency from anglesite to barite. It is
inferred that the slight decrease in v; frequency for crys-
tals with BaSO4 content being smaller than 20 mol% may
be attributed to the net effect of the S—O force constants,
intertetrahedral O—O force constants, and distortions of
SO, tetrahedra. The present results also indicate that the
positional disordering along the solid solution series is re-
sponsible for the Raman line broadening, showing the lo-
cal maximum in the line width plot occurs at about
50 mol% substitution. This work also demonstrates that
variations of Raman shift of v; band as well as its line
width are essentially related to the random Pb—Ba substi-
tution in our synthetic crystals.

* Correspondence author (e-mail: scyu@mail.ncku.edu.tw)

Introduction

Hokutolite, a Pb-bearing barium sulfate, is a radioactive
mineral and was first discovered at Peitou, Taiwan by
Okamoto (Chang, 1961) in 1907. There has been some
questions whether or not a perfect solid solution of the
system BaSO4—PbSO, is formed in the whole range of
composition. Moreover, Takano (1959) studied naturally
occurring lead-bearing barite (hokutolite) by X-ray and
showed that this system did not obey Vegard’s rule. Apart
from the above conclusion, Takiyama (1967) reported that,
on the basis of X-ray powder patterns and electron micro-
scopic data, the precipitates formed at room temperature
with the solutions of barium chloride, lead nitrate and am-
monium sulfate as starting materials were single phases
with their lattice parameters obeying Vegard’s rule. Sugita-
ni et al. (1969) carried out a more detailed examination on
this system by X-ray powder diffraction studies and
reached the same conclusion as Takiyama’s. Bostrom et al.
(1967) investigated the solid solutions of the BaSOs—
PbSO, system at 100, 300 and 375 °C. They concluded
that the unit cell dimensions of the solid solutions showed
monotonous variations with the ratios of BaSO4/PbSOy.
However, a structural gap found in the natural lead-bear-
ing barite (Takano, 1959) was observed indirectly on the
precipitated BaSO4—PbSO, solid solutions on the basis of
some measurements by Takano etal. (1969). They indi-
cated that the structural gap exists at the composition of
25% and possibly 75 mol% of PbSO4 on the basis of their
measurements.

Based on the chemical composition analyses for natur-
al hokutolite crystals from various localities (Chen and
Yu, 1984; Watanuki, 1990; Momoshima et al., 1997), the
PbSO, content for this natural lead-bearing barite was
approximately up to 47 mol%, which did not agree with
the existence of the structure gap reported as above.
Chen and Yu (1984) carried out a detailed substructural
analysis on natural hokutolite grains and suggested that
the hokutolite crystal contains a large number of coher-
ent single crystal domains. Each domain is approximately
1 wm in dimension. This result showed that the natural
hokutolites may be crystallized in an unstable geological
environment and consequently have a poor crystallinity.
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In fact, a steady-state condition of growth for naturally
precipitating hokutolite is unlikely to occur for a long
period of time due to the change in chemical composi-
tion of hot spring water that is connected with volcanic
activity supplying heat to the hot spring and the change
in geographic situation by human activity (Momoshima
etal., 1997).

Mineralogical study on hokutolite has by far been con-
fined to its occurrence, genetics, chemistry and radioactiv-
ity. Detailed structural determinations of BaSO;—PbSO4
series have never been completed due to the poor quality of
hokutolite crystals. Recently, maximum dimensions for the
thick tabular single crystals over 0.1 mm and complete solid
solutions between BaSO4 and PbSO,4 were grown by a slow

Table 1. Crystal data of various flux-grown (Ba,Pb)SO,.

precipitation procedure at about 95 °C (Lee and Yu, 1996).
However, these synthetic crystals were not of good quality
for crystal structure determination. In this paper, the princi-
pal object involves the synthesis of superior quality of sin-
gle crystals of BaSO4—PbSOy series and the crystal struc-
ture determination using single crystal X-ray diffraction
analysis providing significant information in understanding
the crystal structure of this solid solution series. We have
also used Raman spectroscopy for analysis of the samples
along barite-anglesite join because the Raman spectra of
crystalline materials usually give rise to well-defined narrow
bands and, therefore, both the frequencies and band widths
can examine the effect of composition to the degree of pos-
sible cation ordering.

