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Preparation, Properties and Crystal Structure of Barium Vanadium Sulfide, BAYS3* 
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Barium vanadium sulfide, BaVS3, has been prepared and single crystals have been grown from a barium 
chloride flux. The crystal structure of BaVS3 at room temperature has been determined by single-crystal 
analysis and the space group is P63/mmc with two formula units per unit cell. The hexagonal cell dimen- 
sions are a=6.724+0.005 A. and c=5.610+0.005/~. The calculated density is 4.30g.cm-3 and the 
observed density is 4.22 g.cm-3. The structure has been refined by least-squares techniques to a final 
R value on F of 7"5% for 192 independent reflections above background. The structure is based on 
hexagonal close-packed BaS3 layers with the vanadium cations occupying one quarter of the octahedral 
voids between these layers. These are all the voids that are bounded exclusively by anions. The vanadium 
cations form chains parallel to the c axis with a V-V distance of 2-805 + 0.002 A. Low temperature 
powder X-ray studies indicate that a crystallographic distortion begins to occur near 185 °K and this 
distortion gradually increases as the temperature is decreased. At liquid nitrogen temperature the 
distortion is considerable, but its exact nature is unknown. A plot of resistivity as a function of temper- 
ature indicates a change in the slope at approximately 130°K. This change is associated with a transition 
from the metallic to the semiconducting state. The electrical properties of BaVS3, in the metallic state, 
are discussed in terms of direct interactions between the vanadium cations. 

Introduction 

Katz & Ward (1964) have recently described the struc- 
tures of a number of mixed metal oxides in terms of the 
stacking sequence of essentially close-packed metal- 
oxygen layers. The concept of structure in terms of 
stacking sequences permits the correlation of a large 
number of structure types. In addition, it is possible to 
utilize these ideas in order to predict the existence of 
new compounds. 

Compounds of the type ABX3 where A is a large 
cation, B a small cation, and X is an anion, can be 
described as an essentially close-packed array of A and 
X ions, provided A and X are approximately the same 
size. In such an array, one quarter of the octahedral 
voids are bounded exclusively by the anions; these are 
the octahedra occupied by the B cations. The well 
known perovskite-type structure may be described in 
terms of cubic close-packing of the AX3 layers. If the 
stacking sequence of the close-packed layers is hexa- 
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gonal, then a different structure-type results. In addi- 
tion, other structure-types can be described in terms of 
different sequences of hexagonal and cubic layers. The 
structure of compounds with a common packing se- 
quence has usually been classified according to the 
crystal structures of minerals or specific compounds, 
e.g. perovskite, spinel, nickel arsenide, etc. This may at 
times lead to confusion because many such compounds 
often show marked differences in their crystallogra- 
phic properties; a common packing sequence does not 
necessarily imply a common crystal structure. In this 
study it is preferred to designate the compounds ac- 
cording to the packing sequence rather than by asso- 
ciation with the structure of a particular class of 
minerals or compounds. 

In ABX3 compounds with a cubic close-packed ar- 
rangement of ions, the octahedra occupied by B cations 
share corners; in the hexagonal close-packed structure 
these octahedra share faces and form continuous 
chains parallel to the c axis of the crystal. The ternary 
transition metal sulfides and selenides BaTiS3 (Hahn & 
Mutschke, 1956; Clearfield, 1963; Aslanov & Kovba, 
1964), BaTiSe3 (Aslanov, 1964), SrTiS3 (Hahn & 
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Mutschke, 1956), BaTaS3 (Aslanov & Kovba, 1964), 
BaTaSe3 (Asian•v, 1964), BaZrSe3 (Asian•v, 1964), 
appear to crystallize with the hexagonal close-packed 
type structure. The room temperature form of BaVS3, 
which has not previously been reported, can be classi- 
fied with this group of compounds. This structure is 
also similar to that of CsNiC13 (Tishchenko, 1955), in 
which the nickel cations occupy one quarter of the octa- 
hedral voids between close-packed CsC13 layers. In 
addition BaNiO3 (Lander, 1951) has been reported, on 
thebasis of powder work, to have a similar structure. 
The stoichiometry of BaNiO3, however, has been ques- 
tioned (Gushee, Katz & Ward, 1957). In the room tem- 
perature form of BaVS3 the vanadium cations, which oc- 
cupy one quarter of the face shared octahedra, form con- 
tinuous chains. If the V-V distance is sufficiently small, 
then there may be enough overlap of the transition 
metal d-orbitals to result in the formation of conduc- 
tionbands. This has been observed for other ternary 
vanadium chalcogenides (Bouchard, Robinson & 
Wold, 1966). Since the d-orbitals of vanadium in the 
compound BaVS3 contain only one electron, the con- 
duction bands would only be partially filled and metal- 
lic conduction should result. 

