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Abstract 

The crystal structures of two hydrothermally grown 
polymorphs of nickel orthoarsenate o- and m- 
Ni3(AsO4)2 have been determined by single-crystal 
X-ray diffraction. Crystal data: o-Ni3(AsO4)2, Mr = 
454.01, orthorhombic, Cmca, Z = 4, F(000) = 859-95, 
a(Mo Ka) = 0.71069 A, T = 295 (1) K, a = 
5.943(2), b=11.263(4),  c=8 .164(3)A,  V = 
546.5 (3) ,~3, Dx = 5.517 g cm -3, /z(Mo Ko~) = 
228.69 cm-~, R = 0-035, wR = 0-030 for 439 indepen- 
dent reflections; m-Ni3(AsO4)2, monoclinic, P2~/c, Z 
= 4, F(000) = 859.95, a(Mo Ka) = 0.71069 A, T =  
295 (1) K, a = 5-764 (1), b = 9.559 (2), c = 
10.194 (2) A, fl = 92.95 °, V = 560.9 (1) A 3, Ox = 
5.374 g cm-3, /z(Mo Kte) = 222.76 cm-l ,  R = 
0.040, wR = 0.031 for 1640 independent reflections. 
The crystal chemistry of nickel orthoarsenate is inter- 
mediate between those of the corresponding phos- 
phate and vanadate, and its dimorphism is closely 
related to the olivine-spinel phase relations. 

1. Introduction 

Following the earlier work of Calvo and co-workers 
on the crystal chemistry of cobalt arsenates 
(Krishnamachari & Calvo, 1970a,b, 1974; Ozog, 
Krishnamachari & Calvo, 1970), a similar study of 
the NiO-As205 system has recently been undertaken. 
Interest in this system also stems from the recogni- 
tion of structural relationships between some of the 
nickel arsenate phases and a newly identified series of 
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germanate compounds (Barbier, 1987; Fleet & Bar- 
bier, 1988, 1989). 

Initial crystal-growth experiments using a nickel 
arsenate hydrate melt led to the synthesis and struc- 
ture determination of the Ni-rich phase Ni8.sAs3Ol6 
(Fleet & Barbier, 1989), the synthetic analog of the 
mineral aerugite (Davis, Hey & Kingsbury, 1965) 
and isostructural with the corresponding magnesium 
and cobalt arsenates (Bless & Kostiner, 1973; Krish- 
namachari & Calvo, 1970a). Attempts to grow single 
crystals of the Ni3(AsO4)2 phase [i.e. xanthiosite, the 
other mineral identified by Davis et al. (1965)] were 
unsuccessful using the same technique. Further 
experiments were therefore based on hydrothermal 
crystal growth using a powder of composition Ni3- 
(AsO4)2.8H20 as starting material. These experi- 
ments yielded several anhydrous and hydrated nickel 
arsenates including the two Nia(AsO4)2 polymorphs 
which are the subject of the present paper: mono- 
clinic m-Ni3(AsO4)2, or synthetic xanthiosite, 
isostructural with Co3(AsO4) 2 (Krishnamachari & 
Calvo, 1970b), and orthorhombic o-Ni3(AsO4)2 with 
no cobalt analog known at present but isostructural 
with the vanadates Ni3(VO4) 2 and Co3(VO4) 2 (Sauer- 
brei, Faggiani & Calvo, 1973). 

2. Hydrothermal crystal growth 

The starting material for the hydrothermal growth 
experiments consisted of a commercial powder of 
nominal composition Ni3(AsO4)2.8H20 (synthetic 
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annabergite from K & K Rare Chemicals, water 
content checked by TGA). Approximately 100 mg 
were sealed in a gold capsule, without any extra 
water, and the capsule was then loaded into an 
externally heated cold-seal hydrothermal reactor. A 
number of experimental runs were carried out at 
temperatures between 873 and 1093 K, the pressure 
being kept constant at 1.0 _+ 0.1 kbar over the dur- 
ation of the run (typically 3-4 days). 