1 2 3 4 5 6 7

Chemical formula PbSO4 (Ba11Pbgg)SOs (Ba 4Pbgs)SOs (Ba5Pbgs)SOs (BaxPb71)SOs (Ba31Pbey)SOs (Bas:Pbsg)SO4

Space group Pnma Pnma Pnma Pnma Pnma Pnma Pnma

Unit cell a=84752) a=28511(1) a=28.511(1) a=8.532(1) a=8.578(1) a = 8.594(1) a=238.575(2)

Parameters (A) b=5396(1) b=5404(1) b=5.401(1) b =5.410(1) b =5.422(1) b =5.424(1) b =15.418(1)
c=6950(1) ¢=06968(1) ¢=6971(1) c=6.982(1) c=17.007(1) c=17.015(1) ¢ =7.002(1)

Cell volume (A% 317.8(1) 320.5(1) 320.4(1) 322.3(1) 325.9(1) 327.0(1) 325.3(1)

V4 4 4 4 4 4 4 4

Crystal size (um) 100 x 80 x 60 150x80x50 550 %380 %380 370 x 320 x240 300 x 250 x 200 200 x 200 x 100 100 x 80 x 50

D, (g/cm?) 6.338 6.142 6.077 6.042 5.766 5.719 5.730

v (mm~") 53.571 48.653 47.302 47.024 40.695 39.830 39.487

Measured reflections 1891 1897 1888 1759 1938 1805 1796

Independent reflections 396 431 434 400 440 417 415

(I>30)

Mean (I/0) 30.1 38.63 37.70 42.03 37.56 29.62 32.6

Maximum 26 (°) 55.00 56.50 56.68 55.72 56.60 55.99 56.41

R (%) (I >20(1)) 3.83 6.77 5.33 5.10 3.94 1.83 2.70

R (%) (all data) 4.27 7.10 5.65 5.32 4.13 2.06 2.95

Largest Ae/A3 +2.43/—-1.57 +5.59/-5.82  +4.32/-4.52 +5.25/-5.86  43.68/—2.49 +1.25/-0.79  +1.32/-1.64
8 9 10 11 12 13 14

Chemical formula (Ba4gPb57)SO4 (BagoPb51)SOs4 (BagePb34)SOs (Bag7Pb33)SO4 (BaggPb3)SOs (BagsPb5)SOs BaSOy

Space group Pnma Pnma Pnma Pnma Pnma Pnma Pnma

Unit cell a=28.663(1) a=28.65(1) a=28.701(2) a=8.705(2) a=28.708(2) a=238.812(1) a = 8.896(1)

Parameters (A) b=5432(1) b=5434(1) b=5435(1) b =15.425(1) b =5.423(1) b =5.450(1) b =5.462(1)
c=7.049(1) ¢=7.047(1) ¢=7.069(1) c=7.067(1) c=17.055(1) c="7.124(1) c=17.171(1)

Cell volume (A%) 331.7(1) 331.6(1) 334.3(1) 333.8(1) 333.2(1) 342.1(1) 348.4(1)

Z 4 4 4 4 4 4 4

Crystal size (um) 100x80 x50 300x250x200 150x100x80 500 x500x500 300x250x200 300x150x150 330x250x 150

D, (g/em®) 5.347 5.395 5.096 5.107 5.106 4.733 4.449

v (mm~1) 31.145 32.437 22.009 25.191 24.965 17.674 11.838

Measured reflections 1954 1802 1892 1963 2004 2001 2040

Independent reflections 444 412 438 450 535 460 416

(I > 30)

Mean (I/0) 37.98 47.29 54.4 51.00 69.5 52.14 61.1

Maximum 26 (°) 56.59 55.70 56.56 56.54 59.77 56.46 56.53

R (%) (I >20(I)) 5.63 4.03 5.58 5.61 4.16 2.71 2.49

R (%) (all data) 5.71 4.17 5.67 5.79 4.19 2.76 2.54

Largest Ae/A3 +5.11/-5.13  +3.03/-3.77  +4.24/-3.80 +5.19/-4.94  42.79/-2.10 +1.15/-1.27  +1.46/—1.25
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Table 2. Atomic coordinates and their anisotropic thermal parameters of various flux-grown (Ba,Pb)SOy.

