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Abstract Binary, ternary, and quaternary rhombohedral
ordered titanates, Ni[/zMH]/zTiO_z, Ni]/zMgl/zTiO3, Ni]/
3ZI’11/3Mg1/3TiO3, and Ni1/4Zn1/4Mg1/4Mn1/4TiO3, WEre
obtained by solid-state synthesis at 1095°C at ambient
pressure in a nitrogen atmosphere. All of the compounds
adopt ATiO3 (A = Ni, Mn, Zn, and Mg) stoichiometry.
Crystal structures were refined by the Rietveld method
from powder X-ray diffraction data. Unit cell parame-
ters and unit cell volumes decrease with decreasing
average radius of the Y'4*" cation. All the synthetic
titanates adopt the space group R3 and the ilmenite
structure consisting of distorted 404 and TiOg¢ octahe-
dra. The divalent cations and Ti*" are distributed in
layers of octahedra alternating along ¢ with no evidence
for disorder. In common with pyrophanite, NiTiO3, and
ilmenite sensu stricto, the distortion of the AQ¢ octa-
hedra is less than that of the TiO4 octahedra. The Ti*"
and A-site cations in the titanates are off-centred within
the coordination polyhedra. Deviation of the z posi-
tional parameters from their theoretical values for the 4
and Ti atoms indicate that in the titanates with the larger
A>T cations and Goldschmidt tolerance factors, ¢ >
0.745, the AO¢ octahedral layer is more “‘puckered”
above and below planes parallel to (001) than that of the
TiOg octahedra, and vice versa in the titanates with
smaller R%" for which ¢ < 0.745. Data are given for the
volumes and distortion indices of all the coordination
polyhedra. This study confirms the existence and sta-
bility of complex solid solutions between ordered
rhombohedral titanates of Ni and first-row transition
metals at ambient conditions over a range of ¢ from
0.786 to 0.737. These experimental data suggest that the
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formation of ilmenite-type titanates enriched in Ni is
possible in exotic mineral-forming systems at low pres-
sure and/or in extraterrestrial rocks.
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Introduction

Nickel titanate, NiTiO3, is known to adopt the ilmenite
structure and is stable at ambient conditions (Ohgaki
et al. 1988; and references therein). The results of our
research on the crystal chemistry of complex ternary
oxides, ABO;, demonstrates the existence and stability
of quenched quinary titanates of Co, Mg, Mn, Ni, and
Zn, which are isostructural with ilmenite (in prepara-
tion). These preliminary data indicate that NiTiO5 could
form continuous solid solutions with other 4> TiO;
titanates of Mg, Mn, and Zn (geikielite, pyrophanite,
and ecandrewsite end members of the ilmenite group of
minerals, respectively).

Ni has been reported as a significant constituent of
natural ilmenite-group minerals only in exotic ignimb-
rites from the Saaksjarvi impact structure, southwestern
Finland (Badjukov et al. 2001). To date, structural and/
or compositional data on ilmenite-structured natural
and synthetic nickeliferous titanates of the first-row
transition metals have not been reported.

This study has four objectives: (1) to demonstrate the
existence and stability of the completely ordered rhom-
bohedral titanates of Ni in combination with other
transition metals; (2) to describe a synthesis procedure
which will be useful for further studies; (3) to charac-
terize the crystal structure of complex Ni-titanates and
outline their crystal structure evolution resulting from
the combination of Ni with other transition metals; (4)
to demonstrate the absence of compositionally driven
phase transitions in the ATiO; compounds involving Ni,
and absence of disorder between '4*>" and V'Ti*" ca-
tions in their structures.



