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The Crystal Structure of OsSi,

INGVAR ENGSTROM

Institute of Chemistry, University of Uppsala Box 531, S-751 21 Uppsala 1, Sweden

The crystal structure of OsSi; has been determined and refined
by the single crystal X-ray technique. The unit cell is orthorhombic
with the following dimensions: ¢=10.1496 A, b=8.1168 A, and
¢=8.2230 A. There are sixteen formula units in the unit cell and the
atoms occupy the following positions of the space group Cmca: 16
osmium atoms in two different sets of eightfold positions, 8(d) and
8(f), and 32 silicon atoms in two sets of the sixteenfold position 16(g).

The structure of OsSi, represents a new structure type, which can,
be derived from the fluorite type structure. OsSi, is probably isotypic
with B-FeSi,.

The binary system Os—Si has been investigated & number of times.! Most
of the earlier investigators report the existence of a compound with un-
known structure at a composition of about 67 at.-9, Si. A reinvestigation of
the Os—Si system has now been made at this institute, when it was found
possible to obtain single crystals of this compound and determine the crystal
structure. This paper gives an account of the structure determination of the
compound, whose composition has now been established as OsSi,. In addition,
some phase analytical observations in the Os—Si system are presented.

EXPERIMENTAL

Preparation. Alloys were prepared by arc-melting osmium metal powder (Heraeus,
claimed purity 99.9 %) and silicon powder (Pechiney, claimed purity 99.9 9%). The
subsequent heat-treatments were carried out in evacuated silica capsules.

Powder diffraction examination. X-Ray powder photographs were recorded in a
Guinier-Hégg type focusing camera with CuKe, radiation. Silicon (a=5.4305 A) was
used as an internal calibration standard.

Single crystal examination. The single crystal fragment of OsSi, was obtained from
an arc-melted alloy of the nominal composition OsSi, y,. In the powder diffraction pattern
of the sample weak lines belonging to Os,Si; were observed. The intensity data were
recorded in an equi-inclination Weissenberg camera with Zr-filtered MoK radiation.
The multiple film technique was used with thin iron foils interleaved with the films.
The erystal was rotated about the a and ¢ axes and the reflections of the hk0, hkl, hk2,
and Okl layers were recorded. The intensities were estimated visually by comparison
with a calibrated intensity scale. No absorption and extinction corrections could be
applied to the intensity data on account of the irregular shape of the crystal.
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Calculations. The unit cell dimensions of the compounds were refined with a least
squares program. In the structure factor calculations the atomic scattering factors for
osmium and silicon were obtained from Ref. 2, together with the real and imaginary
dispersion corrections. The least squares refinement was carried out employing a weighting
scheme according to Cruickshank et al.® w=1/(a+|F,|4c|F,?), where the constants
a and ¢ were given the values 165 and 0.0032, respectively. All calculations were carried
out on a CDC 3600 computer with programs listed in Table 2 of Ref. 4.

PHASE-ANALYTICAL INVESTIGATION OF THE Os—S8i SYSTEM

The information in the literature about the number of intermediate phases
in the Os — Si system is ambiguous (for further references see Ref. 1). A phase-
analytical investigation made on arc-melted samples by the present author
shows the existence of three intermediate phases: OsSi(FeSi type),
0s,8is(Ru,Si, type), and OsSi,. The investigation also shows that the solubility
of silicon in osmium, as estimated from the change of the lattice parameters
of osmium, is negligible. On the other hand the unit cell dimensions of OsSi(FeSi
type) are different in the two two-phase regions on each side of the OsSi
phase. This indicates a certain extension of the homogeneity range. The unit
cell dimensions of Os,Si; are in good agreement with those reported earlier.!
To investigate whether there are two phases ® with the composition OsSi,,
a sample with the composition OsSi,,, (containing traces of Os,Si; in addi-
tion to OsSi,) was analyzed after heat-treatments at three different tempera-
tures: 1200, 1000, and 600°C. No transformation of OsSi, to the OsGe, type
occurred. The results of the phase-analysis are given in Table 1.