The run products always contained a mixture of 
crystalline phases which could easily be distinguished 
by the colour and morphology of the crystals. For 
instance, o-Ni3(AsO4)2 crystallized as thin long 
yellow-green prisms whereas m-Ni3(AsO4)2 formed 
short stubby green prisms (cf. Fig. 1). Furthermore, 
these two polymorphs were obtained over different 
temperature ranges: the orthorhombic form was only 
found in the low-temperature runs (873-923-988 K) 
whereas the monoclinic crystals only formed (in 
small numbers) at higher temperature (1023- 
1043 K). The other phases recovered in these experi- 
ments included Ni3(AsO4)E.H20 [previously reported 
by Palazzi & Gu6rin (1978)] in the 873 K run, three 
new (possibly) hydrated nickel arsenates at inter- 
mediate temperatures and Nis.5As3016 (aerugite) plus 
NiO in the 1073-1093 K runs. 

French & Wilson (1978). Systematically absent 
reflections, 71 (106), were excluded and 408 (145) 
symmetry-equivalent data were then averaged, Rint = 
0-0289 (0"0344), to give 439 (1640) unique reflections, 
404 (1347) with I > 2"5tr(/). 

Both structures were solved using conventional 
Patterson and Fourier techniques and refined by 
least-squares calculations minimizing Y~w(IFo- Fcl) 2 
{w=[~r2(F)] -l} with use of the X T A L  suite of 
programs (Hall & Stewart, 1989) on a VAX 6420 
computer. For o-Ni3(AsO4)2 and m-Ni3(AsO4)2, the 
refinement was terminated when the maximum shift/ 
e.s.d, in the final cycle was 0.0001. An isotropic 
secondary-extinction correction, g = 0.40 (2) 
[0.060 (2)], was included in the refinement. Final R = 
0.035 (0.040), wR=0.030  (0.031) and S=3 .703  

3. Data  collection and structure solutions 

Data for the determination of m-Ni3(AsO4)2 are 
given in parentheses. A yellow-green (green) prism, 
0.48 x 0-06 x 0.03 mm (0.16 x 0.13 x 0-08 mm), of o- 
Ni3(AsO4)2 [m-Ni3(AsO4)2] was selected and mounted 
on the tip of a glass fibre with use of epoxy cement. 
Unit-cell parameters at 295 K were obtained from a 
least-squares fit of X, ~o and 20 for 15 (15) reflections 
in the range 20-1 < 20 < 28.5 ° (24.4 < 20 < 28.8 °) 
recorded on a Nicolet P3 (Syntex P2~) diffractometer 
using graphite-monochromated M o K a  radiation. 
Intensity data were also recorded on the same instru- 
ment at 295 K with a coupled O(crystal)-2O(counter) 
scan, scan range KOtl-1.0 to Ka2 + 1"0 °, for 918 
(1891) reflections in the hemisphere h, k, _ l ,  0 < h _< 
8, 0 _ < k < 1 5 ,  - l l _ < l _ l l  (0_<h_<8, 0_<k_<13, 
-14_<l_<14),  with 20_<60 ° . The range of scan 
rates used was 2-02 (3.91) to 9.77 (29-3) ° min - l  in 
20. The ratio background time to scan time was 1:1. 
Two standard reflections, 244, 1.25% and 11~, 
0.91% (25~, 1.33% and 333, 1.21%), monitored 
every 48 reflections showed no sign of crystal 
decomposition or instrument instability. The data 
were corrected for Lorentz-polarization effects and 
empirically for absorption effects by ~ scans of 15 
reflections with use of the program TAPER (Cala- 
brese & Burnett, 1980). Absorption coefficient limits 
1.76 (3.93) < A* < 3-91 (11.361). Reflections with 
3tr(/) > I-> -3 t r ( / )  were treated by the method of 

(a) 

(b) 