Previous studies of V 3+ and V 4+ oxides (Perrakis, 
1927; Hoschek & Klemm, 1939; Rtidorff, Walter & 
Stadler, 1958; Morin, 1959; Warekois, 1960; Good- 
man, 1962; Go•den•ugh, 1963; Feinleib & Paul, 1967) 
indicate that crystallographic transitions occur in these 
compounds which may result in a change from semi- 
conducting tometallic behavior. This transition results 
from the formation of covalent V-V bonds with the 
trapping of conduction electrons (Go•den•ugh, 1965). 
It was therefore decided to investigate the electrical and 
crystallographic properties of BaVS3 at low tempera- 
tures in order to ascertain the nature of the V-V bond- 
ing in this compound. 

Experimental 
Preparation 

BaVS3 was prepared by heating an intimately ground 
mixture of barium carbonate and vanadium pentoxide 
('Specpure' Johnson, Matthey & Co., Ltd.) at 500°C 
for 12 hours and then at 900°C for 24 hours in a hy- 
drogen sulfide atmosphere. 

Crystal growth 
Single crystals of BaVS3 were grown using barium 

chloride as a flux. A mixture of the sulfide and flux was 
placed in an evacuated silica tube and then sealed inside 
a second silica tube. This procedure prevented any 
exposure of the melt to air, since the inner tube tended 

to devitrify and crack. The double-tubed sample was 
heated to 1050°C and held at that temperature for 12- 
24 hours. The furnace was then programmed to cool 
from 1050°C to 800°C at 3°/hour and then to room 
temperature at 50 °/hour. The melt was extracted with 
cold water, filtered and washed with acetone. The 
larger crystals were separated from the treated melt by 
passing the mixture through a series of standard sieves. 
The largest crystals grown by this technique were 0.5 
to 3 mm long. They were gold-colored and grew pri- 
marily in the habit of first order hexagonal prisms 
{10]'0}, although some crystals formed as small hexa- 
gonal platelets {0001}. 

Analyses 
Both the polycrystalline and single crystal forms of 

BaVS3 were analyzed. Barium was determined by a 
standard gravimetric sulfate procedure after the sam- 
ple was dissolved in hot 6N hydrochloric acid. Vana- 
dium was determined volumetrically by titration with 
standardized ferrous ammonium sulfate solution. Sul- 
fur in the polycrystalline sample was determined by 
oxidizing the sample in a stream of oxygen at 500 °C and 
measuring the gain in weight of the sample. The pro- 
ducts of the oxidation are barium sulfate and vanadium 
pentoxide, as verified by X-ray diffraction. The weight 
gain upon oxidation was related to the amount of 
sulfur initially present. The single crystals were ana- 
lyzed for barium, vanadium and chlorine. The sulfur 
content was determined by difference. The amount of 
chloride present in the single crystals was determined 
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Fig. 1. Resistivity v s .  temperature for BaVS3. 
.. 

Table 1. Analytical results 
%Ba %V 

found calc. found calc. 
Polycrystalline sample 48.25 48"28 17.83 17.91 
Single crystals 48.04 48.28 17.88 17.91 

%S %C1 
found calc. found 
33.88 33.81 - -  
33.63 33.81 0.45 



R I C H A R D  A. G A R D N E R ,  M A R C U S  VLASSE AND A A R O N  WOLD 783 

by the Volhard method. The analytical results are pre- 
sented in Table 1. 

