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The compounds Ba4FeZSs[SZ,3(S2),i3] and Ba3.sAlo.4FezSa[So.6(S2)0.4], designated I and II, were 
prepared by reacting BaS, Fe, and S powders and Al foils in graphite containers sealed in evacuated 
quartz ampoules at approximately 1100°C. The crystal structure of I was determined using 1682 
independent, nonzero X-ray reflections, while 3589 were used for II. They are triclinic, Ai: 

a = 9.002(2) ii, b = 6.7086(8) A, c = 24.658(4) A, a = 91.49(2)“, 
b= 105.10(2)“, y  = 90.74(2)“, pcalc = 4.15 g/cm3, for I: 
a = 8.993(6) A, b = 6.780(7) A, c= 24.70(l) A, a = 91.11(6)“, 
/I = 105.04(6)“, y  = 90.90(9)“, pcalc = 3.90 for II. 

Bass trigonal prisms share edges to form distorted hexagonal rings which form one-dimensional 
chains leaving two free lateral edges. The chains link in a stairstep manne,r with the rings offset along 
the [301] direction. These stairsteps join in a complicated manner to form a three-dimensional 
network. Fe ions are in two sites forming isolated FeS, tetrahedra and isolated Fe& dimers by 
edge-sharing tetrahedra. The Al substitution occurs in the trigonal prisms which have free edges with 
Al replacing Ba. 

Room-temperature Miissbauer isomer shifts are 0.20 mm/set. for 1 and 0.30 mm/set for II. These 
data indicate that upon Al substitution charge compensation occurs by reducing Fe3+. Valence 
calculations indicate that Fe in edge-sharing tetrahedra are reduced while the Fe in the isolated 
tetrahedron remains unchanged. The effective charge distribution in the Al substituted compound 
is approximately Fe 3+ FeZ.5f with electron delocalization across the shared edge. Room tempera- , 
ture electrical resistivity is lo5 ohm/cm. 

The compositions of the crystals are best represented by the formulas [Ba4Fe&]2,, . [Ba,Fe,S,- 
(Sz)]iil and [Ba3AlFe2S,]~,4. [Ba4Fe,S,]o.z.[Ba4Fe2s,olo.4 The replacement of a sulfide by a 
disulfide ion is thought to be strongly dependent on the sulfur activity during the preparation. 

Introduction to form the solid solution series Ba,(Fe,-,Al,) 
Sr4, x < 2. It was expected that the determin- 

The investigation of the bariuni-iron-sulfur ation of the Al position replacing Fe would 
system has revealed a large number of com- yield information regarding the oxidation 
pounds with complex stoichiometries in states of iron in this mixed valence compound. 
which iron displays mixed as well as single- However, the Al did not substitute for Fe 
valued valence states and only S- ions are but a new phase was formed in which Al 
present [1-41. In a continuing investigation replaced Ba. Charge balance is maintained 
we have synthesized and characterized a new by reduction of the Fe ion. Subsequently, 
phase, which resulted from an attempt to this same phase without Al was synthesized. 
substitute Al in the compound Ba,Fe,S,, (I) We report here the structural determinations 
Copyright 0 1977 by Academic Press, Inc. 79 
All rights of reproduction in any form reserved. 
Printed in Great Britain 

ISSN 00224596 



80 HOGGINS, RENDON-DIAZMIRON, AND STEINFINK 

as well as results of the Mijssbauer and mag- 
netic measurements. 

Experimental 
The compounds were prepared by reacting 

powders of BaS, Fe, and S and microtomed 
Al foils, SO that nominal stoichiometries of 
the mixtures were Ba,Al,Fe,S,, and 
Ba,Fe,S,,. Extra sulfur to the extent of 10% 
of the total sample weight was added to the 
reaction mixture. The mixtures were placed 
into graphite containers, sealed in evacuated 
Vycor glass tubing and heated between 1050 
and 1200°C for 3 days. 

Mijssbauer spectra were obtained using a 
constant acceleration drive operated in the 
time mode. Data were accumulated in a 
400-channel analyzer. The source was 20 
mCi of 57Co diffused into palladium foil 
and used at room temperature. Velocity 
calibration was obtained using a laser inter- 
ferometer (5). The absorbers consisted of a 
finely ground powder with a thickness of 
approximately 150 mg/in.2. The data were 
corrected for parabolic motion effects, and 
the spectra were fitted by least-squares 
analysis assuming Lorentzian line shapes 
and using a modified National Bureau of 
Standards program. The reproducibility for 
values of line positions is generally +0.02 
mmjsec or better. 

The measurements of magnetic suscepti- 
bility as a function of temperature were carried 
out on a Faraday balance which was cali- 
brated with Hg[Co(CNS),]. The possible 
influence of ferromagnetic impurities on the 
susceptibility data was eliminated as described 
in Ref. (6). 