Fig. 1. SEM photographs of hydrothermally grown Ni3(AsO4)2 
crystals: (a) thin long yellow-green prisms of o-Ni3(AsO4)2 and 
(b) stubby green prisms of m-Ni3(AsO4)2. The elongation direc- 
tion is parallel to the crystallographic a axis in both cases. 
Similar crystals were used for the structure refinements. 
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Table 1. Positional and equivalent isotropic thermal 
parameters (A 2) for o-Ni3(AsO4)2 and m-Ni3(AsO4)2 

with e.s.d. 's & parentheses 

Equipoint x 

o-Ni3(AsO4)2 ( Cmca) 
Ni(1) 4(a) 0.0 
Ni(2) 8(e) 0.25 
As 8(]) 0.0 
o(1) 8(/) o.o 
0(2) 8 0  0-0 
0(3) 16(g) 0-2647 (8) 

m-Ni3(AsO4)2 (P2tlc) 
Ni(l) 
Ni(2) 
Ni(3) 
As(l) 
As(2) 
O(I) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
O(7) 
0(8) 

y z Ueq 

0.0 0.0 0.0065 (7)* 
0.1335 (I) 0.25 0-0063 (7)* 
0.37586 (7) 0.11627 (9) 0.0047 (4)* 
0.2528 (5) 0.2333 (6) 0.008 (2)* 

-0.0026 (5) 0.2502 (8) 0.007 (2)* 
0-1206 (4) -0.0007 (5) 0.007 (2)* 

4(e) -0.11623 (13) 0.13508 (8) -0.46619 (7) 0.0055 (3)t 
4(e) -0.35785 (13) 0.13685 (8) -0.21622 (7) 0.0054 (3)t 
4(e) 0.35985 (13) 0.12278 (8) 0.05781 (7) 0.0053 (3)t 
4(e) 0.36612 (10) 0.15639 (6) 0.38124 (5) 0.0043 (3)f 
4(e) -0.12618 (10) 0.05552 (6) 0.20430 (5) 0-0040 (2)f 
4(e) 0.3834 (7) 0.2253 (4) 0.2291 (3) 0.006 (2)~" 
4(e) 0.6028 (7) 0.2437 (4) 0.4526 (4) 0-007 (2)t 
4(e) 0.1556 (6) 0.2334 (4) 0.4649 (4) 0.005 (2)t 
4(e) -0.3666 (7) 0.0183 (4) 0.6187 (4) 0.008 (2)t 
4(e) 0.3745 (6) 0.4898 (4) 0.3771 (4) 0.005 (2)'1" 
4(e) -0.1328 (7) 0.2317 (4) 0.1933 (4) 0'007 (2)f 
4(e) 0.1127 (7) -0.0050 (5) 0.1330 (4) 0.006 (2)~" 
4(e) 0-1191 (7) 0.5075 (5) 0.1362 (4) 0.007 (2)I" 

* u . ,  = ~ (u , ,  + u22 + u33). 

t Ueq = ~(ut, + u22 + u33 + 2cosflG3). 

Table 2. Bond lengths (A), strengths (s) and angles (°) 
in o-Ni3(msO4) 2 

Ni(I)---O(2) 2.043 (7) ( x 2) As---O(I) 1.684 (6) 
Ni(l)--O(3) 2.079 (5) ( x 4) As--O(2)e 1.751 (6) 

As--O(3)f 1.687 (4) ( x 2) 
Ni(2)--O(l) 2-007 (4) ( x 2) 
Ni(2)--O(2) 2-135 (4) ( x 2) 
Ni(2)--O(3) 2.054 (4) ( x 2) 

O( l )  0 (2)  O(3) ~s  
Ni(l) 0.350 ( × 2) 0.318 ( x 4) 1.97 
Ni(2) 0.385 ( x 2) 0.273 ( x 2) 0.339 ( x 2) 1.99 
As 1.251 1-047 1.241 ( x 2) 4.78 
,~s 2.02 1-94 1.90 