Physical measurements 
Electrical resitivity as a function of temperature was 
determined on sintered bars from 80°K to 350°K. 
(BaVS3 begins to lose sulfur at approximately 370°K 
under vacuum). For these measurements the samples 
were pressed at 20000 p.s.i, and sintered in a hydrogen 
sufide atmosphere at 900°C. Electrical resistivity as a 
function of temperature was determined by means of 
both the van der Pauw (1958) and conventional poten- 
tial-probe techniques. For both methods, spring-loaded 
contacts were used and the results obtained are plotted 
as curves 1 and 2 in Fig. 1. The shape of the curves and 
the approximate transition point was duplicated on 
several different preparations of BaVS3. In this study a 
compound is classified as metallic if the resistivity has 
a positive temperature coefficient and also has a low 
Seebeck coefficient. 

Collection and reduction of room temperature X-ray data 
Powder samples were examined by X-ray diffraction 

methods with the use of a high intensity copper source 
[2(Cu Kcq)1.5405 A]. The diffracted X-rays were mono- 
chromatized (AMR-202 focusing monochromator) 
and detected by a Norelco scintillation counter. Powder 
diffraction data of BaVS3 at 25 ° were indexed on the 
basis of a hexagonal cell with a=6.714+0.005,  c=  
5.610_+ 0.005 A. In addition, lattice dimensions at 25 ° 
were determined from single-crystal rotation and Weis- 
senberg photographs calibrated with sodium chloride. 
For BaVS3, a=6 .724+0.005  and c=5.610+0-005 A 
[2(Mo K~)0.70926 A]. The pycnometrically measured 
density was dm =4"22 + 0"05 g.cm -3 which indicated a 
cell containing two formula units. The calculated den- 
sity was de=4.30 g.cm -3. The reported errors for both 
the powder and single-crystal cell parameters represent 
the average deviations in the observed cell constants. 

The Laue symmetry for BaVS3 was found to be 
6/mmm. Systematic extinctions, determined from zero- 
and upper-layer Weissenberg and precession photo- 
graphs, occurred only for hh2hh l =  2n + 1. In addition, 
structural absencesh - k = 3n for l =  2n + 1 were observed. 
These absences are consistent with the space groups 
P63mc, P62c and P63/mmc. Piezoelectric and pyro- 
electric measurements were not made since metallic crys- 
tals do not show these effects (Cady, 1929). 

A single crystal of BaVS3, in the form of a thin hexa- 
gonal platelet (approximately 0.1 x0.02 mm), was 
mounted about its b axis. Multiple-film equi-inclination 
Weissenberg photographs were taken with Zr-filtered 
Mo Kc~ radiation in order to obtain intensity data. 
A total of 703 reflections were measured visually by 
comparison with a standard intensity scale. These data 
were scaled and averaged to give a total of 192 inde- 
pendent reflections. The inter-film and inter-layer scal- 
ing was carried out by the usual scaling algorithms 
(Hamilton, Rollett & Sparks, 1965). The intensity data 
were corrected for spot-shape and Lorentz-polarization 
effects. No absorption or extinction corrections were 
applied. Before the averaging of equivalent reflections 
was made, failure to consider absorption caused an 
estimated maximum of 20% error in the Fo~s for some 
of the reflections. 

Solution and refinement of the structure 
An inspection of the three-dimensional Patterson 

function, calculated by the use of the NCR-8 Fourier 
program of Ahmed, Hall, Pippy & Saunderson (1966), 
indicated that the vanadium, barium and sulfur atoms 
occupy the positions 2(a), 2(b) and 6(c) in space group 
P63mc and 2(a), 2(d) and 6(h) in both P62c and 
P63/mmc (h~ternational Tables for X-ray Crystallo- 
graphy, 1962). The approximate positional parameters 
were determined to be (0, 0, 0) for V, t3_ z_ a~ for Ba, and ~ ,3 ,  3 , 4 2  