Atoms 1 2 3 4 5 6 7
Pb/Ba x 0.1879(1) 0.1870(1) 0.1867(1) 0.1868(1) 0.1861(1) 0.1857(1) 0.1862(1)
y 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
0.1672(1) 0.1667(2) 0.1667(1) 0.1665(1) 0.1661(1) 0.1658(1) 0.1660(1)
sof 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Uy, 0.0023(1) 0.006(1) 0.005(1) 0.014(1) 0.006(1) 0.017(1) 0.016(1)
Up 0.032(1) 0.014(1) 0.015(1) 0.026(1) 0.012(1) 0.018(1) 0.018(1)
Uss 0.037(1) 0.005(1) 0.010(1) 0.021(1) 0.015(1) 0.014(1) 0.017(1)
Uiz 0.001(1) 0.001(1) 0.001(1) 0.001(1) 0.001(1) 0.001(1) 0.000(1)
S X 0.4359(3) 0.4352(7) 0.4363(6) 0.4353(4) 0.4357(4) 0.4355(2) 0.4354(3)
0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500
0.1844(4) 0.1864(8) 0.1859(7) 0.1858(6) 0.1866(5) 0.1862(2) 0.1860(4)
sof 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Un 0.016(2) 0.004(3) 0.003(3) 0.010(2) 0.004(2) 0.014(1) 0.013(1)
Ux 0.019(2) 0.004(3) 0.007(3) 0.015(2) 0.003(2) 0.013(1) 0.011(1)
Uss 0.029(2) 0.000(3) 0.000(2) 0.013(2) 0.007(2) 0.012(1) 0.010(1)
Uz —0.001(1) 0.000(2) 0.000(2) 0.002(1) —0.001(1) 0.001(1) 0.001(1)
Ol X 0.3072(10) 0.3093(22) 0.3100(18) 0.3097(11) 0.3090(14) 0.3087(5) 0.3094(9)
0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500
0.0407(14) 0.0467(32) 0.0477(25) 0.0487(21) 0.0476(17) 0.0472(7) 0.0464(13)
sof 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Uy, 0.024(3) 0.017(11) 0.011(8) 0.020(5) 0.017(6) 0.027(3) 0.024(5)
Up 0.030(4) 0.027(11) 0.032(11) 0.025(6) 0.017(7) 0.027(2) 0.025(5)
Uiz 0.031(5) 0.001(9) 0.002(7) 0.014(6) 0.007(6) 0.015(2) 0.017(4)
Uiz 0.005(3) —0.004(7) —0.001(6) —0.001(4) —0.006(4) —0.010(2) —0.006(3)
02 x 0.4187(7) 0.4124(16) 0.4170(13) 0.4182(9) 0.4184(9) 0.4187(4) 0.4191(7)
0.9743(12) 0.9718(24) 0.9732(21) 0.9735(17) 0.9723(17) 0.9716(6) 0.9718(11)
b4 0.3094(14) 0.3086(17) 0.3095(14) 0.3080(12) 0.3099(11) 0.3093(4) 0.3098(8)
sof 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Uy, 0.028(2) 0.015(7) 0.008(5) 0.019(3) 0.008(4) 0.026(2) 0.023(3)
Uy 0.021(3) 0.008(5) 0.000(6) 0.020(4) 0.010(4) 0.017(2) 0.011(3)
Uss 0.036(3) 0.001(5) 0.009(5) 0.025(5) 0.014(4) 0.019(1) 0.019(3)
Uy 0.001(3) —0.007(4) —0.001(4) —0.002(4) —0.007(3) —0.006(1) —0.005(2)
Uiz —0.000(2) —0.014(4) —0.001(4) —0.004(3) 0.000(3) —0.003(1) —0.001(3)
Uy, 0.000(2) 0.012(6) 0.010(1) 0.002(3) 0.001(3) 0.001(1) 0.003(2)
03 X 0.5929(11) 0.5928(23) 0.5945(19) 0.5914(12) 0.5922(13) 0.5887(6) 0.5917(10)
0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500
0.0956(14) 0.0944(27) 0.0949(23) 0.0990(19) 0.0979(18) 0.0958(7) 0.0957(13)
sof 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Ui, 0.025(3) 0.01009) 0.004(6) 0.010(5) 0.004(5) 0.0193) 0.013(4)
Up 0.043(6) 0.034(11) 0.035(11) 0.044(7) 0.025(7) 0.036(3) 0.036(5)
Uss 0.041(5) 0.000(8) 0.004(7) 0.021(7) 0.015(6) 0.031(3) 0.024(4)
Uiz 0.010(3) 0.013(7) 0.012(6) 0.012(4) 0.008(4) 0.009(2) 0.012(3)
Atoms 8 9 10 11 12 13 14
Pb/Ba x 0.1847(1) 0.1848(1) 0.1844(1) 0.1842(1) 0.1843(1) 0.1842(1) 0.1845(1)
0.2500 0.2500 0.2500 0.2500 0.2500 0.2500 0.2500
0.1643(1) 0.1645(1) 0.1637(1) 0.1631(1) 0.1627(1) 0.1607(1) 0.1584(1)
sof 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Ui 0.017(1) 0.013(1) 0.001(1) 0.003(1) 0.022(1) 0.018(1) 0.009(1)
Ux 0.023(1) 0.020(1) 0.015(1) 0.001(1) 0.024(1) 0.014(1) 0.017(1)
Uss 0.007(1) 0.006(1) 0.017(1) 0.015(1) 0.024(1) 0.016(1) 0.014(1)
Uz 0.000(1) 0.000(1) 0.000(1) 0.000(1) 0.000(1) 0.000(1) 0.000(1)
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Table 2. (Continued)