O(2)---Ni(l )---O(2)a 1 8 0 " 0  O(l)~Ni(2)----O(l )d 96.04 (18) 
O(2)--Ni(1)--O(3) 90-69 (15) ( x 4) O(I)---Ni(2)---O(2) 88'01 (16) ( x 2) 
O(2)---Ni(l)--4)(3)a 89.31 (15) ( x 4) O(l)--Ni(2)---O(2)d 174.53 (21) ( x 2) 
O(3)----Ni(1)-----O(3)a 1 8 0 . 0  O(1)--Ni(2)---O(3) 90-63 (20) ( x 2) 
O(3)----Ni(l)---4)(3)b 98.37 (18) ( x 2) O(l)--Ni(2)---O(3)d 94.81 (20) ( x 2) 
O(3)----Ni(l)---O(3)c 81.63 (18) (x2) O(2)---Ni(2)---O(2)d 88.21 (16) 
O(3)b--Ni(I)--O(3)c 1 8 0 . 0  O(2)----Ni(2)---O(3) 88.81 (22) ( x 2) 
O(I)---As-----O(2)e 106.9 (3) O(2)--Ni(2)---O(3)d 85.35 (22) ( × 2) 
O(l)----As---O(3)f 109.66 (18) (x 2) O(3)--Ni(2)--O(3)d 171.87 (19) 
O(2)e--As--O(3ff 109.26 (18) ( × 2) 
O(3)f--As---O(3)g 111.95 (21) 

Symmetry code: (a) - x, - y, - z; (b) - x, y, z; (c) x, - y, - z; (d) ~ - x, y, 
J - z ;  (e)-  x, ~ + y, ~-  z; ( f )  ~-  x, ~-  y , - z ;  (g)-  ~ + x, ~ - y , - z .  

(1.817) for 38 (119) variables. A final difference map 
showed electron density maximum 1.8 (1-7), mini- 
mum - 1.8 ( -  1.3) e A -3. Throughout the refine- 
ments, scattering curves were taken from those 
stored within the program and anomalous-dispersion 
corrections were applied to the curves for nickel and 
arsenic. Final atomic positional parameters are given 
in Table 1.* Bond lengths and bond angles are given 
in Tables 2 and 3. Further cycles of refinement with 
variable Ni and As populations did not indicate any 
significant deviation from the Ni3As208 composition. 

4. Description of the o-Ni3(AsO4)2 structure 

This structure (Fig. 2) is based on an approximate 
3 cubic close packing (eutaxy) of O atoms with ~ of the 

octahedral 1 sites and z of the tetrahedral sites filled 
with Ni and As atoms respectively. The NiO6 octahe- 
dra are joined by edge-sharing with one another but 
only share corners with the AsO4 tetrahedra. The 
deviation from ideal close packing can be estimated 
from the axial ratios c/a = 1.374 and b/a = 1.895 
compared to their ideal values of V'2 and 2. 

The full coordination of the o-Ni3(AsO4)2 structure 
can be written as VXNi(1)VINi(2)2IVAs2IIIO(1)2 - 
wO(2)2mO(3)4 where O(1) and 0(3)  are in threefold 
coordination (2Ni + As) whereas 0(2)  is in fourfold 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Document Supply 
Centre as Supplementary Publication No. SUP 54039 (16 pp.). 
Copies may be obtained through The Technical Editor, Interna- 
tional Union of Crystallography, 5 Abbey Square, Chester CH1 
2HU, England. 

Table 3. Bond lengths (A) and angles (°) in 
m-Ni3(AsO4)2 

Ni(l)---O(2)a 2-061 (4) Ni(2)---O(I)e 2.046 (4) Ni(3)---O(I) 2.001 (4) 
Ni(l)---O(3)b 1-986 (4) Ni(2)-4)(2)e 2.088 (4) Ni(3)----O(2)c 2.212 (4) 
Ni(l)----O(4)b 2.051 (4) Ni(2)-----O(4)b 2.027 (4) Ni(3)---O(3)c 2.014 (4) 
Ni(I)---O(6)c 2.071 (4) Ni(2)--O(5)e 2.214 (4) Ni(3)--O(5)g 2.072 (4) 
Ni(I)---O(8)d 2.119 (4) Ni(2)--O(6)c 2.058 (4) Ni(3)---O(5)c 2.139 (4) 
Ni(l)---O(8)c 2.154 (4) Ni(2)--O(7ff 2-045 (4) Ni(3)---O(7) 2.055 (4) 

As(I)---O(1) 1-693 (4) As(2)---O(5)i 1.735 (4) 
As(I)--O(2) 1.728 (4) As(2)----O(6) 1.689 (4) 
As(I)--O(3) 1.688 (4) As(2)---O(7) 1.692 (4) 
As(I)--O(4)h 1-670 (4) As(2)---O(8)i 1.688 (4) 

