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Ass'rRAcr

Millerite (ts-Nis) is rhombohedral -with hexagonal
axes o = 9.607(1) and c = 3.143(1)4 spaae group
R3m, and Z:9. The stnrcture of a millerite crystal
from Marbridge Ming Malartiq Quebeq with compo-
sition (Ni6.es1Fes,616coo.66a)S, has been refined to
a weighted R inde< of 0.056, Within the structure
each Ni is crordinated by five S atoms and two Ni
atoms. The Ni-S bond lengths observed within the
millerite structure are comparable to the expected
value for a covalent bond. Molecular orbital theory
is invoked to show that the millerite structure qrith
five-fold coordination around Ni is more stable than
tlle nickeline structure (o-NiS) with six-fold coordi-
nation about each Ni and thus an explanation is
provided for the existence of the former rat-her than the
latter as the low temperature phase found in nature.
The Ni-Ni bonding wlthin millerite could be stabilized
by the two electrons in the 3d"' orbital which v/ould
otherwise be non-bonding if only the S atoms are
considered.

Ilrrnooucrron

Millerite ($-NiS) is the low-temperature poly-
morph of NiS (Kullerud & Yund 1962). The
high temperature form, cr,-NiS, has not been
described in nature. The structure of millerite
$/as first derived by Als6n (1925) and later
revised by Kolkmeijer & Moeweld (1931), who
found Als6n's atomic positions to be essentially
correct but his tv/o atom types to be reversed.
The millerite structure is of crystal-chemical
interest because of an unusual five-fold coordina-
tion of the Ni atoms by S atoms. In this paper
we describe a refinement of the millerite struc-
ture and we discuss the bonding. This paper has
been exhacted from the unpublished Ph.D. thesis
of Grice (1973) where further details, especially
about experimental procedures, may be had. The
only other refinement of the millerite structure
is t}te recent one published in abstract form by
Rajamani & Prewitt (1973).

E>ennrtvrSI.ITAL

The millerite whose structure refinement is
reported here is from the Marbridge mine, Malar-
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tic, Quebec, the geology of which is described by
Clark (1965), Buchan & Blowes (1968), and
Graterol & Naldrett (lgqg). This material is

massive with a perfect {1011} cleavage, and most

material is twinned by reflection across {0112}
which is the common twin law for millerite:
The millerite refined by Rajamani & Prewitt
(1973) is from "Quebeg Canada" and may be
from the Marbridge mine.

Electron mictoprobe analyses were canied out
on the material at the Whiteshell Nuclear Re'
search Establishment, Pinawa, Manitoba, using
appropriate standards. The probe data were cor-
rected using a computer progtarn written by
Rucklidge & Gasparrini (1969) and the rezults
are given in Table l. The analysis gives the
formula (Nir.osrFeo.oraCoo.ooa)Sr.ro6 or for S : l,
(Nio.ssrFeo.oroCoo.ooa)S which is close to the ideal
formula NiS. Rajamani & Prewitt (1973) give
the composition Nir.ozFer.oeS for their millerite.

Difficulty was encountered in trying to find
a truly single-crystal fragment of material suita-
ble for x-raying from both Malartic and from
several other localities ; the fragments from
Malartic all showed at least some second twin-
ned individual in the single-crystal photographs.
Finally one fragment tlat showed very little of
the twinned individual IMas gtound to a sphere
ol radius 0.125 mm and used for the analysis.
Single-crystal data were collected through the
courtesy of Dr. M. J. G. James in the BioeJremistry
Departrnen! University of Alberta, Edmonton,
using a Picker FACSI four-cirde .diffractometer
and assuming the we1l-established space group
R3rn. The refined cell dimensions derived and
used in the data collection are given in Table 2
Using Zr-filtered MoKcl radiation, intensities
were measured out to 20 :60o, for 155 unique

TABLE I. MICROPROBE ANALYSIS AND CHEMICAL FORI4ULA OF MILIERITE

%

Ni  63 .68
Fe 1 .03
Co 0 .21
Cu 0 .00
s  35 .47

Tota l  100.39

For S=l
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IAB.LE ?. I,IILLERITE CELL CONIENT, CELI DIMEN5IONS, AND POSITIONAL
PARA4fiERS

Space 0ro!p

Celi Content
Cell oinenslons
(thls work)
Pos I t lonal
Parameters

(olkmeJJer
& Moesveld
(  1931 )
Ko I kml Jer
& l,loesvel d
( 1 9 3 1 ) ,  n e w
or'l g i n,
Thls work*

B 3 d  ( N 0 . 1 6 0 )

reflections, all of which were non-zero' The
intensities were collected using 20 scans with a
scanning speed of 2 20 pet minute and back-
ground counts were made for 10 seconds on
either side of each peak.

Cnvsrer Srnucrvrc h.rwsrrca'r:oN

The initial intensities were corrected for Lo-
rentz and polarization effects and absorption
(u, : 179.6 cm-' for MoKa radiation) and
were assigned weights based on counting sta-
tistics.