Atoms 8 9 10 11 12 13 14
S x 0.4359(4) 0.4358(3) 0.4360(5) 0.4361(4) 0.4366(4) 0.4369(2) 0.4376(2)
0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500
z 0.1881(6) 0.1868(4) 0.1881(6) 0.1897(6) 0.1897(6) 0.1904(3) 0.1911(2)
sof 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Uni 0.015(2) 0.010(2) 0.002(2) 0.001(2) 0.019(2) 0.007(1) 0.010(1)
Un 0.014(2) 0.012(2) 0.008(2) 0.000(2) 0.015(2) 0.007(1) 0.014(1)
Uss 0.003(2) 0.000(2) 0.015(2) 0.008(2) 0.017(2) 0.013(1) 0.012(1)
Us  —0.000(1) 0.001(1) 0.001(1) 0.001(1) 0.001(1) 0.001(1) 0.001(1)
o1 x 0.3102(13) 0.3111(9) 0.3144(14) 0.3140(15) 0.3137(14) 0.3152(6) 0.3177(5)
0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500
z 0.0517(22) 0.0494(18) 0.0497(23) 0.0463(23) 0.0494(24) 0.0496(10) 0.0499(7)
sof 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Uy 0.035(8) 0.025(5) 0.017(8) 0.029(9) 0.036(8) 0.018(3) 0.021(2)
U 0.032(7) 0.031(6) 0.025(7) 0.006(6) 0.036(8) 0.019(3) 0.026(3)
Uss 0.000(7) 0.000(5) 0.023(7) 0.007(7) 0.022(7) 0.020(3) 0.016(2)
Us  —0.008(4) —0.007(3) —0.007(5) —0.012(5) —0.013(5) ~0.010(2) —0.008(2)
02 X 0.4193(10) 0.4197(7) 0.4206(9) 0.4189(10) 0.4190(11) 0.4192(4) 0.4193(3)
0.9723(16) 0.9713(12) 0.9710(18) 0.9699(17) 0.9729(19) 0.9713(7) 0.9709(6)
z 0.3103(11) 0.3102(9) 0.3111(11) 0.3104(12) 0.3111(12) 0.3109(5) 0.3113(4)
sof 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Uni 0.028(4) 0.020(3) 0.003(4) 0.013(4) 0.030(4) 0.015(2) 0.015(2)
Un 0.020(4) 0.013(3) 0.020(4) 0.000(4) 0.019(4) 0.008(2) 0.017(2)
Uss 0.004(4) 0.007(3) 0.018(4) 0.011(4) 0.022(3) 0.019(2) 0.019(1)
Uy —0.004(3) —0.004(2) —0.004(3) —0.007(3) —0.005(3) —0.003(2) —0.004(1)
Us  —0.004(3) —0.001(2) —0.000(3) —0.000(3) 0.001(3) —0.000(1) —0.001(1)
Up 0.003(3) 0.010(2) 0.000(3) 0.005(3) ~0.002(3) 0.000(2) 0.001(1)
03 x 0.5877(14) 0.5896(11) 0.5895(14) 0.5874(14) 0.5902(14) 0.5876(7) 0.5882(5)
0.7500 0.7500 0.7500 0.7500 0.7500 0.7500 0.7500
z 0.0980(19) 0.0991(15) 0.0995(21) 0.0988(22) 0.1010(21) 0.1036(9) 0.1074(7)
sof 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Un 0.022(5) 0.015(4) 0.001(5) 0.001(5) 0.021(5) 0.012(3) 0.012(2)
Un 0.039(7) 0.034(5) 0.034(7) 0.016(6) 0.033(7) 0.028(3) 0.036(3)
Uss 0.015(7) 0.021(6) 0.031(7) 0.029(8) 0.037(7) 0.031(3) 0.029(2)
Us  —0.045(5) 0.009(4) 0.006(5) 0.017(6) 0.013(5) 0.009(3) 0.010(2)

Experimental procedures

Crystal synthesis

Crystal syntheses of (Ba,Pb)SO, solid solutions were car-
ried out by the flux evaporation method. Powders of
BaSO, and PbSO;, in appropriate proportion were used as
the starting materials and Na,SO4 was added as the flux
substance. The mixture of the known composition placed
in a platinum crucible was heated up to temperature of
750-850 °C and held at the temperature for a period of
20-30 hours. In order to avoid sudden cooling of the
crystal grown, the temperature of the furnace was lowered
to 700 °C at a cooling rate of 2 °C/hr. The details of the
(Ba,Pb)SOy4 synthesis by the flux evaporation method were
reported by Wang et al. (2002).