O(2)tr-Ni(l)----O(3)b 103.73 (16) O(1)---Ni(3)----O(2)c 97.14 (16) 
O(2)a--Ni(l )----O(4)b 83.57 (16) O( I )--Ni(3)---O(3)c 95.05 (16) 
O(2)a--Ni(l)--O(6)c 86.48 (16) O(I)----Ni(3)---O(5)g 90.30 (16) 
O(2)a--Ni(1)---O(8)d 89.35 (16) O(I)----Ni(3)--O(5)c 173-79 (16) 
O(2)a---Ni(l)---O(8)c 167.26 (16) O(I)~Ni(3)---O(7) 89.00 (16) 
O(3)b--Ni( l)---O(4)b 172-68 (16) O(2)c---Ni(3)--O(3)c 75.39 (15) 
O(3)b--Ni(I)---O(6)c 93-19 (16) O(2)c--Ni(3)---O(5)g 91.90 (16) 
O(3)b---Ni(1)---O(8)d 87.50 (16) O(2)c--Ni(3)----O(5)c 79.56 (15) 
O(3)b--Ni(I )--O(8)c 88.99 (16) O(2)c--Ni(3)--O(7) 172.82 (I 5) 
O(4)b--Ni( 1)---O(6)c 86.64 (17) O(3)c--Ni(3)----O(5)g 166.72 (16) 
O(4)b---Ni(1)----O(8)d 93.20 (16) O(3)c--Ni(3)---O(5)c 89-24 (16) 
O(4)b--Ni(1)---O(8)c 83.72 (16) O(3)c--Ni(3)---O(7) 100-45 (16) 
O(6)c--Ni(I)--O(8)d 175-82 (16) O(5)g--Ni(3)---O(5)c 84.58 (15) 
O(6)c---Ni(l)---O(8)c 93-53 (16) O(5)g--Ni(3)---O(7) 91.78 (16) 
O(8)d--Ni( 1 )---O(8)c 90.60 (I 6) O(I 5)c--Ni(3)---O(7) 94.65 (16) 

O(l)e---Ni(2)--O(2)e 76.33 (15) O(I)----As(I)--O(2) 96.63 (19) 
O(I)e--Ni(2)---O(4)b 98.46 (16) O(I)----As(I)---O(3) 111.79 (19) 
O(i)e--Ni(2)---O(5)e 87.44 (15) O(l~---As(I)--O(4)h 112-91 (20) 
O( l)e---Ni(2)---O(6)c 87.26 (16) O(2)----As( I )---0(3) 98-57 (19) 
O( 1 )e---Ni(2)--O(7)f 171.30 (16) O(2)----As( 1 )--O(4)h I 18"79 (20) 
O(2)e--Ni(2)----O(4)b 172.32 (17) O(3)---As( 1 )---O(4)h I 15-93 (20) 
O(2)e---Ni(2)---O(5)e 80-62 (16) 
O(2)e---Ni(2)---O(6)c 97-67 (16) O(5)i--As(2)---O(6) 108-31 (19) 
O(2)e,--Ni(2)---O(7)f 95.59 (16) O(5)i--As(2)----O(7) 109.90 (19) 
O(4)b---Ni(2)---O(5)e 93-63 (16) O(5)/---As(2y--O(8)i 109.93 (19) 
O(4)b---Ni(2)---O(6)c 87.61 (16) O(6)--As(2)--O(7) 109.19 (20) 
O(4)b---Ni(2)---O(7)f 89.26 (17) O(6)--As(2)---O(8)i 109.56 (20) 
O(5)e---Ni(2)--O(6)c 174.67 (16) O(7)--As(2)--<)(8)i 109.92 (20) 
O(5)e---Ni(2)---O(7)f 88-08 (16) 
O(6)c---Ni(2)---O(7)f 97.12 (16) 