(x,2x,¼) with x=-~ for S. Although all three space 
groups were possible, it was decided initially to refine 
the structure in the centrosymmetric P63/mmc. A full- 
matrix least-squares refinement was carried out with 
the use of the Busing, Martin & Levy (1962) ORFLS 
program modified to make real and imaginary ano- 
malous dispersion corrections. The atomic scattering 
factors for S z- were taken from International Tables 
for X-ray Crystallography (1962), and those for Ba z+ 
and V 4+ were the values given by Thomas & Umeda 
(1957). The necessary parameters used for the anoma- 
lous dispersion were those given by Dauben & Temple- 
ton (1962). Weights were assigned to each reflection 
according to the scheme of Cruickshank & Pilling 
(1961), i.e. w=(A+BF+CFZ) -1, with A=2Fmin ,  
B =  1"0, C=2/Fmax. 

The function X w(]Fo[- [FeD 2 was minimized where 
Fo and Fe are the observed and calculated structure 
amplitudes and w is the weight defined above. The 
unobserved reflections were assigned zero intensity and 

Table 2. Calculated and observed structure./'actors for BaVS3 
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Table 3. Positional and thermal parameters*~f 

x y z Bll B22 fl33 
S 0.1656 (6) 0.3312 (6) ¼ 63 (9) 66 (9) 125 (12) 
V 0 0 0 141 (10) 141 (10) 118 (17) 
Ba ½ ~- , ¼ 87 (4) 87 (4) 114 (7) 

* The standard deviations are shown in parenthesis and refer to the last decimal position of the respective values. 
1" The temperature factor expression used was exp [ - 10-4(h2fll 1 -t- k2B22 + 12fl33 -I- 2hkf112 + 2hlB13 + 2klB23)]. Constraints placed 

on the Pu's are: for sulfur/hi =2/112, f123=B13=0, and for vanadium and barium fill =f122=2B12, B23=f113 =0. 

given zero weight in the refinement. For  the refinement 
procedure, one overall scale factor was used. 

Three cycles of isotropic least-squares refinement led 
to the following R indices: 

R =  Z IIFoI-IFcll =0.095, 
z IFol 

wR= [Z  w(lFol - lFcl)2] :/2 
Z wlFol 2 =0.107. 

The refinement was continued in the centrosym- 
metric space group with three cycles of anisotropic cal- 
culations. The final values of R and wR for the observed 
data were 0.075 and 0.083 respectively. In addition, the 
final error of fit was 1.298. These results indicate a mod- 
erate decrease in wR that  seems to justify the aniso- 
tropic refinement. The final positional and thermal 
parameters of this refinement are given in Table 3. 
Interatomic distances, bond angles and standard devi- 
ations were calculated by the use of the Busing, Martin 
& Levy (1964) ORFFE program and are shown in Table 
4. The final structure amplitudes are given in Table 3. 

Table 4. 

.'-b 

Selected distances and bond angles* 

Atoms 
Distance (central atom is Angle 

Atoms (A) vertex) (°) 
S'mV ' 2.385 (3) S'-V'--S'" 91.07 (15) 
S'--Ba" 3.362 (3) S ' -V ' - -S  vi 88.93 (8) 
S" -Ba" 3.418 (3) S ' -V ' - -S  Iv 180.00 (8) 
S'--S" 3.404 (2) V'-Ba"-V" 39.73 (4) 
V' -V" 2.805 (2) S ' -Ba ' -V" 35.30 (3) 
S'--S vi 3"340 (2) 
V' -Ba" 4.128 (3) 
Ba'-Ba" 4.790 (3) 

Root-mean-square radial thermal displacements of atoms (A) 
S 0.206 
V 0.260 
Ba 0.220 

* Errors in cell parameters are included in the standard 
deviations. 

The above results indicate that a reasonable refine- 
ment was obtained in the centrosymmetric P63/mmc 
space group. In the absence of any stereochemical evi- 
dence which would show that the choice is incorrect, 
the centrosymmetric group is assumed. 