Table 1. Unit cell dimensions of arc-melted osmium silicides. Standard deviations are
given in parenthesis and refer to the last decimal place of respective values.

i b . . .
coljr(x);g; Ii)ﬁi)n Opﬁg:::d Lattice parameters (in A units)
Os8Si, 45 Os a= 2.7316 (5), c=4.3185 (11).
OsSi a= 4.7284 (4)
058, 4 OsSi a= 47205 (5) 1 '@Q
Os,8i, a=11.1603 (18), ¢=8.9638 (15) “E\
OSSiz,n OSgSia a Q’i\‘ fi‘
OsSi, 2=10.1495 (15), b=8.1168 (11), \
b= 8.2230 (11)
OsSi, a=10.1530 (10), b=8.1190 (8),
OsSi, g { c= 8.2272 (9)
Si a

% Traces of the compound were found in the powder diffraction pattern of the sample. The
very few lines did not allow an accurate determination of the unit cell dimensions.
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DETERMINATION OF THE CRYSTAL STRUCTURE

The orthorhombic symmetry was evident from the Weissenberg photo-
graphs recorded with the @ and ¢ axes as rotation axes. Systematic extinc-
tions showed that the unit cell is centered and together with additional
extinction conditions two space groups were possible, Cmca and C2ca (= Aba2
according to the standard setting in International Tables for X-Ray Cryst.,
Vol. 1).

The Patterson projections P(UV) and P(VW) were calculated and from
them the arrangement of the metal atoms could be deduced. The positions
corresponded to two eightfold positions, 8(d) and 8(f), of the space group
Cmca. From difference syntheses and spatial considerations it was possible
to determine the positions of the silicon atoms. They were found to occupy
two sets of the general position 16(g). Altogether the unit cell contains 48
atoms, 16 osmium atoms and 32 silicon atoms, giving the composition OsSi,.

The atomic parameters were refined using a full matrix least squares
program. The first refinements were carried out separately for the two zero
layers hk0 and Okl. Finally the four layers, k0, hk1, k2, and Okl were refined
simultaneously. The intensities of some fifteen Okl reflections were measured
twice, depending on the rotation of the crystal about two axes. Since no
absorption corrections could be applied to the intensity data, these reflections
were included twice in the final refinement. The final atomic parameters and
their standard deviations are given in Table 2. The parameters varied during
the refinement were nine positional parameters, four isotropic temperature
factors and four scale factors. The R value given in the table is based on the
270 observed reflections only.*

Observed and calculated structure factors are given in Table 3 and inter-
atomic distances less than 4.2 A are listed in Table 4.

Table 2. Final structure data for OsSi,. Standard deviations are given in parenthesis
and refer to the last decimal place of respective values.
Space group: Cmca (No. 64), Z=16. a=10.1496 (15) A, b=8.1168 (11) 4,
¢=8.2230 (11) A. U=6717.43 As,

Atom Position - Position parameters tggg:oi% i:t.
T Yy z B
Osy 8(d) 2142 (3) 21 (2)
Osyy 8(f) 1881 (3) 1812 (4) 15 (3)
Siy 16(g) .3699 (16) .2208 (13) .0597 (18) .34 (14)
Sijp 16(g) .1280 (18) .0534 (13) 7252 (18) .54 (16)

Final R value=0.083.

* A refinement based on the space group C2ca gave no significant deviations of the atomic
positions from those obtained with the higher symmetry of the space group Cmca.
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DESCRIPTION AND DISCUSSION OF THE OsSi; CRYSTAL STRUCTURE
The crystal structure of OsSi, represents a new structure type. A projec-
tion of the structure on (100) is shown in Fig. 1. It is evident from the figure
Only very small differences occur between the 2 coord
atoms within each layer. For the sake of simplicity, the silicon layers at
x~ 40.129 can be designated the A layers and those at x~ +0.371 the B
layers. Expressed in the symbols A and B the sequence of the silicon layers
AABBAABB..
two adjacent layers is 2.5—2.6 A. Each silicon atom, Si; and Sij;, has five
rather close silicon neighbours, three of them situated in the same layer
Table 3. Observed and calculated structure factors of OsSi,.

that the silicon atoms are arranged in four layers perpendicular to the a
axis.

and the other two in surrounding layers. The five silicon neighbours to both
Si; and Si;; occupy five of the six corners of a somewhat irregular octahedron.
In addition, the two silicon atoms are coordinated by four metal atoms.