Symmetry code: (a) - 1 + x, y, - 1 + z; (b) x, y, - 1 + z; (c) x, ~ - y ,  - ~ + z; 
(d) - x ,  - ~ + y ,  - ~ - z ;  ( e ) - l + x ,  ~ - y ,  - ~ + z ;  0 0  - x ,  - y ,  - z ;  
(g) l - x ,  -~+ y , ~ - z ; ( h ) - x ,  - y ,  l - z ; ( O - x ,  -~+ Y , ~ - z .  
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coordination (3Ni + As) (cf. Fig. 2). As expected 
from bond-valence/bond-length correlations, the 
longest bonds in the structure are those involving 
0(2) (cf. Table 2). All bond-valence sums [calculated 
from the parameters derived by Altermatt & Brown 
(1985)] are close to their expected values (cf. Table 2) 
but individual bond lengths and angles show signifi- 
cant distortion of all coordination polyhedra, only 
slightly larger than those observed in the isostruc- 
tural vanadate Ni3(VO4) 2 (Sauerbrei et al., 1973). 

As pointed out previously by Krishnamachari & 
Calvo (1971) in the case of the isostructural Mg 
orthovanadate, the o-Ni3(AsO4)2 structure is simply 
related to the spinel structure type. This relationship 
is best seen using the projection of Fig. 2 which is 
equivalent to the (110) projection of the spinel struc- 
ture [see, for instance, Fig. 1 in Hyde, White, 
O'Keeffe & Johnson (1982)]. The o-Ni3(AsO4)2 unit 
cell contains cation-deficient spinel slabs stacked 
along the b direction, the Ni vacancies being ordered 
along empty octahedral rows parallel to the a axis. 
Adjacent slabs are separated by (020) antiphase 
boundaries with a displacement vector equal to a/2 
that leaves the cubic close-packed oxygen array 
essentially invariant. In an A2BO4 spinel structure, 
equivalent slabs are stoichiometric and are related by 
a simple translation along the (ll0} direction. In 
respect to this structural relationship, it is relevant to 
point out the existence of a low-temperature pseudo- 
cubic spinel-like form of Co3(VO4) 2 (Joubert & 

deficient 
spinel  

apb apb apb 
1 I I 

0 

Fig. 2. The crystal structure of orthorhombic o-Ni3(AsO4)2 viewed 
along the a direction. Large and small circles represent As and 
Ni atoms respectively. Open, filled and dotted circles are at 
heights 0, 50 and __ 25 (in units of a/100). The O atoms at the 
corners of the polyhedra have been omitted and only their 
heights are indicated. The structure is based on a cubic close- 
packed oxygen array and consists of deficient-spinel slabs 
related by antiphase boundaries. Note the empty octahedral 
rows parallel to the a direction. 

Durif, 1964) that has no antiphase boundaries and a 
different distribution of the octahedral vacancies. 

5. Description of the m-Ni3(AsO4) 2 (xanthiosite) 
structure 

The xanthiosite structure (Fig. 3) is based on a mixed 
hexagonal-cubic oxygen packing with an hc stacking 
sequence in the b direction leading to a four-layer 
repeat. Again, Ni and As atoms occupy ] and :~ of the 
octahedral and tetrahedral sites respectively but 
some edge sharing occurs in the hexagonal layers 
between the NiO6 and AsO4 polyhedra. Whereas the 
oxygen packing is clearly distorted from ideal close 
packing (eutaxy), the average height of a layer, as 
measured by the ratio b/(2a sinfl)= 0.830, remains 
close to its ideal value of %/] = 0.816. 

All atoms are in general positions (cf. Table 1) and 
the full coordination of the m-Ni3(msO4)2 structure 
is given by VINi( 1 ) WNi( 2 ) WNi(3) vi As( 1 )w As( 2 )toO( 1 )- 
wO(2)mO(3)mO(4)xvo(5)InO(6)mO(7)InO(8) (cf. Fig. 
3). As in o-Ni3(msO4)2, the four-coordinated (3Ni + 
As) 0(2) and 0(5) oxygen atoms involve the longest 
bonds in the structure (cf. Table 3). Both the bond 
lengths and bond angles indicate significant distor- 
tion of all coordination polyhedra (much greater 
than in the orthorhombic form) except for the 
As(2)O4 tetrahedron. Nevertheless, all bond-valence 