Chemical quantitative analyses of single 
crystals selected from the reaction mixture 
were obtained using a scanning electron 
microscope operated at 25 keV with a non- 
dispersive X-ray spectrometer attachment. 
Peak heights and background counts were 
measured on the unknowns and standards 
and used in the computer program MAGIC 
IV (by J. W. Colby at Bell Laboratories). 
The results in atom percent were: Ba, 28.2, 
30.7; Al, 4.1; Fe, 15.1, 16.1; S, 52.1, 53.1; 
the first values refer to the Al-containing 
phase and the second values to the Al-free 

phase. The relative error for this procedure 
is approximately 7 %. 

Data Collection 

Weissenberg and precession photographs 
of numerous crystals selected from the reaction 
products showed that they were always 
twinned. The diffraction symmetry appeared 
to be 2/m with systematic absences hkl, 
h + k = 2n + 1 consistent with the space 
groups Cm, C2, C2/m. The lattice constants 
from film measurements were a = 24.6 A, 
b = 6.75 A, c = 8.89 A, and /3 = 105.0”. The 
twinned crystal, a parallelepiped with ap- 
proximate angles of 83”, 97”, and 90” measur- 
ing approximately 0.10 mm on each edge, 
was mounted parallel to the b* axis and placed 
on an automated diffractometer having the 
Weissenberg geometry and equipped with a 
graphite monochromator. During the col- 
lection of three-dimensional intensity data, 
it was discovered that the b” axis was not 
perpendicular to the a* c* plane, thus indicat- 
ing that the above space group was incorrect 
and instead was Cl or Ci; Pl or Pi in the 
conventional orientation. The positions of 
55 reflections with 28 between 23” and 67” 
were carefully measured using MoKa radia- 
tion (A = 0.71069 A) and a 0.5” receiving 
aperture. The reflections from the twins 
superimposed exactly for @Of) and were 
completely separate for hkl, k 3 4. The 
reflections used in the lattice constant dz- 
termination were from this set. The 28 
measurements, made at room temperature, 
were used in a least-squares refinement for the 
determination of the constants. The previ- 
ously designated a and c axes were inter- 
changed to maintain a right-handed system. 
The results are shown in Table I. The A- 
centered cell will be maintained since it shows 
the pseudo-symmetry and twinning more 
clearly. The lattice constants for the A- 
centered cell give an angle of 1.43” between 
b and b*. The transformation matrices are 
given by: 
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TABLE I 

CRYSTALLOGUAPHICDATAFORTHE Two COMPOUNDS' 

Ba4Fe2SstS213(S*),/J1 Ba,(Ba,.,Al,.,)Fe,S,tS~.~(SZ)o.41 
~_ ..- ..__- .~ .__ 

P 4 P 4 
__~--.~ - - ~. -_~ 

1: 9.002 6.7086 (2) (8) 9.002 6.7086 (2) (8) A 8, 8.993 6.780 (6) (7) 8.993 6.780 (6) (7) A A 
c 12.861 (2) 24.658 (4) 8, 12.869 (7) 24.70 (1) .k 

; 106.61 104.27 (1)” (2) 105.10 91.49 (2)” (2) 106.38 104.17 (6)” (6)” 105.04 91.11 (6)” (6) 
Y 90.74 (2)” 90.74 (2)” 90.90 (9)” 90.90 (8)” 
z 2 4 2 4 
PC.lC 4.15 g/cc 3.90 g/cc 

a The estimated standard deviation given in parentheses refers to the last decimal 
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place. 

and 

For the collection of the diffraction in- 
tensities the crystal was now aligned along the 
b axis of one of the twins. Intensities from 
layers hll and h21 were not recorded since 
the reflections overlapped, and the method of 
scanning would not allow both peaks to be 
recorded together. In layer h42 the separation 
was great enough to resolve the reflections. 
In layer h31 the reflections were not well 
resolved, so this layer was not used in the 
refinement but only in some Fourier synthesis 
calculations of electron density maps. Data 
within each level were collected to (sin@/ 
/1= 0.867 using an o scan. The detailed 
procedure is described by Lemley et al. 
(3). A total of 4369 independent reflections 
was measured in layers k = 0, 4-9, of which 
3589 were considered observed. For layer 
k = 3 there were 899 reflections, of which 806 
were considered observed. The basis for 
accepting an intensity as statistically nonzero 
was the value of AI/I < 0.5, where 

AI/I= (T+ t2B)l”/(T- tB). 

T equals total counts in time tT for the o 
scan, B = total background counts, tl and 
f2 are background counting times, and r = 

tT/(fl + t,). The intensities were converted 
to structure factor amplitudes by applying 
Lorentz and polarization corrections. No 
absorption corrections were made (pl = 129 
cm-‘). The equation 

o(F) = [(F/2Z)2 (I + Br/2 + 0.000412)]1’2 
was used to estimate the variances for the 
structure factors, F. The values l/o’(F) 
were used as weights in the least-squares 
calculation. A separate scale factor was used 
for F(hOl) in the refinement. 