These atoms form irregular tetrahedra about the silicon atoms.
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Table 4. Interatomic distances with standard deviations in OsSi, (in Angstrém units).
Distances less than 4.2 A are listed.

Atom Dist. St.dev. Atom Dist. St.dev.
Os;—2 Osy; 3.046 0.003 Os;;—2 Os; 3.046 0.003
—2 Os; 4.123 0.001 —2 Os; 4.128 0.003
—2 Osyp 4.128 0.003 —2 Osy 4.197 0.003
—2 Osy 4.175 0.001
—2 Osyy 4.197 0.003 —2 Siy 2.474 0.014
—2 Sip 2.492 0.015
—2 Si; 2.439 0.014 —2 Siy 2.495 0.013
—2 Siyg 2.462 0.015 —2 Siy 2.521 0.015
—2 Sig 2.471 0.012 —2 Si; 3.894 0.017
—2 Siyy 2.486 0.016 —2 Siy 4.116 0.015
—2 8i 4.130 0.014 —2 Si 4.138 0.012
—2 Siyy 4.164 0.012
—2 Sigy 4.167 0.017 Sig— Osy 2.462 0.015
—2 Sig 4.194 0.015 —  Osyy 2.474 0.014
—  Os; 2.486 0.016
Sip — Os; 2.439 0.014 —  Osyy 2.495 0.013
—  Osg 2.471 0.012 —  Osyg 4.116 0.015
—  Osy 2.492 0.015 —  Osy 4.164 0.012
—  Osy 2.521 0.015 — Os; 4.167 0.017
—  Osp 3.894 0.017
—  Osq 4.130 0.014 —  Sip 2.509 0.035
— Osp 4.138 0.012 —  Si 2.548 0.018
—  Os; 4.194 0.015 —  Siy 2.599 0.036
—  Si 2.609 0.017
—  Sig 2.548 0.018 —  Si 2.708 0.019
—  Sip 2.609 0.017 —  Sip 3.353 0.021
— Sip 2.640 0.033 —  Siy 3.654 0.022
—  Sip 2.667 0.033 —  Sip 3.697 0.021
—  Sig 2.708 0.019 —  Si; 3.756 0.021
— Sip 3.353 0.021 —  Sip 3.768 0.022
—  Sig 3.654 0.022 —  Sip 3.803 0.029
—  Sip 3.697 0.021 —  Sip 3.854 0.018
— Sy 3.717 0.022 — Sip 3.929 0.022
—  Sip 3.756 0.021 —2 8ij; 4.079 0.003
— Sig 3.768 0.022
—  Siyg 3.854 0.018
—  Sip 3.929 0.022
—  Sig 3.966 0.031
—2 Sip 4.139 0.003

The two non-equivalent metal atoms of the structure, Os, and Os, arc
both situated between the silicon layers described above. On closer inspection
of the structure (see Fig. 1) it is clear, that the following sequence is obtained
when the metal atoms are included:

A,0s;,A,0s,,B,0s,;,B,0s,A,0s8,,A . . .

The coordination polyhedra about the two non-equivalent metal atoms
are composed of eight silicon atoms at the corners of deformed cubes. The
polyhedra have almost the same shape for the two metal atoms, but different
orientations in the structure. The average Os—Si distance is 2.48 A, which
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Fig. 1. Projection of OsSi; on (100).

is somewhat shorter than the sum of the Goldschmidt metal radius of osmium
and the covalent tetrahedral radius of silicon.

Both osmium atoms have two osmium neighbours at a distance of 3.05 A.
This distance is, however, 14 9, longer than the metal diameter in the pure
element. Looking only at the arrangement of the metal atoms in the structure
it is observed that they form isolated squares (angle 89°), where the sides of
the squares are 3.05 A. The planes of these squares are parallel to (011) and
(01T).