The ilmenite structure

The ilmenite structure is an ordered derivative of the
archetype corundum structure. Typically, the ilmenite-
type structure is adopted by 4" Ti*"O; compounds
when 'R is much smaller than radius of the oxygen
anion resulting in a Goldshmidt tolerance factor, ¢
(Goldschmidt 1926), close to 0.75 (Mitchell 2002). The
structure is based on /icp oxygen layers with cations
occupying two-thirds of the available octahedral
interstices. In contrast to the fully disordered corun-
dum structure (space group R3c), the ilmenite struc-
ture contains equal amounts of di- and tetravalent
cations, ordered along the octahedron layers and
alternating along the c-dimension of the unit cell. In
terms of lateral nearest-neighbour A4-4 and Ti-Ti
cation—cation distances within the (001) layers, the
cations are arranged in regular hexagonal rings (Har-
rison et al. 2000). A pair of 404 and TiOg octahedra
shares a (001) face (Fig. 1a), and each octahedron in
the ilmenite structure shares an edge with the same-
type of octahedra, and three edges with the other type
octahedra. The stacking sequence along [001], of this
structure is “A4-Ti-0-Ti-4-00” (where "00” stands for a
vacant site), and “Ti-Ti-0J” or "4-4-00" parallel to
(111), resulting in a R3 rhombohedral cell. Due to
repulsive Ti-Ti and A-Ti interactions across the
shared faces and edges of octahedra (Wechsler and
Prewitt 1984; Ko and Prewitt 1988; Harrison et al.

d"[“
Fig. 1 Projection onto the (110) plane of portions of the structure
of R3-structured synthetic Ni;,Mg;,,TiO3 (4 = Ni;,Mgp, this
study), illustrating a the ordering and disposition of the face and

corner-sharing octahedra, b the “puckering” of the layers of
octahedra above and below parallel to (001)
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2000, etc.), the (001) layers of octahedra are “puck-
ered” so that adjacent cations are displaced up and
down the [001] axis (Fig. 1b).

In common with corundum, displacement of the
cations in the R3 structure from the centroids of both
types of octahedra results in distortion of the coordi-
nation polyhedra. Various styles of distortion are
known for ilmenite-structured compounds (Mitchell
2002). The AOg polyhedron can be more distorted
than the TiOg polyhedron or vice versa, e.g. in
ilmenite (sensu stricto) distortion of the FeOg octahe-
dron is significantly less than that of the TiOg octa-
hedron (Mitchell 2002). Further distortion of the
corundum structure in the case of 4>" Ti*"O; com-
pounds can be driven by an increase in pressure. This
distortion results in a phase transition to a structure
with the “4-Ti-O-A-Ti-00” stacking sequence, both
along and orthogonal to [001], with the 4°" and
Ti** cations occupying [001],-alternating layers. Such
a structure has a R3¢ rhombohedral cell and is similar
to that of LiNbOj;. This structure differs in the mode
of connection of octahedra from that of the ilmenite
structure (Mitchell 2002).

Examples of the R3 — R3c phase transition are the
high-pressure transformations of pyrophanite, geikielite,
ilmenite, and NiTiO3 (Syono et al. 1969; Ko and Prewitt
1988; Boysen et al. 1995; Linton et al. 1999). With fur-
ther compression, ATiO; compounds may undergo a
further phase transition to Pbnm-structured perovskite
isostructural with GdFeO; (Linton et al. 1999). Phase
transformations between the ilmenite, lithium niobate
and perovskite structures are complex and their study is
hindered by kinetic factors and hysteresis effects
(Mitchell 2002). NiTiOs is the only ternary titanate for
which a temperature-driven second order phase transi-
tion has been described and studied in detail. The
R3 — R3c¢ transformation takes place at T >1287°C
(Lerch et al. 1991, 1992; Lerch and Laqua 1992; Boysen
et al. 1995).