The X-ray diffraction patterns of every 
crystal selected from the reaction product 
displayed the same twinning phenomenon. 
A parallelepiped-shaped crystal of dimensions 
0.24 x 0.20 x 0.07 mm was selected for X-ray 
examination. Lattice constants at room 
temperature were obtained from a least- 
squares refinement of precise 28 rneasure- 
ments of 40 reflections between 23” and 64” 
from the crystal mounted on a quarter circle 
diffractometer with the instrument set at a 
1” take-off angle and 0.05” receiving aperture 
and using MO radiation ?., = 0.70926 A and 
i., =0.71354 A. The results are given in 
Table I. The cell orientation is maintained as 
in the Al compound and the transformation 
matrices are identical. Three-dimensional 
X-ray diffraction intensity data to (sin@/ 
?” = 0.65 and excluding layers k = 1, 2 were 
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measured with MoKa radiation using a 
stationary crystal-stationary counter tech- 
nique and balanced filters (3). A total of 2220 
independent reflections was measured, and 
1682 were regarded as observed on the basis 
that the peak count exceeded the background 
count by at least one standard deviation. 
The measured intensities were transformed 
into structure factor amplitudes after Lorentz, 
polarization, and absorption corrections were 
applied (transmission factors 0.352-0.691, 
pLI = 142 cm-‘). 

Reflections of equal intensity were observed 
from both compounds after a 180” rotation 
around the b axis so that twinning must be 
either by a two-fold rotation parallel to b 
or a mirror reflection perpendicular to b. 
The 2/m symmetry of reciprocal space implies 
equal volume for each twin. A further dis- 
cussion of the twinning is presented later. 

Structure Determination 

The direct method for the determination 
of phases was used in the solution of the 
structure. A Wilson plot was obtained using 
all the data, and the statistics indicated that 
the crystal was centric. The computer pro- 
grams FAME (by R. B. K. Dewar) and 
MULTAN (by P. Main, M. Woolfson, and 
G. Germain) were used to generate approxi- 
mately 483 phases. A three-dimensional 
electron density map calculated with these 
phases showed three high peaks which were 
interpreted as barium atoms. Structure fac- 
tors were calculated with these positions and a 
new map, produced from these phases, 
revealed eight peaks which were interpreted 
to represent 3 Ba, 2 Fe, and 3 S. Further 
calculations produced an electron density 
map from which 4 Ba, 2 Fe, and 7s were 
identified and it was also noticed that one of 
the Ba peaks was considerably lower than the 
others and remained lower throughout the 
calculations. A least-squares refinement with 
isotropic temperature factors and in which the 
occupancy factor of one Ba was fixed at 0.65 
gave an R value of 0.14. The temperature 
factor of two of the sulfur atoms was also very 
large and this was taken as an indication that 

they did not have full occupancy. It was 
difficult to judge true peak heights and loca- 
tions of the atoms with statistical occupancy 
factors because the omission of hll, h21, and 
h31 data produced strong diffraction ripples 
around these peaks. Indeed, the Al positions 
were found only after the careful comparison 
of the ripple structure around Ba(4) in the 
electron density maps calculated with and 
without h31. Two small peaks were seen 
which were interpreted as Al. Least-squares 
refinement cycles in which temperature and 
occupancy factors were alternately kept 
constant finally yielded the parameters of 
Table II. The full-matrix least-squares pro- 
gram XFLS, a modification of ORFLS 
(by W. R. Busing, H. A. Levy, and K. 0. 
Martin) was used. The function minimized 
was C w(KFO - FJ- with w = 1/02. The 
atomic scattering factors for Ba, Fe, AI, 
and S were those published in the International 
Tables and were corrected for the real part 
of dispersion effects. Anisotropic temperature 
factors were used for all the atoms except the 
aluminum and the disordered sulfur atoms. 
Final R is 0.072 for all observed reflections, 
excluding layer k = 3, and wR = 0.086, 

For all reflections, excluding layer k = 3, 
the final R is 0.093 and wR = 0.082.l The 
final atomic parameters are shown in Table II. 
A three-dimensional difference electron den- 
sity function was calculated with the last set 
of parameters, and no physically significant 
peaks were observed. 

The positions of 3 Ba, 2 Fe, and 6 non- 
disordered S atoms from the previous struc- 
ture were used as initial positions in the 
refinement of this structure. A three-dimen- 
sional electron density map indicated the 
position of a fourth Ba atom with full occu- 
pancy and three additional S atoms. Subse- 
quent refinements with anisotropic tempera- 
ture factors gave the positions and occupancies 
shown in Table III. A three-dimensional 
difference electron density map was calcu- 
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TABLE II 

FINAL ATOMIC PARAMETERSO AND THEIR STANDARD DEVIATIONS (~10~)~ FOR Ba3(Bao.sAlo.4)Fe2S6[S0.6(SZ)0.4] 

Ba (1) 
Ba (2) 
Ba (3) 
Ba (4) 

Fe (1) 
Fe (2) 
s (1) 
s (2) 
s (3) 
s (4) 
s (5) 
S (6) 

Atom 

8016 (1) 
2276 (1) 
9203 (1) 
5414 (2) 
1295 (3) 
6157 (3) 
1662 (5) 
8673 (4) 
2451 (4) 
2546 (5) 
8832 (4) 
4858 (5) 

X 

s (7) 5714 (14) 

S (8) 5760 (20) 

s (9) 5413 (18) 

Al (1) 5407 (12) 

Al (2) 5418 (12) 