deficient 
olivine 

c h c h c 
/ I I I I 

Fig. 3. The crystal structure of monoclinic m-Nia(AsO4)2 projected 
onto the (100) plane. Large and small circles represent As and 
Ni atoms, the O atoms at the corners of the polyhedra have 
been omitted. Open, filled and dotted circles are at heights of 
approximately 0, 50 and 25 or 75 (in units of dtoo/100). Note 
that the atom heights have all been shifted by - 12 for easier 
comparison with Fig. I. For reason of clarity, the heights of the 
O atoms have also been omitted. The structure is based on a 
mixed hc approximate close-packing of O atoms and consists of 
deficient-olivine slabs centered on the h layers. Note that all 
(010) layers are identical and have Ni3As208 stoichiometry. 
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sums remain close (within 5%) to their expected 
values and similar bonding geometries have 
also been observed in isostructural Co3(AsO4) 2 
(Krishnamachari & Calvo, 1970b). 

As shown in Fig. 3, the xanthiosite structure con- 
tains slabs of cation-deficient olivine structure: these 
slabs consist of double hexagonally packed (h) layers 
stacked in such a way that adjacent slabs are in cubic 
(c) packing. Ni vacancies are ordered in all indivi- 
dual (010) layers which then have Ni3As208 stoichi- 
ometry (note the Ni atoms at heights of 
approximately ~, ½, 3 or O, ~, ~). [By contrast, in the 
A2BO 4 olivine structure type, all available octahedral 
sites are filled (with A atoms at heights of ], 3, 0 and 1 
in all layers) and the layer stacking corresponds to a 
simple hexagonal close packing (h).] These olivine- 
like slabs present in the xanthiosite structure corre- 
spond, in fact, to the sarcopside (Fe,Zn)3(PO4)2 
structure type, also adopted by Ni3(PO4)2 (Calvo & 
Faggiani, 1975). Both xanthiosite and sarcopside are, 
therefore, built of the same A3B20 8 layers but, 
whereas the layer stacking is (hc) in the former, it is 
simply (h) in the latter as in olivine itself. These two 
structure types can then be regarded as members of a 
structural family with other members possibly exist- 
ing in systems such as m-Ni3(AsO4)2-Ni3(PO4) 2. 

6. Discussion 

Among the various structure types reported for the 
orthoarsenates M~(AsO4)2 ( M =  Mg, Mn, Co, Ni, 
Cu, Cd) (Krishnamachari & Calvo, 1973, 1970b; 
Krishnamachari, 1970; Gopal, Rutherford & Rob- 
ertson, 1980; Davis et al., 1965; Poulsen & Calvo, 
1968; Hawthorne, 1986; Engle & Klee, 1970), the 
dimorphism of Ni3(AsO4) 2 described here is so far 
unique. On the one hand, the o-Ni3(AsO4)2 phase is 
the first example of an arsenate adopting this spinel- 
related structure which is common among the ortho- 
vanadates M3(VO4)2 ( M =  Mg, Ni, Co, Cu, Zn) 
(Krishnamachari & Calvo, 1971; Sauerbrei et al., 
1973; Shannon & Calvo, 1972). On the other hand, 
the m-Ni3(AsO4)2 (xanthiosite) structure is closely 
related to that of sarcopside, an olivine derivative, 
adopted by several orthophosphates including 
Ni3(PO4)2 (Moore, 1972; Berthet, Joubert & Bertaut, 
1972; Calvo & Faggiani, 1975). Clearly, its 
dimorphism makes nickel orthoarsenate a structural 
intermediate between the corresponding vanadate 
and phosphate. 