The present study was undertaken to confirm the
existence and stability of the completely ordered bin-
ary, ternary, and quaternary titanates of Ni and first-
row transition metals other than Fe, and to study the
response of ilmenite-type structure to entry of cations
ranging in radii from 0.83 to 0.69A [Mn®* and Ni*",
respectively (Shannon 1976)] at the Y142 site resulting
in variation of the Goldschmidt tolerance factor from
0.786 to 0.737 (Table 1). Detailed discussion of pos-
sible complex interactions such as first order and
second order Jahn-Teller effects, “direct Y4>* —Yig**
and/or V'Ti* " —Y"Ti*" interactions”, mechanisms of the
repulsive Ti-Ti and A-Ti interactions across the
shared faces and ed%es of octahedra and/or “‘metal-
metal bonding (V4°"-Ti*") along the threefold
axes” in the transition metal titanates (Goodenough
1960; Wechsler and Prewitt 1984; Ko and Prewitt
1988; Ohgaki et al. 1988; Kunz and Brown 1995;
Harrison et al. 2000; Mitchell 2002) are beyond the
scope of this study.
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Table 1 Selected refinement parameters and crystallographic characteristics of synthetic titanates at ambient conditions

1 2 3 4 5 6
YiRZ* A 0.830 0.760 0.745 0.717 0.705 0.690
I 0.786 0.762 0.756 0.747 0.742 0.737
Phase composition
AtiO3 % 99.2(1) 99.33(1) 98.4(1) 92.8(1) 93.8(2) 95.7(1)
Ru 3.3(2)
Other phases % 0.8(1) Ru 0.7(1) Ru 1.6(1) Ru 1.9(1) Arm 1.6(1) Ru 2.8(1)
Sp 5.3(1) AO 1.3(1) AO 1.5(1)

Agreement factors
n 30 30 30 36 42 36
Rexp % 11.93 8.72 8.35 7.05 7.24 6.68
R, % 11.01 8.99 8.54 8.60 8.39 8.29
Rirage % 2.63 2.93 2.45 2.58 2.47 222

wp % 14.52 11.44 11.01 10.79 8.39 9.98
e 1.21 1.31 1.32 1.53 1.47 1.48
Dw 1.49 1.31 1.28 1.02 1.10 1.02
Unit cell parameters in space group R3
a A 5.1386(0) 5.0855(0) 5.0770(0) 5.0544(0) 5.0418(0) 5.0321(1)
c A 14.2857(2) 14.0191(1) 13.9727(1) 13.8737(1) 13.8494(1) 13.7924(2)
cla . 2.780 2.757 2.752 2.745 2.747 2.741
vV A’ 326.682(6) 313.996(4) 311.910(5) 306.953(5) 304.885(4) 302.456(12)
Coordination polyhedra characteristics
< 4-01> A 2.196(11) 2.141(13) 2.129(14) 2.121(13) 2.095(8) 2.088(10)
V 106 A’ 13.379(7) 12.583(7) 12.312(8) 12.273(7) 11.933(5) 11.826(6)
dy A 0.38 0.31 0.34 0.31 0.26 0.24
A 406 1.91 0.68 1.52 1.28 0.43 0.193
0406 126.6 94.0 102.2 85.6 65.7 62.3
<Ti-O1> A 1.981(11) 1.973(13) 1.983(14) 1.966(12) 1.976(8) 1.968(11)
Vrios A’ 10.006(7) 9.824(6) 10.036(7) 9.750(6) 9.908(4) 9.763(5)
dri A 0.27 0.30 0.29 0.30 0.30 0.31
A Tios 2.81 3.16 3.66 3.48 3.69 3.15
OTio6 84.4 95.9 83.9 90.6 88.6 95.1

1 MHTIO3, 2 Nil/zMnl/zTiO3; 3 Nil,/4Mn1,,4Zn1’,r4Mg1’,r4TiO3;
4 Nil,’3zn1,/3Mgl/3TiO3; 5 Ni]//‘zMg|,’2TiO3; 6 NITIO;

Ru Rutile, Sp spinel, 4O bunsenite-like solid solution (4 = Ni,
Mg), Arm armalcolite

YIR%™ average radius of cations in 4 site

n Number of independent parameters

d; the distance to the central atom

A, polyhedron bond length distortion (see text for details)
0, bond angle variance (see text for details)