Low temperature X-ray study 
Powder samples of BaVS3 were mixed with collo- 

dion and amyl acetate and spread on an aluminum- 

backed Pyrex slide with a copper-constantan thermo- 
couple mounted between the aluminum and pyrex. The 
samples were then examined using monochromatized 
(AMR-202 focusing monochromator) high intensity 
copper radiation [2(Cu Ke)1.5405 A] with a Norelco 
diffractometer. The radiation was detected with a No- 
relco scintillation counter. A temperature of approxi- 
mately 77°K was reached by blowing liquid nitrogen 
directly on to the sample. To obtain temperatures be- 
tween that of liquid nitrogen and room temperatures 
an apparatus similar to that described by Post, Schwartz, 
& Fankuchen (1951) was used. 

Results and discussion 

Analyses of the product obtained from various crystal 
growth experiments indicated that  less than 0.5% 
chlorine from the flux was present in the samples. The 
small amount of chlorine present in the crystals should 
not affect the crystallographic results reported. How- 
ever, since electrical properties are affected by impurity 
content, resistivity and Seebeck measurements were not  
made on the small crystals but on well-characterized 
sintered bars. 

A representation of the room temperature structure 
of BaVS3 is shown in Fig. 2 and indicates the parallel 
chains of vanadium •cations. There are also columns of 
unoccupied octahedra, with barium cations at two of 
their opposite comers, which share edges with the vana- 
dium occupied octahedra shown in the Figure. The 
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O Ba O V O S 

Fig. 2. Structure of BaVS3 showing chains of face-sharing sul- 
fur octahedra. The hexagonal unit cell is outlined with bold 
lines. 
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unoccupied octahedra are not shown for the sake of 
simplicity. Fig.3 shows the packing sequence of the 
nearly close-packed BaS3 layers perpendicular to the 
e axis; the vanadium cations occupy one quarter of the 
octahedral voids between the layers. It can be seen from 
Fig. 4 that within the BaS3 layers the S-S distances are 
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Fig.3. Schematic diagram of close-packed layer structure of 

BaVS3. Dashed lines indicate outline of unit cell. 

A 
.% "% .% .% 

t 
91'07(15)°/~'1 ~ ~ , ~ / /  

/ I', I v l ~ l [  ~̂,(~> 
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Fig.4. Vanadium occupied sulfur octahedron with bond dis- 
tances and angles. Dashed lines indicate the planes of close- 
packed layers. Errors are noted in parentheses and represent 
standard deviations. 

3.340+ 0.002 A while the distance between sulfurs in 
adjacent layers is 3-404 + 0-002 ,~. The S-V-S angle for 
sulfur atoms in adjacent layers is 91.07+0.15 ° and 
88.93 + 0.08 ° for sulfur atoms in the same layer. The 
Ba-S distance (not shown in Fig. 4) within the layers is 
3.362 + 0.003 A. The errors oft the distances and angles 
are standard deviations. In a perfect close-packed struc- 
ture Ba-S and S-S distances should be the same. How- 
ever, the Ba-S and S-S distances within the layers are 
shorter than the corresponding distances between adja- 
cent layers. 

An exploratory diffraction pattern was recorded at 
77 °K up to 20 = 80 °. It was observed that the overall dif- 
fraction pattern at 77 °K showed a considerable change 
when compared with the room temperature pattern. 
Numerous splittings and great changes in the intensities 
of the hexagonal lines were observed. When the sample 
was warmed to room temperature its X-ray pattern 
was identical to the original hexagonal pattern. 

In order to determine the temperature at which 
the structure changes begin to occur X-ray diffraction 
patterns were recorded at several temperatures be- 
tween 298°K and 77°K from 20= 30 ° to 20= 37 °. 
Between 20 values of 30 ° to 37 °, the observed splittings 
were most pronounced. The temperature for each 
X-ray scan was maintained to within + 2 °. A diagram 
of the relative intensities of the diffraction peaks vs. 
20 for T=  298 °, 183 o, and 77 °K is presented in Fig. 5. 
A crystallographic change on cooling is first noticed at 
approximately 183°K as determined from the first 
observable splitting of the 200 and 201 diffraction 
peaks of the hexagonal structure. The extent of the 
splitting of these peaks is shown in Fig.5. It appears 
from these low temperature observations that the 
structural change is still incomplete at 77°K. The 
diffraction pattern at this temperature could be indexed 
tentatively on an orthorhombic cell with a=11.55, 
b=6.52, c=5.54 A. The following relationships exist 
between the hexagonal and orthorhombic cells: 
ao ~- l/3 an; bo ~- ah; Co ~- cn. Such transitions are quite 
common for ABX3 type compounds. 