The dimorphism of Ni3(AsO4)2 is also relevant to 
the well-known phase relations between the olivine 
and spinel structure types. For example, the spinel 
and olivine forms of Mg2GeO4 are low-/high- 
temperature (as well as high-/low-pressure) forms 
respectively (Dachille & Roy, 1960; Hensen, 1977). 
Similarly, the stability of the spinel-related ortho- 

rhombic form of Ni3(AsO4)2 seems to be limited to 
low temperature: firstly, it crystallized in the low- 
temperature hydrothermal runs only (c f  §2) 
and secondly, during dehydration reactions of syn- 
thetic annabergite Ni3(AsOa)2.8H20, both the o- and 
m-Ni3(AsO4)2 phases were obtained at 948 K, but 
only the latter remained when the temperature was 
raised to 998 K. The difference in the calculated 
densities of o- and m-Ni3(AsO4)2 (5.52 and 
5.37 g cm -3) is also consistent with the densities of 
spinel and olivine polymorphs of silicates and germa- 
nates (e.g. 4.38 and 4.03 g cm -3 for Mg2GeO4) sug- 
gesting that, like spinel, the o-Ni3(AsO4)2 structure 
may also be the stable high-pressure form. 

As described above, the structure of xanthiosite 
[m-Ni3(AsO4)2] is built up of cation-deficient olivine 
layers of Ni3As208 composition, identical to those in 
sarcopside. Similar layers are also found in the struc- 
ture of aerugite (Ni8.sAs3Ol6) albeit with a different 
composition, Ni3.67As208, and regularly intergrown 
with deficient rock-salt layers, Ni4.87AsO8 (Fleet & 
Barbier, 1989). This structural relation between 
xanthiosite and aerugite may be relevant to the fact 
that the former readily transforms into the latter, via 
loss of As2Os, when heated in air of a few minutes at 
1373 K. The examination of partially transformed 
xanthiosite by transmission electron microscopy 
showed a few (010) planar faults possibly associated 
with the formation of an intermediate phase. No 
such phase has yet been observed in the NiO-As205 
system (Taylor & Heyding, 1958; Davis et al., 1965) 
but in the CoO-As20 5 system, the Co7As3.6016 
olivine-like phase described by Krishnamachari & 
Calvo (1974) has a Co/As ratio intermediate between 
those of xanthiosite (M3As208) and aerugite 
(M8.sAs3OI6). The possible existence of a similar 
phase in the nickel system is now being investigated. 

This work was supported by an operating grant to 
JB from the National Science and Engineering 
Research Council of Canada. 
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Abstract 

Neutron powder diffraction patterns from rutile 
(TiO2, P42/mnm, a = 4.594, c = 2.959/k) and anatase 
(TiO2, I41/amd, a= 3-785, c=9-514/k)  have been 
analysed by the Rietveld method. The positional 
parameters were determined to be x o = Y o =  
0.30478 (6) in rutile and Zo = 0.20806 (5) in anatase. 
The anisotropic thermal parameters were also 
determined. The results from this constant-wave- 
length neutron diffraction study are in remarkably 
good agreement with the results from a recently 
published analysis of time-of-flight neutron data 
from the same phases. A comparison is made with 
results from earlier X-ray single-crystal investigations 
of these polymorphs of titania, and again the 
agreement is good. In particular, there is no evidence 
for any significant difference between X-ray and 
neutron determinations of the oxygen position such 
as might have resulted from polarization effects. The 
thermal vibrations show marked anisotropy, which 
appears to be determined by the stereochemistry of 
the crystal structure. The Debye temperatures esti- 
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mated from the diffraction data are 600 (10)K for 
rutile and 520(10)K for anatase at room tem- 
perature. 

1. Introduction 

The crystal structures of rutile and anatase, two of 
the polymorphs of titanium dioxide, were first 
described by Vegard (1916). The structures have 
been redetermined from time to time, using improved 
techniques to obtain more accurate crystal structure 
data. These additional investigations have been 
motivated by interests in the electronic properties, 
the nature of the bonding, and the general rela- 
tionship between electronic properties and crystal 
structure in these materials. The further work 
includes an X-ray powder diffraction study of 
anatase and rutile (Cromer & Herrington, 1955), 
single-crystal X-ray diffraction investigations of 
anatase (Horn, Schwerdtfeger & Meagher, 1972) and 
of rutile (Abrahams & Bernstein, 1971; Shintani, 
Sato & Saito, 1975; Gonschorek, 1982), and neutron 
diffraction investigations of rutile using both single- 
crystal (Gonschorek & Feld, 1982) and powder 
(Sabine & Howard, 1982) techniques. For rutile, 
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