Synthesis and analytical methods

The titanates were synthesized from stoichiometric
amounts of NiO, MnCOj;, ZnO, MgO, and TiO,
(high-purity grade) by a solid-state ceramic method.
The reagents, dried at 120°C (with exception of
MnCO; which was kept at 85°C) for several days,
were mixed, ground in an agate mortar under acetone
and pelletized at a pressure of 15 tons per cm”. The
mixtures were than calcined for 2 h at 1000°C in a
stream of nitrogen. After regrinding, the samples were
re-pelletized and then sintered for 12 h at 1095°C in
nitrogen and quenched in liquid nitrogen. At every
step, two separate pellets of every compound were
prepared, and the duplicates were used as “‘sacrificing
beds” to isolate the samples from contact with the
quartz tube used for the experiment. The homogeneity
and composition of all compounds obtained were as-
sessed by back-scattered electron imaging (BSE) and
quantitative X-ray energy-dispersive analysis (QEDS)

Rexp = [(N _P)/(Zu'yiyi(obs)z)]l/2

Rp = [Zwi‘ yi(otis& 7yi(calq&‘]/2yi(obs) 2

Rprage = (Z | I(obs) —Ik(cate) D/(Z Ti(obs)) ‘

Ry = {[Z willicobs) =V iccale))” JIZ Wi (icons)” I}'/?

7> = GOF = Ewi(Viobs)y =V i(calc))2 /(N - P)

DW (Durbin-Watson statistics) = [ZV,_»(Ay; — Ay ) 1/ZN =1 Av?
aTolerance factor for ABO5 compounds, = (Ro+ R4)/[N2 (Ro+
Ry)] (Goldschmidt 1926)

employing a Jeol JSM-5900 scanning electron micro-
scope equipped with a LINK ISIS 300 analytical
system incorporating a Super ATW light element
detector (133 eV FwHm Mn K). Spectra were pro-
cessed with LINK ISIS SEMQUANT quantitative
software package with full ZAF corrections applied to
the raw X-ray data.

Step-scanned X-ray diffraction (XRD) powder pat-
terns of the synthetic products were obtained at room
temperature using a Philips 3710 diffractometer with a
graphite monochromator (Bragg—Brentano geometry;
LP factor 26.37°; 2-mm thick samples were used to avoid
background effects from aluminium—glass holders;
radiation Cu K,; 40 kV; 30 mA; 20 range 10-120°; A260
step 0.02°; time per step 4 s) and APD powder diffrac-
tion software. The diffractometer was calibrated with Si
SRM640b standard as a reference material.

We attempted also to prepare these compounds in
air. However, the X-ray profiles obtained for the sam-
ples prepared in an open air atmosphere gave poor Ri-



etveld refinements with asymmetrical residual peaks,
presumably due to partial oxidation.

X-ray diffraction patterns were inspected using the
Bruker AXS software package EVA equipped with the
powder diffraction file (Bruker 2001) to identify the
phases present and confirm that R3-structured com-
pounds were obtained. Data were further analysed by
the Rietveld method (Rietveld 1969) using the Bruker
AXS software package TOPAS 2.1 operated in the
fundamental parameters mode (Cheary and Coelho
1992; Coelho 2000; Bruker 2003). This Windows-based
software provides significant improvements in the ease
of undertaking Rietveld refinements over commonly
used DOS-based software such as FULLPROF
(Rodriguez-Carvajal 1990) and permits the refinement of
several phases simultaneously, an advantage given the
presence of minor amounts of impurity compounds in
the synthesized materials. Results of Rietveld refinement
of laboratory powder X-ray diffraction data using TO-
PAS 2.1 with fundamental parameters and by FULL-
PROF with a Pseudo-Voigt peak shape function are
similar within experimental errors (Mitchell et al. 2004).

The ATOMS-6.0 software package (Dowty 1999) was
used to determine interaxial angles describing the dis-
tortion of coordination polyhedra and selected bond
lengths. The IVTON 2.0 program (Bali¢c-Zuni¢ and
Vickovi¢ 1996) was employed to characterize the coor-
dination spheres of the cations, volumes of coordination
polyhedra, and displacements of cations from the cen-
tres of coordination polyhedra.