9970 (1) 
4991 (1) 
4916 (1) 
9969 (2) 
9927 (2) 
4750 (3) 

9 (4) 
5034 (4) 
2596 (3) 
7370 (3) 
9780 (4) 
7472 (4) 

Y 

4589 (12) 
3438 (17) 
4953 (14) 
1937 (9) 
7970 (9) 

426 (0) 
898 (0) 

1970 (0) 
1903 (1) 
1640 (1) 

512 (1) 
767 (2) 
551 (2) 

2103 (2) 
2077 (2) 
1709 (2) 

206 (3) 

z 

1404 (5) 
1246 (7) 
1896 (7) 
1889 (4) 
1888 (4) 

43 (1) 64 (3) 
38 (1) 64 (3) 
52 (1) 60 (3) 
16 (1) 110 (3) 

50 (3) 58 (3) 
29 (2) 86 (3) 
62 (5) 84 (5) 
31 (4) 75 (5) 
56 (4) 31 (4) 
65 (5) 40 (4) 
45 (4) 95 (5) 
58 (5) 37 (5) 

B Occupancy 

3.50 (15) 0.6 
3.25 (21) 0.4 
2.68 (17) 0.4 
1.0 0.50 (1) 
1.0 0.50 (1) 

5 to) 7 (1) 
7 (0) -2 (1) 
5 (0) 7 (1) 
7 (0) -10 (1) 

7 (0) 2 (2) 
12 (0) 5 (2) 
6 (1) -4 (3) 
8 (1) -6 (3) 
8 (1) -5 (2) 

100) 8 (3) 
6 (1) -7 (3) 

38 (2) 15 (3) 

5 (0) 
6 (0) 
6 (0) 
4 (0) 
7 (1) 
3 (1) 

10 (1) 
5 (1) 
4(l) 
4 (1) 

10 (1) 
-20 (2) 

5 (0) 
-1 (0) 

4 (0) 
0 (0) 
l(l) 

18 (1) 
-1 (1) 

-2 (1) 
-4 (1) 

8 (1) 
-1 (1) 
-7 (2) 

a The temperature factor is exp. [-(j’,,h* + j&k2 + ,!&1’+ 2&hk + 2&hl+ 2&kl)]. 
b Except for B and occupancy. 
c Occupancy set to 0.60. 

TABLE III 

FINAL ATOMIC PARAMETER’ AND THEIR STANDARD DEVIATIONS (~10~) FOR Ba4FeZS,[S,,,(S,),,,] 

Ba (1) 8003 (1) 9955 (2) 426 (0) 38 (2) 105 (3) 4 (0) 6 (2) 
Ba (2) 2246 (1) 5026 (2) 896 (1) 33 (2) 111 (3) 7 (0) 0 (2) 
Ba (3) 9192 (1) 4932 (2) 1973 (1) 51 (2) 106 (3) 5 (0) 3 (2) 
Ba (4) 5397 (2) 9937 (2) 1896 (1) 41 (2) 193 (4) 16 0.3 -7 (2) 
Fe (1) 1271 (3) 9962 (4) 1635 (1) 40 (4) 100 (6) 4 (0) 0 (4) 
Fe (TJ 6136 (3) 4737 (5) 497 (1) 26 (4) 134 (7) 16 (1) 4 (4) 
s (1) 1617 (6) 9973 (8) 762 (2) 55 (7) 152 (11) 3 (1) 6 (7) 
s (2) 8628 (6) 5021 (7) 557 (2) 16 (6) 125 (10) 6 (1) 2 (6) 
s (3) 2459 (7) 2649 (8) 2094 (2) 56 (8) 131 (12) 9 (1) -11 (8) 

s (4) 2522 (7) 7411 (8) 2090 (2) 59 (8) 129 (12) 8 (1) 4 (7) 
s (5) 8830 (6) 9862 (7) 1714 (2) 30 (6) 150 (11) 4(l) 3 (7) 
S (6) 4852 (8) 7509 (9) 233 (4) 46 (9) 92 (13) 45 (3) 5 (8) 
s (7)” 5708 (17) 4254 (39) 1350 (6) 29 (14) 759 (96) 12 (3) -44 (31) 
s (8) 5288 (33) 2789 (44) 1034 (12) 154 (47) 351 (79) 28 (7) 157 (52) 
s (9) 5672 (39) 4598 (42) 1625 (15) 104 (42) 188 (56) 34 (11) -10 (36) 

p The temperature factor is exp. [-(&hz + j&k* + Da312 + 2blzhk + 2&hl+ 2fiZ3kl)J. 
b Occupancy equals 5. 
c Occupancy equals +. 