The hexagonal cell of the rhombohedral lat-
tice of millerite with the cell dimensions given
above contains 9 [NiS]. In the noncentrosym-
metric space group, R3rn, both the Ni and S
atoms are in nine-fold special positions, x, )c, z.
The starting positional parameters for this refine-
ment were those of Kolkmeijer & Moeweld
(1931) transformed from rhombohedral to hexa-
gonal axes and with the origin shifted arbitrarily
so that the prototype sulphur would be at (hexa-
gonal) height z:0.

Larson's (1971) computer program GENLES
was used for a full-matrix least-squares refine-
ment of the positional and thermal parameters.
The scattering factors used for Nio and So are
those tabulated by C,romer & Mann (1968). The
structure refined to weighted and unweighted
residual indices of 0.084 and 0.090 with isotropic
temperature factors and of 0.056 and 0.066 using
anisotropic temperature factors. Table 2 gives
the refined positional parameterso Table 3 the
anisotropic thermal parameters and Table 4 the
obsenved (Fr) and calculated (F") structure fac-
rofs.

DrscussroN

The millerite structure is shown in projection
along y in Figure I and in projection along z as
drawn by ORTEP (Johnson 1970) in Figure 2'
From these projections it may be seen that the
atoms may be regarded as layered parallel to
(0001) with six stepped ovolapping layers with-
in each c repeat period, three of which consist
of Ni atoms at heights 14,48 and 8l (hundredths
of c) and three S atoms at heights 0, 33 and 67.
This stepped-layering is reflected in the magni-
tudes of the thermal vibrations. It can be readily
seen in Table 3 that for both tlle Ni and S atoms
the magnitudes of thermal vibration nearly
parallel to the z-axis (along ellipsoid axes 3) are
considerably larger than they are in the diree-
tions parallel and perpendicular to the vertical
mirror-planes (axes I and 2 respectively). The
reason for this might be because the density of
atoms in the z-direction is less than in either

Hexaqonal
(Njsl:G;co6.e,)se

a.9 .6071(  12) i
a -3 .1434(9)
9 Nl in (a) o,i,a
9 S ln (D) o,i,a
,NJ"-0.088, rn1"0.088
ot  =  0 ,118 '  a t -0 .596

an1 '0 .912,  a r i .0 .492
c5 "  0 .114 z ,  "0

Rhmbohedral
(Nt2J'E;J;G;.or)s3
4."5.5448
o ' = l 1 6 " 3 8 '

3  N i  .  ( b )  a 1 , o 1 , c a
J  J  l n  ( r ,  o l , c t , o 3

rNi.0 ,Ni-0:264

ot .0.714 ,S .0,361

3N1.0.404 zn1-0.668

o, .0.114 sS -0.772

-ln the present work, the origtnal or'lgln oT KoTheIJEFE-fiGsveiil
(1931) has been shJfted paraliel to zt6 a new ;rigi; ' i ; ; i-| i l ;:
gonal) ,c - 0,

TABLE 3. MA6'IITUDES AND ORIENTATIONS OF THERMAL ELLIPSOIDS

S'ite

N I

-A.B,C) are lne angtes Detween the elltpsold axes I,2,3 and
the crystallographic axes c,r,a respectlvely. Standard
dev la t ions  were  no t  ca ' l cu la ted  fo r  these anq les .

qr .0 .91225(9)  q , , .0 .3877
zli. i-0.47546( 102) sli. i .0.651o
o i ' "0 .11224(19)  e i ' - l . l tZZ
u! "o' ai -0.77s6

li
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lj
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u t v a l
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0 .e l  (
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o .6e  (
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of the other two directions, and thus a larger
amplitude of vibration is pssible parallel to z.
Similar arguments may be presented to explain
the observed differences in amplitudes between
vibrational axes I and 2 for both the Ni and
S atoms Also in the plane perpendicular to the
z-axis both the vibrational magnitudes for S are
larger than those for Ni which again reflects the
paclcing of atoms in that the $S distance (3.234)
is considerably larger than the corresponding
Ni-Ni distance (2.534).

The bond distances and interbond angles
shown in Table 5 confirm the co.ordination of
S atorrs around Ni given by Kolloneijer & Moes-
veld (1931), namely that each Ni atom is sur-

rounded by five S atoms in the form of a dis-
torted tetragonal pyramid at distances 2.264 to
2.37 A. In Figure 2 it can be seen that eacJr Ni
atom has, besides five S atoms, two other Ni
atoms at the same height as itrlf and at a
distance of 2.534. This mnfiguration with seven-
fold co-ordination around the Ni is illustrated
and briefly discussed in Fleet (1972).