Results
Synthetic ordered titanates of Ni

The Complex Ni]/2Mn|/2TiO3, Ni]/zMgl/zTiO3,
Ni1/3Zn1/3Mg1/3TiO3, and Nil/4Zn14Mg1/4Mn1/4TiO3 ti-
tanates isostructural with ilmenite were successfully and
repeatedly prepared at 1095°C. Of the end member
compounds, MnTiO; and NiTiO; were also prepared
and used as reference materials. The ZnTiO; compound
could not be prepared using our synthesis method.
Although the final products contained minor rutile,
bunsenite-type solid solutions (cubic 4O with varying
amounts of Ni, Mg), spinel, and/or armalcolite-type ti-
tanates, the SEM QEDS analysis indicated that their
compositions were of ATiO3 stoichiometry within the
limits of accuracy of the technique. The powder XRD
patterns of all titanates considered here contain reflec-
tions 40! (/ odd) (Fig. 2) which result from the ordered
distribution of 4°" and Ti*" in alternate layers of
octahedra in the R3 structure (Raymond and Wenk
1971), and are forbidden for the structures which adopt
the R3¢ and R3¢ space groups (Wechsler and Prewitt
1984; Ko and Prewitt 1988). Of note, these 40/ (/ odd)
reflections become diffuse-to-absent in the XRD pat-
terns of titanates of Ni subjected to further sintering in a
non-buffered air atmosphere, thus suggesting consider-
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able deviation from the R3 structure due to a partial-to-
complete disorder. Such partially disordered titanates
formed in an open-air atmosphere are not considered
further here.

Some Bragg reflections, arising from the presence of
minor phases, are very close to or overlap with reflec-
tions of the major R3 titanate phase (Fig. 2). Our
experience shows that this overlap affects the accuracy of
the determination of the amounts of the phases present
by the Rietveld method (Liferovich and Mitchell 2004;
Mitchell and Liferovich 2004). This overlap leads to
slight overestimation of the abundance of armalcolite
and bunsenite-like solid solutions as compared to that
determined by SEM-BSE imaging (Note, the overall
abundance of all minor phases in the titanates synthe-
sized does not exceed 5 vol.%). The crystal structure
parameters obtained using the approach described here
for the impurity-bearing MnTiO3 (pyrophanite) and
NiTiO;5 samples, are almost identical to those obtained
on single crystals of these titanates as determined by
Kidoh et al. (1984) and Ohgaki et al. (1988), respec-
tively. Thus, we are confident that the effects of reflec-
tion overlaps are not significant for this study.

Rietveld refinement and geometry of the sites

Voigt, pseudo-voigt and fundamental parameter ap-
proaches were tried for fitting the reflection profiles
giving comparable R-values and statistically close posi-
tional parameters for refined sites. Finally, the funda-
mental parameter mode was used for refinements
because it utilizes a convolution-based profile which re-
duces the number of definable profile parameters and
thus eliminates many problems related to over-parame-
terization such as refinement of redundant parameters
and parameter correlations (e.g. see p. 68 in Bruker
2003). Another advantage of the fundamental parameter
approach to line profile fitting is that the fitted lattice
parameters are automatically corrected for the line
profile shifts arising from instrumental aberrations.
Scattering factors of neutral atoms from International
Tables for Crystallography were employed during the
refinement. The size of crystallites was estimated using
the “Sherrer equation” (Young 1995; Bruker 2003).