Crystal characterizations

The chemical compositions of the synthetic samples of
BaSO4—PbSO; series were determined using a computer-

controlled JEOL JXA-8900R electron probe X-ray micro-
analyzer, which was operated with the conditions of a
15 kV accelerating voltage, a 10nA probe current, a
10 um beam diameter and a counting time of 20 seconds
for each element. Data reductions for the atomic number
effect, absorption and fluorescence were made with the
program of the ZAF correction. The synthetic crystals
were selected for indexing and intensity data collection at
293 K. The measurements were performed on a Bruker
Smart-CCD diffractometer system equipped with a normal
focus, 3 kW  sealed-tube X-ray MoK, source
(A =0.71073 A). Intensity data were collected in 1271
frames with increasing w (0.3° per frame) and corrected
for Lp and absorption effects. Unit cell dimensions were
determined by a least-squares fit of collected reflections.
Structures of crystals were analyzed and refined with a
full-matrix least-squares method of the SHELXTAL PLUS
program. The structure analysis and refinement procedures
were based on the reflections with I > 20(I). The intensi-
ties of the equivalent reflections were also averaged. A
series of synthetic crystals with different BaSO,4 content
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were also measured and refined as above. Unit-cell and
data collection parameters are summarized in Table 1. The
atomic coordinates and the anisotropic temperature factors
of the synthetic (Ba,Pb)SOy refined in this study are listed
in Table 2. Both the interatomic distances and bond angles
are listed in Table 3. Raman spectroscopy measurements
were carried out with the use of a Dilor X-Y unit. A co-
herent argon ion laser source with a beam of 514.5 nm
wavelength was employed in this work, and the operation
power of the laser was kept at S0mW with the counting
time of 60 seconds.

Results and discussion
Crystal structures

A series of the synthetic (Ba,Pb)SO, crystals have an
orthorhombic form with the space group Pnma and their
basic crystal data are summarized in Table 1 and 3. We
find that they are similar to barite structure through the
single crystal X-ray diffraction investigations. This struc-
ture is composed of isolated SO4 groups that are approxi-
mately regular tetrahedra with similar sulfur-oxygen (S—0)

Table 3. Bond distances and selected bond angles of various flux-grown (Ba,Pb)SO,.

1 2 3 4 5 6 7
Distances (A)
S-01 1.471(8) 1.447(2) 1.443(2) 1.448(12) 1.460(12) 1.462(5) 1.457(8)
S-02 (2x) 1.495(6) 1.483(12) 1.491(11) 1.487(9) 1.490(8) 1.487(3) 1.488(6)
S-03 1.468(9) 1.488(2) 1.488(2) 1.463(10) 1.480(11) 1.462(5) 1.482(8)
Mean 1.482 1.475 1.478 1.471 1.479 1.474 1.479
Angles (°)
01-S-02 108.2(3) 106.8(7) 107.7(6) 107.8(4) 108.2(5) 108.4(2) 108.7(3)
01-S-03 113.0(6) 112.1(12) 112.909) 114.2(8) 113.3(7) 112.5(3) 112.6(5)
02-S-02 107.8(5) 107.8(11) 107.909) 108.8(8) 107.9(7) 107.9(2) 107.7(5)
02-S-03 109.7(3) 111.5(8) 110.2(6) 109.1(4) 109.5(4) 109.8(2) 109.5(3)
Distances (A)
M*-03 2.606(9) 2.610(2) 2.607(2) 2.649(11) 2.653(11) 2.669(5) 2.643(8)
M-0Ol1 2.609(9) 2.648(2) 2.669(2) 2.669(8) 2.673(12) 2.676(5) 2.664(9)
M-02 (2x) 2.642(6) 2.630(11) 2.658(11) 2.667(8) 2.693(8) 2.703(3) 2.697(6)
M-02 (2x) 2.738(6) 2.784(14) 2.742(12) 2.742(8) 2.751(8) 2.753(3) 2.747(6)
M-02 (2x) 2.907(7) 2.895(13) 2.921(11) 2.921(9) 2.913(8) 2.917(3) 2.912(6)
M-0O1 2x) 3.007(3) 3.014(9) 3.010(7) 3.010(5) 3.025(6) 3.027(2) 3.026(4)
M-03 (2x) 3.265(6) 3.275(12) 3.265(10) 3.265(8) 3.276(7) 3.294(3) 3.283(5)
Mean 2.861 2.871 2.871 2.877 2.887 2.894 2.883