From Fig. 1 it can be seen that there is a resistivity 
minimum at approximately 130°K. Above this tempe- 
rature, the resistivity increases with increasing tempe- 
rature, indicating metallic behavior. Below 130 °K there 
is a sharp increase in the resistivity with decreasing 
temperature. Thus the crystallographic change observed 
below 185°K is undoubtedly associated with the sig- 
nificant change in the resistivity data. 

The Seebeck coefficient of BaVS3 at room tempera- 
ture has the rather low value of - 54/zV °C -x. The values 
of the resistivity at room temperature and 80°K were 
between 10 -3 and 10 -2 ohm-cm, whereas the resistivity 
measured at 5°K was 1010 ohm-cm. This represents a 
change in the resistivity of approximately twelve orders 
of magnitude between 80°K and 5 °K. 

The metallic behavior of hexagonal BaVS3 can be 
explained by examination of the structure of BaVS3 
shown in Fig. 2. It can be seen that the vanadium atoms 

A C 2 5 B  - 1 2 "  



786 S T R U C T U R E  OF B A R I U M  V A N A D I U M  S U L F I D E ,  BaVS3 

form chains parallel to the c axis. Goodenough (1963) 
has proposed that direct interaction between transition 
metal atoms can occur by the overlap of d-orbitals, 
provided the two metal atoms are within a critical 
distance, Re, of each other. Goodenough has form- 
ulated an expression for the critical distance, Re, needed 
for direct interaction between metal atoms in an anion 
lattice. The expression for Re for 3d transition metal 
oxides is: 

Rc3a(oxides) = [3.05 - 0.03 ( Z -  ZTi) - 0.04J ( J +  1)] A, 

where ZTi and Z are, respectively, the atomic numbers 
of titanium and of the transition metal cation in ques- 
tion, and J is the total angular momentum quantum 
number of the transition metal cation. For sulfides 
(Goodenough, 1967) the above expression requires a 
correction of + 0.5 A. Hence for BaVS3 it is anticipated 
that Re for V4+-V 4+ interaction is approximately 3.45/~. 

In the structure of the room temperature form of 
BaVS3 shown, in Fig. 2, the distance between successive 
vanadium atoms through the faces of the shared octa- 
hedra is ½(c)=½(5.610)= 2-805/~. (The V-V distance in 
vanadium metal is 2.61 A.) Thus the metal-metal  dis- 
tance along the c axis is clearly less than Rc = 3.45/~ 
and metallic conduction should be observed. The ob- 
servedmetallic behavior of hexagonal BaVS3 is consis- 
tent with the concepts proposed by Goodenough. 

The change in electrical behavior is related to a crys- 
tallographic transition in which the hexagonal struc- 
ture is distorted. The exact nature of the distortion is 
unknown but it undoubtedly affects the V - V  chains 
which are parallel to the c axis in the hexagonal struc- 
ture. Any type of distortion in these chains would inter- 
fere with the delocalization of the electrons and would 
explain the marked increase in  the resistivity of the 
sample below 130 °K. 
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the Department of Chemistry of Brown University and 
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ment of Physics of Brown' University with the conduc- 
tivity measurements. Dr J.Gillson of E.I. du Pont de 
Nemours and Company confirmed our conductivity 
measurements. 

References 

ArtMED, F. R., HALL, S. R., PIPPY, M. E. & SAUNDERSON, 
C. P. (1966). NRC Crystallographic Programs for the 
IBM/360 System, National Research Council, Ottawa, 
Canada. 

ASLANOV, L. A. (1964). Zh.  Neorgan. Khim. 9, 2022. 
[(1964). Russ. 3. Inorg. Chem. 9(8), 1090.] 