Depending upon the presence of impurities, the
number of TOPAS 2.1 refined variables ranged up to 42
independent parameters. These included: zero correc-
tions; scaling factors; cell dimensions; atomic positional
coordinates; preferred orientation corrections; crystal
size and strain effects; and isotropic thermal parameters.
The background was modelled using a 6th-order
Chebyshev polynomial. A fourth-order spherical har-
monics series were employed for correction of preferred
orientation effects. The occupancy of the V' 4 site was set
in accordance with the target solid solution composition
during initial steps and refined at the final steps of the
procedure with the total occupation of the 77 and A4 sites
constrained to unity.
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Fig. 2 A part of the Rietveld refinement plot (/ine) of the X-ray
powder diffraction data for Ni;,Mg,;,TiO5 at room temperature
(dots). The difference curves between observed and calculated
profiles are plotted. For the agreement factors see Table 1. Note:
The full X-ray diffraction pattern obtained for 26 range from 10 to
120° was employed for the Rietveld refinement

For Rietveld refinement, we used the atomic coordi-
nates given by Ohgaki et al. (1988) for synthetic NiTiO5
as a starting model. Figure 2 is a portion of the Rietveld
refinement plot for Ni;;,»Mg;,TiOs. Given the small
volume fractions of the minor contaminant oxide phases
(Table 1), the atomic coordinates for these phases were
fixed during the refinements. Restraints for bond lengths
in the ATiO; titanates were not applied as refinements
converged rapidly and easily. Positional parameters
were refined stepwise from heavier to lighter cations with
those of the oxygen anions last. Thermal parameters
were refined as an isotropic approximation. Thermal
parameters for cations sharing the A-site were con-
strained to be equal during refinements. With the above
constraints incorporated into the Rietveld routine,
refinement is rapid and the correlation between the
occupancies, the scale parameters and the fractional
coordinates is small. At a final step of the refinement
procedure we attempted to refine occupancies of the vig
and “'Ti sites to test the possible entry of the divalent
cation(s) into the “'7i position and vice versa. These
refinements converged easily (in a few steps) and did not
induce statistically considerable changes in any of the
refined parameters. The refined occupancies of both
octahedral sites do not deviate from the target stoichi-
ometry within the range of one estimated standard
deviations (e.s.d.), i.e. neither the presence of Ti in the
V14 site or/and any of divalent cations in the ¥'Ti site was
indicated within the accuracy of the Rietveld method.
This implies an absence of detectable disorder in the
titanates of Ni considered here and agrees with the
presence in their XRD patterns of the sharp 40/ (/ odd)

reflections (Fig. 2) which are known to result from
A*"Ti*" ordering (Raymond and Wenk 1971). These
should become diffuse-to-absent for disorder of the
octahedrally coordinated cations.

Refined unit cell parameters and agreement factors,
mean bond lengths within coordlnatlon octahedra,
polyhedra volumes, displacements of ¥'4?* and V‘Tl4+
atoms from the centres of coordination polyhedra, bond
lengths and bond angle distortion parameters are listed
in Table 1, together with similar data calculated for
synthetic MnTiO3 and NiTiO; (this study). We tabu-
lated these data in order of decreasing mean “R%"
assuming that all divalent cations are in the high-spin
state. The atomic 4pos1ti0nal parameters, deviation of
observed z5" and z}; parameters from their ideal values
(1/3 and 1/6 respectlvely) and isotropic displacement
factors (A ) are listed in Table 2. Selected bond lengths
and bond angles are given in Appendix 1.

To illustrate the polyhedron bond length distortion,
we employ the A, dlstortlon index mtroduced by Shan-
non (1976) as A, = 1. ={(r; — 7)/F}* - 103, where 7 and r;
are average and ind1v1dual bond lengths in the polyhe-
dron, respectively. We describe deviations from the ideal
bond angles appearing in a regular octahedron, by cal-
culation of the bond angle variance index, ¢; = X [(0;—
90)?/(n—1)], where 0; are the O-4-O or O-Ti-O bond
angles (Robinson et al. 1971). The indices calculated,
plus selected bond lengths and angles, are given in Ta-
ble 1 and Appendix 1, respectively.