2 (0) 7 (1) 
4(l) 2 (1) 
5 (1) 4 (1) 
7 (1) 6 (1) 
6 (1) 1 (1) 
2(l) 24 (2) 
5 (2) 3 (2) 

-3 (2) 5 (2) 
7 (2) -7 (3) 
7 (2) 8 (2) 
5 (2) 2 (2) 

-14 (4) -1 (4) 
2 (6) 67 (15) 

27 (16) 66 (20) 
1 (20) 5 (20) 
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a b 

FIG. 1. Approximately mutually perpendicular projections of the crystal structure along the (a)d(lO?) vector and 
(b) -b*. The largest circles represent S atoms, Ba atoms are the second largest, Fe atoms are third largest, and Al 
atoms are the smallest. The box in (a) O-2 along b, and O-l along [301], and in (b) O-l along [301], and W along 
c. 

lated with the last set of parameters, and no 
physically significant peaks were observed. 
The final R = 0.053, wR = 0.047 for observed 
reflections, and R=0.089, wR= 0.048 for 
all reflecti0ns.l 

The stoichiometry indicated by the re- 
finement is Ba4FezS6[S2,3(Sz)1,3], a slightly 
lower S, concentration than in the previous 
structure. The minor variations may be due to 
slightly different reaction conditions of temp- 
erature and sulfur pressure. 

Discussion of the Structure 

Figure 1 shows two nearly mutually per- 
pendicular projections and Fig. 2 is a stereo- 
scopic view of the Al-containing phase. 
Distorted trigonal prisms of BaS, share 
edges to form hexagonal rings as in Ba,FeS, 
and Ba,,Fe& (3); however, two of the six 
trigonal prisms in the ring share only two edges 
leaving free lateral edges. The articulation 
of the rings by edge sharing forms a linear 
chain rather than a two-dimensional network 
as in the other two structures. The atomic 
occupancies inside the rings are almost 
identical to Ba,Fe&, with isolated FeS, 

1 See NAPS Document No. 02963 for 30 pages of 
supplementary material. Order from ASIS/NAPS 
c/o Microfiche Publications, 440 Park Avenue South, 
New York, N.Y. 10016. Remit in advance for each 
NAPS accession number. Make check payable to 
*‘Microfiche Publications.” Photocopies are 87.50. 
Microfiche are $3.00 each. Outside of the United 
States and Canada, postage is $3.00 for photocopy 
or $1 .OO for a fiche. 

tetrahedra and BaS, distorted cubes. Since the 
trigonal prisms do not share opposite tri- 
angular faces with identical rings the coordina- 
tion of the Ba inside the ring is slightly 
different. The stacking of the rings is effected 
by sharing an edge of triangular faces of 
adjacent unique prisms, and the free lateral 
edges pointing in opposite directions. This 
type of articulation gives rise to a stairstep 
arrangement in which each hexagonal ring 
is shifted from the one below by one ring 

FIG. 2. Stereoscopic view of the crystal structure 
The box outlines O-l along the vertical [301], O-1 
along the horizontal b, and 0-+ along c. 
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diameter along the [301] direction. In Fig. 1 
those successive levels are indicated. Ad- 
jacent stairstep units are displaced by one-half 
of the prism height along the ring axis. Thus a 
sulfur from the unshared edge of one chain is 
capping three rectangular faces of the prisms 
of the adjacent chain. This type of offset of 
trigonal prisms is fairly common (7). The 
interweaving of adjacent chains produces 
additional prisms which serve to link them 
together by sharing of trigonal faces, pro- 
ducing columns consisting of three prisms. 
At each terminal triangular face of the column 
is a Fe,& tetrahedral binuclear unit. 

The Ba-Al disorder occurs at the trigonal 
prisms which have free edges in the hexagonal 
rings. When an Al atom replaces a Ba atom, 
it does not occupy the center of the trigonal 
prism, but instead, it moves into one of the 
two free square faces and occupies each on a 
statistical basis (see Fig. 3). Thus the Al atoms 
are close to two sulfur atoms of the face 
and to one sulfur which caps that face. 
This configuration and the values of the 
S-Al-S angles suggest a tetrahedral coordina- 
tion of Al, with an electron in the 4th position, 
i.e., a hole-electron pair. On this basis the 
Baf2 ion has been replaced by an (Al - e)+’ 
unit. The charge balance is maintained by the 
reduction of the Fe atoms. 

The important interatomic distances and 
angles are given in Tables IV and V where the 
estimated standard deviations are those from 
the least-squares refinement of the structures. 
In these compounds there are two crystallo- 
graI hically independent Fe-S tetrahedra. 
One is isolated and is located inside the ring. 
The other shares one edge with a centrosym- 
metrically related tetrahedron, thus forming 
an isolated binuclear unit. A sulfur atom which 
is part of the unshared edge, caps the rect- 

angular faces, and is also part of the binuclear 
unit, is replaced on a statistical basis by S,. 
Charge neutrality is maintained since (S,)‘- 
replaces Sz-. S-S distances are approximately 
3.64 A in both structures and correspond 
closely to the sum of the ionic radii. All sulfur 
atoms except S(9), which is part of the di- 
sulfide, are bonded to an iron atom and thus 
form the tetrahedra around these atoms. 
The iron-iron distances across the shared 
edge are 2.79 A in the Ba-Fe-S compound 
and 2.86 A in the Al substituted one. The non- 
bonding iron-iron distances are approximately 
5.8 A. The average Ba-S distance is about 
3.3 A. 