Only small changes of the atomic positions of OsSi, are needed in order
to obtain an atomic arrangement corresponding to that of the fluorite structure
type. Fig. 2 shows the relationship between the OsSi, unit cell as projected
in Fig. 1 and the unit cell of the CaF, structure type. For the sake of simplicity
only atoms necessary to show the relationship are shown in the figure. The
dashed lines in Fig. 2 show the original unit cell of OsSi,, and the full lines
show the orientation of the CaF, structure type. It must be noted, that there
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o |

Fig. 2. Idealized version of OsSi,, showing
its relationship to the fluorite structure

type.

are two CaF, type unit cells within the length of the @ axis of OsSi, in Fig. 2.
The distortion of the OsSi, structure from the CaF, structure type is reflected
in the ratio between the length of the diagonal in the bc plane and the length
of the a axis. The ratio, d, /a=1.14, shows that the deviations from the CaF,
type can be interpreted as an expansion in the bc plane and a contraction
in the direction of the a axis. This is in good agreement with the fact that the
number of short Si—Si distances parallel to the bc plane has been reduced
by one as a result of the deformation of the silicon network. Moreover, the
directions of the shortest Si—Si distances are parallel to the a axis.
Several authors have contributed to the structural systematization of the
transition metal disilicides. Wallbaum ¢ showed that the TiSi,, CrSi,, and
MoSi, structure types can be generated by different stackings of a characteristic
structural element, a close-packed layer of metal and silicon atoms. Other
disilicide types have later been described as members of the structure family
just mentioned. The shape of the silicon network and the positions of the
metal atoms in that network have constituted the basis of a more general
classification of the disilicides put forward by Nowotny.” The latter is the
basis for a suitable classification of the crystal structure of OsSi,. Considering
the short Si—Si distances of the disilicides of the ITa— VIa groups of metals
and the “isolated’ silicon atoms in the fluorite type disilicides, OsSi, takes an
intermediate position. While the number of close silicon atoms surrounding
the metal atoms is the same in OsSi, as in the fluorite type disilicide, the metal-
metal distances are considerably shorter, and of the same length as in the TiSi,
structure family. The average Si—Si distance in OsSi, is also shorter thanin
the fluorite type of disilicides and a small tendency to the formation of silicon
pairs arranged parallel to the @ axis can be discerned. This effect gives a
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certain connection between the OsSi, structure and the structure of «-FeSi,.
The relationship between the fluorite and the «-FeSi, structures has been made
clear by Wittman et al.®

From comparisons between the structure of OsSi, and OsGe,? it is evident
that the metal atoms, which form isolated squares in OsSi,, are arranged in
isolated bands parallel to the b axis in OsGe,. These bands are formed by
repetitions of an almost square basic arrangement of metal atoms. The repeat
distance along the band is the b axis (3.094 A) and the width of the band is
2.98 A. In this tendency to concentrate the metal atoms, the next step is the
arrangement of the metal atoms in square-shaped isolated layers, as present
in a-FeSi,. There is also a marked formation of pairs of non-metal atoms in
the OsGe, structure type. The structure of OsGe, can be described as a stack-
ing of pseudo-hexagonal nets parallel to the ab plane. The nets are alternately
composed of Os— Ge atoms and Ge atoms.

The low-temperature modification of FeSi,, f-FeSi,,? is probably isomor-
phous with OsSi,. A comparison of the unit cell dimensions of the two com-
pounds shows a striking similarity:

OsSi, B-FeSi,
a=10.150 A a=9.880 A
b= 8.117 b="1.798
c= 8.223 c="17.839

The number of formula units in the unit cell of g-FeSi,, as determined from
density measurements and the unit cell volume is the same as in OsSi,, i.e.
16. From extinction conditions observed in the powder diffraction pattern
the unit cell was found to be centered and four space groups were suggested
(see Ref. 10). Wappling et al.l! proposed, on the basis of Mossbauer spectro-
scopic measurements, that Cmmm is the most probable of these. The Moss-
bauer spectra indicated only one set of crystallographic positions for the
sixteen metal atoms in the unit cell of g-FeSi,, and the only space group,
among those suggested in Ref. 10, with a sixteen-fold position is Cmmm.
Later Wandji et al'® made a single crystal X-ray investigation of the f-FeSi,
phase and established the space group Cmca, which agrees with the one now
established for OsSi,. The suggested isomorphism between OsSi, and f-FeSi,
has recently been confirmed by the published results of Wandji et al.13
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