In common with ilmenite-structured Mg;_.Zn,TiO3
and Mn,_ ,Zn,TiO; (Liferovich and Mitchell 2004;
Mitchell and Liferovich 2004), occupation of the AOgq
site by mixtures of cations ranging in size from 0.83 to
0.69A (Table 1), results in significant variations of the
unit cell parameters and distortion indices of the coor-
dination polyhedra. Unit cell dimensions and unit cell
volumes of the Ni titanates decrease with decreasing
average “'R%" (Table 1). The average <A4-O> bond
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Table 2 Positional parameters and isotropic displacement factors (Az) of synthetic titanates at ambient conditions

Position Sample X v V4 d. Biso
vig MnTiO; 0 0 0.3602(1) 0.0269 0.25(3)
Nij 2Mn, ,TiOs 0 0 0.3554(2) 0.0221 0.19(6)
Nl]//4Mn1//4Zn1’/4Mg1 ,'4Tl03 0 0 03578(2) 0.0244 056(5)
Niljr3Zn1//3l\/lg|,/3TiO3 0 0 03555(2) 0.0221 057(6)
Ni;-Mg, »TiOs 0 0 0.3518(2) 0.0184 0.44(4)
) NiTiO; 0 0 0.3506(1) 0.0173 0.34(6)
viTj MnTiO; 0 0 0.1478(1) ~0.0189 0.30(3)
Ni; >Mn; »TiOs 0 0 0.1454(3) ~0.0213 0.12(5)
Ni1Jr4Mn|,/4Zn1/4Mg1/4TiO3 0 0 0. 1459(2) —0.0208 022(4)
Niy/3Zn;sMg; s TiOs 0 0 0.1452(2) —0.0214 0.36(5)
Ni; -Mg, »TiO5 0 0 0.1448(1) ~0.0219 0.26(3)
NiTiO; 0 0 0.1445(1) ~0.0222 0.18(5)
o(1) MnTiO; 0.3200(6) 0.0292(8) 0.2426(4) 0.16(6)
Ni,sMn; »TiO; 0.3169(6) 0.0247(10) 0.2445(4) 0.30(6)
Niy 4Mn, 4Zn; ;Mg 4 TiO5 0.3202(6) 0.0240(10) 0.2462(5) 0.60(5)
Nij »Zn; sMg; ;s TiOs 0.3188(7) 0.0197(10) 0.2442(4) 0.20(5)
Nij »Mg; , TiO; 0.3183(5) 0.0192(8) 0.2460(2) 0.33(5)
NiTiO; 0.3151(7) 0.0178(10) 0.2455(3)

d. deviation from ideal value of the z positional parameter (1/3 and 1/6 for ¥'4 and “iTi atoms, respectively, see Fig. 1b for details)

length becomes less with decrease in the size of the V142"
cation. The average <Ti-O> bond length in all the ti-
tanates is not affected by cationic substitutions at the 4
site within the accuracy of determination (Table 1), and
is identical to those obtained by high-precision methods
on single crystals of MnTiO3 (Kidoh et al. 1984) and
NiTiO; (Ohgaki et al. 1988) (1.980[1] and l983[l]A
respectively). The absence of compositionally driven
changes in the <Ti-O> bond length of the diverse
ATiO5 titanates pr 2pared here indicates that the con-
siderably larger Mn”*, Mg®", Zn?>*, and Ni*" cations
do not replace the smaller YITi** cation, as this should
result in enlargement of the (Ti,4)Og octahedra and
increase of the average <(Ti,4)-O> bond length.

All the titanates consist of distorted coordination
polyhedra, similar to those occurring in pyrophanite,
geikielite, NiTiO3, and ilmenite sensu lato. The TiOg
octahedra have relatively high bond length and bond
angle distortion parameters and are distorted to nearly
the same extent in all the titanates investigated (Ta-
ble 1). The AO4 octahedra exhibit less but more variable
bond length distortion in comparison to those of the
TiOg4 octahedra. Bond angle distortion indices calculated
for the AOg4 octahedra are greater for large A4-cation
titanates and decrease nearly regularly with decreasing
ViIRZ" (Table 1).