The structural results obtained from the two 
compounds lead us to suggest that two types 
of disorder are present. In Ba4Fe2S6S2,3(SZ)1,3 
the end members of the crystal structures 
can be represented by the formulas Ba,Fe,S, 
and Ba,Fe,S,(S,). When the disulfide ion, 
formed by S(S)-S(9), is present, then S(7) 
is always absent and vice versa. The trigonal 
prismatic environment around Ba(4) is ir- 
regular and has a trapezoidal shape. A nearly 
rectangular face is formed by S(3)-S(4)- 
S(4)-S(3)-S(3) with distances 3.24, 4.37, 3.24, 
and 4.50 A, respectively. The edge of the 
“prism” is formed by S(l)-S(5) and is about 
6.3 A. Two S(7) are perpendicular to the prism 
edge and are 6.71 A apart, the b axis dimension. 
Thus the polyhedron around Ba(4) could 
also be described as a distorted square anti- 
prism formed by S(3)-S(4)-S(4)-S(3)-S(3) 
and S(l)-S(7)-S(5)-S(7)-S( 1). The S(7) 
is easily replaced by S(8)-S(9) and it is 
suggested that the extent of this replacement 
is a function of temperature and sulfur vapor 
activity during the reaction. The latter is 
probably the more important parameter. 
The refinement of the Al free structure indi- 

FIG. 3. Stereoscopic view of the vicinity of the Ba(4) trigonal prism showing the Al replacement. 
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TABLE IV 

BONDDISTANCESANDANGLESIN 
Ba3(Bao.sA1,.4)Fe2Ss[So.6(SZ)0.41 

Ba (1)-S (1) 

Ba (II-S (1) 
Ba (1)-S (2) 
Ba (1)-S (2) 
Ba (1)-S (5) 
Ba (1)-S (6) 
Ba (1)-S (6) 

Ba (3)-S (2) 
Ba (3)-S (3) 

Ba (3tS (3) 
Ba (3)-S (4) 
Ba (3)-S (4) 
Ba (3)-S (5) 
Ba (3)-S (5) 
Ba (3)-S (5) 
Ba (3)-S (7) 
Ba (3)-S (8) 

Ba (3tS (9) 

Fe (3-S (2) 
Fe (2)-S (6) 
Fe (2)-S (6) 
Fe (2)-S (7) 

Fe WS (8) 
Fe (2)-Fe (2) 

S (8)-S (9) 

Al (1)-S (3) 

Al (Its (3) 
Al (1)-S (7) 

S (5)-Fe (1)-S (4) 
S (5)-Fe (1)-S (3) 
S (S&Fe (1)-S (1) 
S (4)-Fe (1)-S (3) 
S (4)-Fe (1)-S (1) 
S (3)-Fe (1)-S (I) 

S (3)-Al (l)-S (7) 
S (3)-A] (1)-S (3) 
S (3)-Al (l)-S (7) 

Distances (8) 

3.034 (4) 
3.167 (4) 
3.469 (2) 
3.414 (2) 
3.070 (4) 
3.201 (4) 
3.206 (4) 

3.416 (4) 
3.284 (3) 
3.494 (3) 
3.361 (3) 
3.640 (3) 
3.378 (3) 
3.525 (3) 
3.284 (4) 
3.089 (13) 
3.279 (17) 
3.367 (16) 

2.245 (4) 
2.238 (4) 
2.294 (4) 
2.343 (13) 
2.142 (16) 
2.859 (4) 

1.986 (20) 

2.74 (1) 
2.88 (1) 
2.24 (1) 

Ba (2)-S (1) 
Ba (2)-S (1) 
Ba (2)-S (2) 
Ba (2)-S (2) 
Ba (2)-S (3) 
Ba (2)-S (4) 
Ba (2)-S (6) 
Ba (2)-S (7) 
Ba (2)-S (8) 
Ba (2)-S (9) 

Ba (4)-S (3) 
Ba (4)-S (3) 

Ba (4&S (4) 
Ba (4)-S (4) 

Ba (4)-S (5) 
Ba (4tS (7) 

Ba (4)-S (8) 
Ba (4)-S (9) 

Ba (4~S (9) 
Ba (4)-S (9) 

Fe (1)-S (1) 
Fe (1)-S (3) 
Fe (1)-S (5) 
Fe (1)-S (5) 

Al (2)-S (4) 
Al (2)-S (4) 
Al (2)-S (7) 

Angles (degrees) 

108.7 (1) 
108.8 (1) 
117.4 (2) 
106.1 (1) 
108.3 (1) 
107.1 (1) 

102.2 (4) 
106.5 (3) 
105.1 (4) 

S (7)-Fe (2)-S (6) 
S (7)-Fe (2)-S (6) 
S (7)-Fe (2)-S (2) 
S (6)-Fe (2)-S (6) 
S (6)-Fe (2)-S (2) 
S (6)-Fe (2)-S (2) 
S (8)-Fe (2)-S (6) 
S (8)-Fe (2)-S (6) 
S (8)-Fe (2)-S (2) 
S (4)-A] (2)-S (7) 
S (4)-A] (2)-S (4) 
S (4)-A] (2)-S (7) 