Taking Ahrens' (1952) ionic radii for Ni2+
(0.694) *4 5z-(1.844) the calculated Ni.S
ionic bond length would be 2.534. The Ni-S
bond length in millerite is considerably shorter
than this and crculd reasonably be altributed to
e>rtensive cpvalent bonding. Using the Scho-
maker-Stevenson (1941) formula revised by

3 . L43A

Frc. l. Projection of the final structure along y. Heights are shown above the
plane ol projection in hundredths of the D period. Prototype atotns are
designated Ni (shaded circle) and S (open circlQ respectively. Prototype
M at height 36 has y =i = 09, and prototype S at height 83 has 9 = ! =
89. (See Fis. 2).

Frc.2 projection of the final structure along z. Heights are shown above the plane o[
projection in hundredths of the c period. Prototype atoms are desigrratd Ni (shaded
ellipse) and S (open ellipse) respectively.

"@tt'a^a-,,
v15

flNl'n,.
\,ru'

a ' = 9 . 6 0 7  ( c o s  3 0 o )
= 8 .  3 2 0
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Pauling (1960), and Pauling's covalent.radii and
electr_onegativities the Ni-S covalent bond length
calculates ta 2.254. This value is close to ihu
minimal NiS bond length observed in millerire
whieh further substantiates the idea of covalent
bonding in this mineral. In metallic Ni with
twelve,fold crc-ordination the NiNi distance is
2.484 (Zhdanov 1965). With a Ni-Ni distance
ol 2.534 in millerite it is probably safe to assume
there is some metal-metal bond interaction- and
Rajamani & Prewitr (1973) suggest that'it is
significant in stabilizing the millerite structure.

Molecular orbital theory provides the best dis-
cussion of bonding for compounds with consi-
derable orbital overlap or covalent bonding. Both
o and rr bonds have been taken into considera-
tion for the molecular orbital enerry levels. The
electronic configuration of the d-iub-shell for
the hee Ni2+ ion has three orbitals with paired
electrons and two orbitals with unpaired elec-
tr'ons. The orbitals with paired el-ectrons are
conducive to n bond formation (Bums 1970).

The NiSo configuration in millerite has Cz,
lseudo-symmetry. Aithough the true symmetry is
G the arguments presented here would not
changg but the application of group theory is
simplified somewhat by assuming the higher
symmetry. Combining the d2 electrons available
from the Ni2+ metal orbitals with the ten elec-
fi'ons for five 52- p orbitals in Ca, symmetry it
may be shown that the resultant molecular
orbitals filled are: o bonds 4s,4pr.4ps, 4p2 and
3il6z-.sz i a bonds 3h, 3ds, and 3dr"; and the
remaining two electrons form a non-bonding pair
in 3d42. The 3d"z electrons may in fact be in-
corporated in the bonding of the Ni to two other
other Ni's which are symmetrical about the
ligand-metal z axis. The pairing of. the 3d",
electrons or their involvement in Ni-Ni bonding
is supported by the results of a paramagnetic sus-
ccptibility measurenent carried out by Dr. Maar-

TABLE 5. IN]EMTOI4IC DISTANCES AI{D IN]ERBOND AIIGLES

tense, Departrnent of Physics, University of Mani-
toba, on the Quebec millerite ; he found the
paramagnetic susceptibility to be negligible, and
it is likely that the small value recorded is due
to minor amounts of Fe. Thus, millerite can pro-
bably be considered as diamagnetic as expected
from the occupancy of the molecular orbital
energy lwels given above.

For comparison it is of interest to look at the
molecular orbitals for the high te-Ferature poly-
morph, cl'-Ni$ which has the nid<eline structure.
In this phase six atoms surround each niclcel
(Ni-S distance 2.434) with Cs, qfmmerry. The
resultant molecular orbitals are: o bonds 4s,
4p", 4Pu, 4p", 3il* and 3dsr; n bonds 3drr,
3drz-nz and3d"z; and two unpaired electrons in
the antibonding orbitals. These electrons with
parallel spin should make a-NiS paramagnetic.
Bcnoit (1955) measured the paramagnetic suscep-
tability of o-NiS and found it to be only weakly
but not negligibly paramagnetic. The reason for
this low measurement is probably bue to the
involvement of the unpaired electrons in.e Ni-Ni
interaction (Ni-Ni distance 2.674) whidh would
greatly supress the paramagnetism.

From the consideration. of the Ni-S ligands
given above it can be seen that millerite has no
anti-bonding molecular orbital energy levels as
does o-NiS. Thus the five-fold cpordination of
S about Ni in millerite requires less enerry to
form than the six-fold coordination in o-tttiS
and one would thus expect millerite ($-NiS) to
be the stable low temperature phase as observed.
Consideration of the Ni-Ni interaction in the
two phases would not change these arguments.
This inoeased stability of the millerite structure
over the nickeline structure is further evidenced
by an appreciable shortening of the Ni-S and
Ni-Ni bond lengths in millerite relative to those
in o-NiS.
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