8 9 10 11 12 13 14
Distances (A)
S-01 1.453(13) 1.450(10) 1.438(14) 1.468(14) 1.458(13) 1.468(6) 1.470(5)
S-02 (2x%) 1.490(8) 1.491(6) 1.487(9) 1.474(8) 1.489(9) 1.489(4) 1.492(3)
S-03 1.460(12) 1.468(9) 1.472(13) 1.466(12) 1.477(12) 1.465(6) 1.469(5)
Mean 1.473 1.475 1.471 1.471 1.478 1.478 1.481
Angles (°)
01-S-02 108.1(5) 108.6(4) 109.2(5) 109.0(5) 108.4(5) 108.5(2) 108.6(2)
01-S-03 112.8(8) 113.2(6) 112.009) 110.39) 112.2(9) 112.0(4) 112.3(3)
02-S-02 108.3(7) 107.6(5) 107.7(7) 108.1(8) 108.5(5) 108.2(3) 108.0(3)
02-S-03 109.8(5) 109.3(3) 109.3(5) 110.2(5) 109.7(5) 109.8(2) 109.7(2)
Distances (A)
M-03 2.703(12) 2.696(10) 2.701(13) 2.716(12) 2.705(13) 2.755(6) 2.777(5)
M-0O1 2.731(2) 2.713(13) 2.724(2) 2.708(2) 2.728(20) 2.771(7) 2.808(5)
M-02 (2x) 2.732(9) 2.736(6) 2.752(9) 2.751(09) 2.744(10) 2.782(4) 2.809(3)
M-02 (2x) 2.756(9) 2.756(6) 2.751(09) 2.771(09) 2.762(9) 2.793(4) 2.817(3)
M-02 (2x) 2.915(9) 2.915(7) 2.91009) 2.905(9) 2.902(9) 2.915(4) 2.916(3)
M-01 2x) 3.031(6) 3.039(5) 3.048(6) 3.052(7) 3.043(7) 3.063(3) 3.077(2)
M-03 (2x) 3.300(8) 3.292(6) 3.293(8) 3.303(9) 3.287(9) 3.312(4) 3.320(3)
Mean 2.908 2.907 2911 2915 2.909 2.938 2.955

a: M = Ba/Pb
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Fig. 1. The average M-O bond length (A) plotted against the mole
fraction of barium sulfate.

bond lengths. The divalent atoms of Pb, Ba or Sr (which
we refer to as metal or M) are 12-coordinated to join the
SO, tetrahedra to form the isostructural sulfates. The me-
tal-oxygen (M-O) bond lengths in each crystal are dissim-
ilar and vary as much as 25.5%. The present study reveals
that the average M-O bond lengths increase with increas-
ing Ba of the metal atom owing to the smaller ionic radius
of Pb (1.50 A) than that of Ba (1.61 A) (Fig. 1). In Fig. 2,
we examined the variation of each M-O bond versus the
composition of the flux-grown (Ba,Pb)SO4 crystals. The
seven non-equivalent M-O bonds in the 12-coordinated
polyhedra were regressed against composition, and the
solpe, O(M-O)/0C, was plotted against the M-O bond
lengths of PbSQ, in Fig. 2, where C represents the BaSO,
content. This plot illustrates that as the average size of the
M cation increases, the short M-O bonds generally tend to
increase at a substantially greater rate than the longer M-O
bonds, resulting in a more regular coordination. The simi-
lar trend was also reported by Jacobsen etal. (1998).
Nevertheless, the variation of the M-O length of about
2.9 A seems to be insignificant with increasing BaSO,
content. Moreover, as the Ba content increases, the S-M
distance and O-M distance increase, hence reducing the
Coulomb interactions that cause the skewing of the tetra-
hedron. Regular polyhedra have a quadratic elongation (1)
of one and a bond angle variance (o) of zero. These val-
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Fig. 2. A plot of the slope d(M-O)/OC versus the M-O bond length,
obtained in the regression of M-O bond length.
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Fig. 3. Variation of bond angle variance (o) and quadratic elongation
(A) with changing BaSO, content.

ues increase with distortion of polyhedra and can be calcu-
lated after Robinson et al. (1971). The calculated bond an-
gle variance and quadratic elongation of the SO4
tetrahedron with changing BaSO, contents are shown in
Fig. 3. As shown in Fig. 3, the tetrahedron is distorted to a
certain extent near the PbSO4 end and becomes more reg-
ular as the Ba/Pb ratio increases. Therefore, the trend is
that as the mean M cation size increases, the S—O tetrahe-
dron also becomes more regular. Furthermore, It is also
noteworthy from Fig. 3 that the initial distortion is intensi-
fied as bigger Ba ion replaces smaller Pb ion in the M site
and then gradually reduced due to the decrease in the
Coulomb interactions.