--- 

3.464 (3) 
3.410 (3) 
3.132 (4) 
3.458 (4) 
3.386 (3) 
3.252 (3) 
3.633 (4) 
3.037 (13) 
3.225 (17) 
3.228 (16) 

3.364 (3) 
3.122 (3) 
3.175 (4) 
3.226 (3) 
3.235 (4) 
3.420 (9) 

2.941 (13) 
3.380 (9) 
3.401 (9) 
3.242 (16) 

2.267 (5) 
2.215 (3) 
2.223 (3) 
2.267 (4) 

2.75 (1) 
2.77 (1) 
2.62 (1) 

123.8 (3) 
99.7 (3) 

112.3 (3) 
101.8 (2) 
105.7 (2) 
112.8 (1) 
117.3 (4) 
105.1 (4) 
112.4 (5) 

99.8 (4) 
104.7 (4) 
101.8 (4) 
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TABLE V 

BOND DISTANCES AND ANGLES IN Ba4Fe2Ss[SZ13(S2),13] 

Ba (1)-S (1) 
Ba (1)-S (1) 
Ba (1 )-S (2) 
Ba (1)-S (2) 
Ba (1)-S (5) 

Ba (1 k-S (6) 
Ba (1)-S (6) 

Ba (3)-S (2) 
Ba (3)-S (3) 
Ba (3)-s (3) 
Ba (3)-S (4) 
Ba (3)-S (4) 
Ba (3)-S (5) 
Ba (3)-S (5) 
Ba (3)-S (5) 
Ba (3)-S (7) 
Ba (3)-S (9) 

Fe (2)-S (2) 
Fe (2)-S (6) 
Fe (2)-S (6) 
Fe (2)-S (7) 
Fe (2~S (8) 
Fe (2)-Fe (2) 

S (8)-S (9) 

S W-Fe (1)-S (4) 
S (5)-Fe (1)-S (3) 
S (5)-Fe (1)-S (1) 
S (4)-Fe (1)-S (3) 
S (4)-Fe (1)-S (1) 
S (3)-Fe (1)-S (1) 

Distances (A) 

3.142 (5) 
3.039 (4) 
3.432 (4) 
3.375 (4) 
3.070 (4) 
3.178 (6) 
3.198 (6) 

3.398 (4) 
3.282 (5) 
3.526 (5) 
3.352 (5) 
3.551 (5) 
3.390 (4) 
3.439 (4) 
3.263 (4) 
3.132 (13) 
3.065 (3) 

Ba (2)-S (1) 
Ba (2)-S (1) 
Ba (2)-S (2) 
Ba (2)-S (2) 
Ba (2)-S (3) 
Ba (2)-S (4) 
Ba (2)-S (6) 
Ba (2)-S (7) 
Ba (2)-S (8) 
Ba (2)-S (9) 

Ba (4tS (3) 
Ba (4)-S (3) 
Ba (4)-S (4) 
Ba (4)-S (4) 
Ba (4)-S (5) 
Ba (4)-S (7) 
Ba (4)-S (8) 
Ba (4)-S (9) 
Ba (4)-S (9) 

2.216 (5) 
2.224 (6) 
2.301 (7) 
2.267 (12) 
2.157 (26) 
2.787 (4) 

Fe (1)-S (1) 

Fe (Its (3) 
Fe (1)-S (4) 
Fe (1)-S (5) 

1.830 (39) 

Angles (degrees) 

108.5 (2) 
108.8 (2) 
117.6 (2) 
104.8 (2) 
109.0 (2) 
107.4 (2) 

S (7)-Fe (2)-S (6) 
S (7)-Fe (2)-S (6) 
S (7)-Fe (2)-S (2) 
S (6)-Fe (2)-S (6) 
S (6)-Fe (2)-S (2) 
S (6)-Fe (2)-S (2) 
S (8)-Fe (2)-S (6) 
S @)-Fe (2)-S (6) 
S @)-Fe (2)-S (2) 

3.383 (5) 
3.423 (5) 
3.145 (5) 
3.461 (4) 
3.356 (5) 
3.265 (5) 
3.604 (6) 
3.081 (13) 
3.085 (26) 
3.159 (31) 

3.362 (5) 
3.126 (5) 
3.222 (5) 
3.176 (5) 
3.238 (5) 
3.266 (19) 
2.877 (26) 
3.233 (25) 
3.651 (25) 

2.254 (S) 
2.211 (5) 
2.225 (S) 
2.257 (S) 

119.9 (5) 
102.1 (5) 
111.4 (4) 
104.0 (3) 
106.0 (2) 
113.5 (2) 
117.7 (7) 

88.0 (7) 
121.2 (7) 

cates that + of this specimen contained sulfide 
and f the disulfide ion. 

When Al was present in the reacting mixture 
Ba(4) is replaced in the manner described 
above. However, this replacement occurs 
only in the sulfide structure. The exclusion of 
Al in the disulfide structure is based on the 
fact that unrealistically short Al-S distances 

of about 2 A would be present. The S-S 
distances shown in Tables IV and V and the 
occupancy factors are probably the least re- 
liable results because of the forced omission 
of a large number of diffraction data and the 
strong correlations between the various para- 
meters of statistical atoms. Table II shows a 
sum of occupancies for Ba and Al of 1.6 
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but on the basis of other evidence discussed 
below, we believe the approximate compo- 
sition of this phase to be [Ba,AIFe,S,lO.,. 
Pa4Fe2S710., * Pa4Fe2%&)Io.4. 