ASLANOV, L. A. & KOVBA, M. (1964). Zh. Neorgan. Khim. 
9(10), 2441. [(1964). Russ. J. lnorg. Chem. 9(10), 1310.] 

BOUCHAm~, R. J., ROBINSON, W. T. & WOLD, A. (1966). 
Inorg. Chem. 5, 977. 

BUSING, W. R., MARTIN, K. O. & LEVY, H. A. (1962). 
A Fortran Crystallographic Least-Squares Program. 
ORNL-TM-305, Oak Ridge, Tennessee. 

BUSING, W. R., MARTIN, K. O. & LEVY, H. A. (1964). 
A Fortran Crystallographic Function and Error Program. 
ORNL-TM-306, Oak Ridge, Tennessee. 

CADY, W. G. (1929). International Critical Tables o f  
Numerical Data, Physics, Chemistry and Technology. 
National Research Council of U.S.A., Vol.VI, First 
edition, p. 208. New York: McGraw-Hill. 

CLEARFIELD, A. (1963). Acta Cryst. 16, 135. 
CRUtCKSHANK, D. W. J. & PILLING, D. E. (1961). Computing 

Methods and the Phase Problem in X-ray Crystal Analysis, 
New York: Pergamon Press. 

DAUBEN, C. H. & TEMPLE'rON, D. H. (1962). International 
Tables for X-ray Crystallography, Vol.III, p.214. Bir- 
mingham: Kynoch Press. 

FEINLEm, J. & PAUL, W. (1967). Phys. Rev. 155, 841. 
GOODENOUGH, J. B. (1963). Magnetism and the Chemical 

Bond. New York: John Wiley. 
GOODENOUGH, J. B. (1965). Bull. Soc. Chim. France, 4, 1200. 
GOODENOUGH, J. B. (1967). Colloq. Intern. Centre Nat. 

Rech. Sci. (Paris), 157. 
GOODMAN, G. (1962). Phys. Rev. Letters, 9, 305. 
GUSHEE, B., KATZ, L. & WARD, R. (1957). J. Amer. Chem. 

Soc. 79, 5601. 
HAHN, H. & Mu-rscnKE, U. (1956). Z. anorg, allgem. Chem. 

288, 269. 
HAMILTON, W. C., ROLLErr, J. S. & SPARKS, R. A. (1965). 

Acta Cryst. 18, 129. 

201 

60 

20 

100 

>.- 
t -  i n  
O~ 
z 60 
Ud 
I - -  
Z 

2o 

100 
ce- 

60 

2O 

o 
3o 

002 

,,I 

100 

31 32 

I,_L_ 
:33 34:35 36 

O 

37 

@ 

® 

(!) 298 K 

@ 183 K 

® 7 7 K  

DEGREES 2t9 

Fig.5. Schematic diagram Of relative intensities vs. 28 for 
T= 298 o, 183 ° and 77 °K. 



R I C H A R D  A. G A R D N E R ,  M A R C U S  VLASSE AND A A R O N  WOLD 787 

HOSCHEK, E. •KLEMM, W. (1939). Z. anorg. Chem. 242, 63. 
International Tables for X-ray Crystallography (1962). Vol. 

III. Birmingham: Kynoch Press. 
KATZ, L. &. WARD, R. (1964). Inorg. Chem. 3, 205. 
LANDER, J. J. (1951). Acta Cryst. 4, 148. 
MORIN, F. J. (1959). Phys. Rev. Letters, 3, 34. 
Pguw, J. J. VAN DER (1958). Philips Res. Rept. 13, I. 
PERRAKIS, N. (1927). J. Phys. Radium, VI, 8, 473. 

POST, B., SCHWARTZ, R. S. & FANKUCHEN, I. (1951). Rev. 
sci. Instrum. 22, 218. 

RI~IDORFF, W., WALTER, G. t~ STADLER, J. (1958). Z. anorg. 
Chem. 297, 1. 

THOMAS, L. H. & UMEDA, K. 0957). J. Chem. Phys. 26, 239. 
TISHCHENKO, G. N. (1955). Tr. Inst. Kristallogr. Akad. 