The measurements on the unit cell parameters and the
cell volumes with different chemical compositions are
shown in Figs. 4, 5, 6, and 7. It is clear from these plots

9.0

0 20 40 60 80 100
BaSO 4 (mol%)

Fig 4. The length of the a-axis versus the mole fraction of barium
sulfate.
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Fig. 5. The length of the b-axis versus the mole fraction of barium
sulfate.

that the unit cell constants increase with increasing BaSOy4
contents in the synthetic crystals. However, the variations
in dimension of the a- and c-axes with the BaSO, content
are more significant than that of the b-axis. The deviations
from linearity of all the unit cell axes can also be ob-
served in Figs. 4, 5 and 6. The changes in the unit-cell
parameters associated with Ba—Pb substitution have been
calculated. If one takes a look at the difference in cell
parameters between the barite and anglesite, in terms of
the relative change Aa = (Gbaric — @anglesite)/@anglesite. Of @
cell parameter a, the relative expansion along the b-axis is
the lowest with adding Ba (Aa =5.0%, Ab=1.2%,
Ac = 3.2%). This is important when trying to understand
the change in crystal structures of this solid solution ser-
ies. To our knowledge, the barite structure is constrained
by symmetry conditions, with the Ba, Pb, S, and half the
O atoms lying on mirror planes perpendicular to the b-
axis (Deer etal., 1992). The interplay of these symmetry
factors with the size difference between the Ba and Pb
ions may account for the observed shapes of the graphs of
unit cell parameters versus composition. Thus away from
the pure compound end members, the structure roughly
packs more efficiently than the expected ones in the a-
and c-axes directions (i.e. within and parallel to the mirror
planes), while the distance between mirror planes is less
accommodating and increases the b-axis length above the
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Fig. 6. The length of the c-axis versus the mole fraction of barium
sulfate.

350 >
345 | .

3
T
\

340 ,
335 | -~ g
330 -

cell volume (A%

325 [ -
320 |~

315
0 20 40 60 80 100

BaS0 4 (Mmol%)

Fig. 7. The unit cell volume versus the mole fraction of barium sul-
fate.

expected mean. The similar results are also presented in
BaSO,4-SrSO, solid solution (Goldish, 1989). The varia-
tion in the unit cell volume, as shown in Fig. 7, is also
consistent with its dependence on the contents of BaSOy
in the synthetic samples. The cell volumes of this series
are a little smaller than those calculated from molar ratio
of lead to barium on the basis of the Vegard’s law. In fact,
deviations from Vegard’s law for these crystals are perhaps
not surprising, since the law was for metals and alloys,
where a simple sphere contact model may be expected to
hold, whereas in the more complex barite structure this
principle is no longer valid. However, these measurements
are in reasonable agreement with the result by Sasaki and
Minato (1982), who examined the lattice constants of 26
natural lead-bearing barite specimens (hokutolite). They
found that small amounts of strontium ions were probably
responsible for the negative deviations of unit cell volume
from Vegard’s rule owing that these smaller ions may oc-
cupy the regular cation sites in the barite structure.
Although small amounts of strontium concentrations
(<0.18wt% SrO) were also detected in our synthetic crys-
tals, it seems not likely to give rise to the anomalously
negative deviations since Sr concentrations are relatively
low in the flux-grown crystals with a composition around
70% of BaSO,. Therefore, another mechanism plays an
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Fig. 8. Raman shift of v; band as a function of BaSO4 content.
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Fig. 9. The half width of v, band as a function of BaSO, content.

important role in determining the structural behavior. The
anomalous deviations previously mentioned are fairly con-
sistent with the result reported by Takano etal. (1969).
They indicated that a structure gap exists in the composi-
tion of about 75 mol% of BaSO,4 on the basis of some
measurements. As shown in Fig. 1, the average M-O bond
lengths as a function of the BaSO. content display a
nearly linear increase. However, it is noticed that disconti-
nuities in M-O bond are apparent at approximately 70%
of BaSO4. The increase of the mean M-O bond lengths
seem to be somewhat small with the increase in BaSQ,
content approaching to the above composition. Further-
more, the crystal structures determined by a four-circle
single crystal diffractometer are all similar to the barite
structure in these crystals. The Ba—Pb distribution is disor-
dered after substitution, meaning that the Ba and Pb ions
are randomly substituted in the M sites of a barite struc-
ture. Hence, the abnormally negative deviations of all unit
cell parameters from Vegard’s rule are primarily attributed
to the discontinuities in mean M-O bond lengths.

In addition, Jacobsen et al. (1998) examined the barite
structures as a function of the occupancy of the M site.
They found that the SO, tetrahedra rotate arround the axis
perpendicular to the mirror plane and through the sulfur
positions. However, the rotation is not obvious in the pre-
sent samples as the Ba/Pb ratio increases.