Using the sum of the bond strengths [8] 
for Fe-S (nondisulfide) distances in Ba,Fe,S, 
[S,,,(S,),,,], charges on the iron in sites 1 
and 2 are 2.97 and 2.85, respectively. For the 
aluminum substituted material these are 
2.92 and 2.63, respectively, for an average 
of 2.77. These calculations indicate that the 

that a pseudo-mirror perpendicular to the b 
axis at y = 0 could be present with only small 
displacement of the heavy metal atoms and 
most ofthe sulfuratoms.Thedisplacementsfor 
the mirroring or twofold rotation of the barium 
atoms and most other atoms are less than 0.1 A. 
Therefore, the structure can switch from one 
twin to the other without major disruptions 
of the crystal and this occurs probably every 
few hundred or thousand unit cells. 

total aluminum concentration is approxi- 
mately 0.4 and that the charge reduction 

Magnetic and Electrical Measurements 

occurs on the iron ion in the binuclear unit. 
As stated earlier, the twinning in both 

structures was such that there was a pseudo- 
mirror perpendicular to the b axis of the 
A-centered cell or that there was a pseudo- 
twofold rotation axis parallel to the b axis. 
All the barium and iron atoms and most of 
the sulfur atoms are almost at positions 
x, 0, z. The other sulfur atoms and the alu- 
minum atoms come in pairs at positions 
X, y, z; X, y, z. Atom S(8) is the exception. 
This type of atomic arrangement suggests 

The results of the magnetic measurements 
on the aluminum substituted phase are shown 
in the form of l/x, versus temperature in 
Fig. 4. This compound exhibits incipient 
magnetic ordering near 120°K. The effective 
magnetic moment calculated from the linear 
portion of the curve is 5.33 BM and 8= 
-534°K. Assuming a spin-only contribution 
to the effective moment, a net spin of approxi- 
mately 2.25 results. This spin implies that the 
average charge on the iron would be +2.5 
or an Al occupancy of 1 .O. This lower moment 

.12 

-06 

Taaperaturs (OK) 

FIG. 4. Reciprocal magnetic susceptibility versus temperature for Ba3(Bao.6A10.4)FezSs[So.6(SJ0.~]. Different 
symbols represent separate measurements. 
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is probably due to the presence of a small 
amount of nonmagnetic impurities such as 
BaS or Al&. 

The electrical resistivity of the Ba-Fe-S 
material was measured at room temperature 
on a crystal -0.1 mm on each edge. The result 
was a fairly high value of about lo5 ohm-cm 
as expected since a continuous chain of edge 
sharing Fe-S tetrahedra is not present in this 
structure. 

MSssbauer Spectra 

The structure consists of isolated FeS, 
tetrahedra and isolated Fe&, dimers formed 

by edge-sharing tetrahedra. The spectrum, 
Fig. 5a, indicates two types of iron atoms with 
isomer shifts of 0.20 mmjsec relative to cc-Fe 
and quadrupole splittings of about 0.45 and 
0.90 mmjsec. This value of the isomer shift 
indicates a charge of 3.0 on the iron atoms, 
with the iron in the isolated tetrahedra having 
the smaller quadrupole splitting. However, 
the spectrum from the aluminum substituted 
compound, Fig. 5b, is much more complicated 
and assigning isomer shifts and quadrupole 
splittings to a definite site was not possible. 
The larger quadrupole splitting and overall 
isomer shift of 0.30 mmjsec is indicative of 
an average charge on the iron atoms of about 

r a 

L-----? 
-3 .oo -2.00 -1 .oo 0.00 1 .oo 2.00 3.03 

flfl / SEC 

FIG. 5. Mijssbauer spectra at 22°C of (a) Ba4FezS,[S,,,(S,),,,] and (b) Ba~(Ba,,,Alo.4)FeZSs[So.6(S~)~.~]. 
The lines represent least-squares calculated spectra assuming Lorentzian line shapes. 



90 HOGGINS, RENDON-DIAZMIRON, AND STEINFINK 

2.75. This implies a total aluminum occu- Acknowledgments 
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Summary 

The crystal structure refinements indicate References 
that the occupancy of Ba(4) was 0.60 and the 
Al occupancy was -1.00. However, due to 
the partial data set, disorder, and relatively 
light atoms, the occupancy factors of the Al 
atoms are subject to large errors. Better 
indications of the true value of the Al occup- 
ancy is the Mijssbauer isomer shift for the 
iron, the value of the Ba(4) occupancy, 
chemical analysis, and calculated iron val- 
encies. These all indicate that the Al occu- 
pancy is approximately 0.4 to 0.5. Al does not 
substitute for Fe in the tetrahedral sites. 
It replaces Ba but not within the trigonal 
prism of S ions. Instead it is located statistic- 
ally on each side of a rectangular prism face 
and has only three nearest-neighbor sulfide 
ions. 
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