Nauk SSSR, 11, 93. 
WAREKOIS, E. P. (1960). J. Appl. Phys. Suppl. 31, 346. 

Aeta Cryst. (1969). B25, 787 

The Structure of Some Alkaline-Earth Metal Uranates 

By B. O. LOOPSTRA AND H. M. RIETVELD 

Reactor Centrum Netherland, Petten, The Netherlands 

(Received 17 April 1968) 

The structures of CaUO4, SrUO4 (orthorhombic), BaUO4, CazUOs, Sr2UOs, Ca3UO6, and Sr3UO6 
have been, where necessary, further determined and refined from neutron powder diffraction data. 
Least-squares parameters were obtained by fitting a calculated profile to the observed data. The standard 
deviations in the atomic positions varied with the number of independent structure parameters from 
0.0007 A for CaUO4 to 0-029 A for Sr3UO6. 

Introduction 

The crystal structures of CaUO4 (Zachariasen, 1948) 
and BaUO4 (Samson & Sill6n, 1947) were determined 
previously with the use of both single-crystal and pow- 
der X-ray techniques. SrUO4 (orthorhombic) was 
found to be isomorphous with BaUO4 (Ippolitova, 
Simanov, Kovba, Polunina & Bereznikova, 1959). The 
rhombohedral form of SrUO4 (Zachariasen, 1948) was 
found to be formed only in the absence of oxygen 
(Ippolitova etal., 1959; Cordfunke & Loopstra, 1967). 
This phase is probably oxygen-deficient and has there- 
fore been excluded from the present investigation. 

Ca2UOs and isostructural Sr2UO5 were solved by 
X-ray powder methods, but only as regards the metal 
positions (Sawyer, 1963). Ca3UO6 and Sr3UO6, which 
also are isostructural, were determined from X-ray and 
neutron diffraction powder data (Rietveld, 1966). 

The present investigation was undertaken to deter- 
mine the oxygen positions in Ca2UO5 and Sr2UO5 and 
to obtain better oxygen coordinates in the other com- 
pounds by using neutron diffraction data and the 
profile refinement technique (Rietveld, 1967, 1968). 

Experimental 

All compounds were prepared by heating stoichiomet- 
ric mixtures of UO3 and the alkaline earth metal car- 
bonates, or nitrates, at 1000°C until X-ray powder dia- 
grams showed the product to react no further. The 
final products contained only a few traces of impurities 
except Ca2UO5 where several per cent of CaUO4 and 
Ca3UO6 were still present even after heating for weeks. 

Neutron powder diagrams were obtained under the 
conditions listed in Table 1. The impurity lines in the 
diagram of Ca2UOs were corrected for by subtracting 
properly scaled diagrams of CaUO4 and Ca3UO6 ob- 
tained under identical conditions. 

Table 1. Experimental details 

~.1 is the angular divergence of the collimator between the 
reactor and the monochromator, ~t3 that of the collimator in 
front of the BF3 detector: 2 is the wavelength used and 
(sin Ore)~2 the range of observation. 

Compound ~1 ~3 2 (sin Om)/). 
CaUO4 30' 30" 2-576 A 0.350 
SrUO4 10 10 2.566 0.350 
BaUO4 10 10 2.562 0.350 
CazUO5 10 10 2.565 0.348 
SrzUO5 10 10 2.565 0.333 
Ca3UO6 10 10 2.565 0.353 
Sr3UO6 5.5 10 1.103 0-373 

X-ray powder intensities were collected on a Philips 
diffractometer with Cu K~ radiation. Unit-cell data for 
all compounds are shown in Table 2. 

Structure determination of Sr2UO5 and Ca2UO5 

From the previous X-ray work (Sawyer, 1963), the 
metal atoms in SrzUO5 had been found to occupy the 
positions given in Table 3. Packing considerations led 
to initial parameters of the oxygen atoms. These were 
used to construct four structure models which differed 
from each other only with regard to the sign of the 
Sr y parameters. The Sr coordinates of all four models 
were then refined by a least-squares method (Rietveld, 