Raman spectral observations

The peak corresponding to the symmetric stretching mode
(v1) of the S—O bond in the sulfates appears to be the
strongest in the Raman scattering intensity. Figure 8§
shows the Raman spectra region of this ¥; mode in several
samples of the BaSO4—PbSO, solid solution. The fre-
quency of a Raman shift is determined by the bond
strength and the atomic masses (Fadini and Schnepel,
1989). Therefore, the v; frequency is a function of S—-O
stretching force constant in sulfates and, in general, in-
creases with an increase in the force constant. The force
constants of SO, tetrahedra were calculated from the bond
lengths and the infrared absorption frequencies by Miyake
etal. (1978). The stretching force constants for barite, and
anglesite are K =6.27 and 5.98 mdyn/A, respectively.
Therefore, this systematic frequency shift is largely due to

the increase of mean force constants because of substitu-
tion of larger cations in the M sites. However, v; fre-
quency slightly decreases with a composition lower than
20% of BaSO, content.

The barite structure is similar to the nesosilicate struc-
ture in the sense that both are comprised of isolated tetra-
hedra (SO4 versus SiOy4) joined by divalent atoms. Lam
etal. (1990) found that v, of forsterite is also sensitive to
0O-0 force constants. However, the value of O-O force
constant is significantly smaller than that of Si—O. There
is a significant change in the intertetrahedral O-O dis-
tances, about 6% from PbSO, to BaSO,. The dominant
contribution to the O—O force constant comes from the
Coulomb interaction. We estimated that a 6% increase in
distance may cause a 12% decrease in the Coulomb force
constants. Moreover, Mohanan et al. (1993) indicated that
a systematic high-frequency decrease of Si—O bands is
attributed to increasing the distortion of SiOj tetrahedra in
the olivine structure. The tendency may also be valid for
qualitative Raman spectral analyses of the solid solution
series because of the similarity between SO4 and SiOj tet-
rahedra as mentioned above. Accordingly, the increase of
SO, distortions caused by the ionic substitution of bigger
Ba for Pb for samples of low Ba/Pb molar ratio may also
result in a small shift downward in the Raman frequency
of PbSO,4 end. It is therefore inferred that the small de-
crease in v frequency with BaSQO, contents being smaller
than 20 mol% may be attributed to the net effect of the
S—O0 force constants, intertetrahedral O—O force constants,
and distortions of SOy tetrahedra.

In vibrational spectroscopy, the half width of a Raman
band indicates positional disorder in crystal structures
(Mohanan et al., 1993). The line width observed for some
solid solution systems often exhibits a local maximum
around 50 mol% substitution (Panitz, et al., 2000). In this
study, the similar ionic radii of the same valent cations are
employed and thus substitutional solid solution are also
formed. Random substitution of Ba for Pb results in differ-
ences in the immediate cation neighborhood of sulfate
ions. These differences mainly account for the broadening
in line widths of Raman bands as a function of barium
concentration (Fig. 9). On the other hand, Raman scatter-
ing from well-ordered BaSO, and PbSO, crystals pro-
duces narrow lines. As can be seen from Fig. 9, precise
line widths, measured on the most intense line (v{), show
a pronounced maximum in the middle of the solid solu-
tion series and demonstrate the relationship between Ra-
man line width and cation disorder. This result shows that
Raman line widths are sensitive to very small variations in
ionic size, even when the ions have the same charge and
the same coordination number.

Summary

The flux-grown (Pb,Ba)SO,4 crystals with barite structure
were synthesized with the use of the mixture of BaSO4
and PbSO,4, and a flux agent of Na,SO,. The present
study supported the existence of a complete solid solution
series for the PbSO4—BaSO, binary system. X-ray diffrac-
tion work on the synthetic samples shows that the unit cell
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parameters increase with an increasing BaSO4 content. We
verify the nonlinear behavior of the unit cell dimensions
with composition. This work elucidates that as the BaSOy4
content increases, the shorter M-O bonds tend to increase
more than the longer M-O bonds. The observed trends
also indicate that the M atoms exhibit more regular poly-
hedron, and the SO, tetrahedra become closer to the ideal
form as the BaSO, content increases. The variations in the
average M-O bond lengths result in the significant nega-
tive deviations of all unit cell parameters around 70 mol%
of BaSOy for our synthetic crystals. This result may ex-
plain the occurrence of the structural gap in natural hoku-
tolite samples.

The Raman spectra recorded for samples with various
BaSO, contents display a continuous change in both peak
positions and peak widths. The slight decrease in v, fre-
quency for crystals with low Ba/Pb ratio may be attributed
to the net effect of the S—O force constants, intertetrahe-
dral O-O force constants, and distortions of SOy tetrahe-
dra. The present results also indicate that the disorder of
mixed M cations along solid solution series is responsible
for the Raman line broadening with the local maximum in
the line width plot occurring at about 50 mol% substitu-
tion. These experimental results demonstrate that varia-
tions of Raman shift of v; peak and its line width are
essentially associated with the random Pb—Ba substitution
in the synthetic crystals.
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