In the titanates with the larger average A4-site cations,
the 4 atoms have a greater displacement from centres of
the coordination polyhedra than the Ti atoms, and vice
versa in the titanates of the lesser average 42" (Table 1).
This observation is in accord with the deviation of the z
positional parameter from its theoretical value (listed as
d. in Table 2), i.e. shift of the atom along the threefold
axes, which results in “puckering” (Wechsler and Pre-
witt 1984) of the octahedral layers above and below
planes parallel to (001) as illustrated in Fig. 1b. Com-
parison of these deviations shows that in the titanates
with YR%" > 0.71A and ¢ >0.745 (mean 4> cation size

and Goldschmidt tolerance factor, respectively), the
layers of the 40¢ octahedra are more ““puckered’” above
and below planes parallel to (001) as compared to the
layers of the TiOéoctahedra and vice versa in the titan-
ates with the smaller A?" cations, in which V'R%"
<0.71A and 1 < 0.745 (Tables 1, 2).

Distortion of coordination polyhedra in the nickel
titanates studied here might result from possible com-
plex interactions of Y'Ni’>* which has a ¢® configuration
in the high-spin state and can exhibit a first order
Jahn-Teller effect (Orgel 1960), and interference of this
distortion with that arising from an electronic second-
order Jahn-Teller effect occurring around the “'Ti**
cations (Kunz and Brown 1995). “Direct V42" —Vig>"
interactions within (111) planes” are possible for Ni,
Co, and Mn and in some cases may be even stronger
than theV'4>"-0-0-"4>" interactions (Goodenough
1960). The repulsive Ti—Ti and A-Ti interactions across
the shared faces and edges of octahedra are well-known
and induce displacement of cations from their other-
wise regular positions, resulting in distortion of the
coordination polyhedra in the R3-structured titanates
(Wechsler and Prewitt 1984; Ko and Prewitt 1988;
Harrison et al. 2000). According to Ohgaki et al.
(1988), a considerable metal-metal bonding occurs in
NiTiO5 along the threefold axis between neighbouring
Ni*" and Ti*" cations, although anharmonicity of the
thermal parameters for the cations at room tempera-
ture is small. Neither of these complex interactions, if
any, result in detectable reduction of the mean bond
length of the TiOg octahedra and/or A:Ti disorder in
any nickeliferous titanates.

Conclusion

The Nl]/2M1’11/2TlO3, Nll/zMg1/2TlO3, Nl]/3Zl’11/3Mg1/3
TlO3, and Nl]/4ZH14Mg1/4MH1/4TlO3 titanates adopt
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ordered rhombohedral ilmenite-like structures and are
stable at ambient conditions. A completely ordered
distribution of the 4" and Ti*" cations in all the non-
oxidized stoichiometric rhombohedral titanates con-
sidered here is in agreement with data of Ko and
Prewitt (1988) who demonstrated the absence of A:Ti
disorder in the synthetic ternary titanates up to the
melting point using a single-crystal of MnTiO; as an
example.

The decrease in the lattice ratios, ¢/a (Table 1), which
is equal to V8 ~2.828 for an ideal hexagonal close
packing, indicate increasing departure from ideal hcp
and the archetype corundum structure induced by de-
crease in the size of the Y'4>" cations. The composi-
tionally driven style of deformation observed for the R3-
structured titanates studied here results in the decrease
of d.(A) along with increase in d.(Ti). This style of
deformation is opposite to that described for the aris-
totype ilmenite at high pressure or high temperature
(Wechsler and Prewitt 1984), both of which induce in-
crease of d.(A4) and decrease of d.(Ti).

Our data imply the existence of binary, ternary, and
quaternary solid solutions between NiTiO3; and MnTiO;
(pyrophanite), MgTiOj3(geikielite), and ZnTiO; (ecan-
drewsite) and demonstrates the tolerance of the ordered
R3 structure to wide variations in the average radius of
the divalent cation in the “'4 position, resulting in
Goldschmidt tolerance factors, ¢, ranging from 0.786 to
0.737. The scarcity of natural ilmenite-group minerals
containing significant amounts of Ni is not due to
crystallochemical limitations, but arises from the differ-
ing geochemistry of Ni relative to that of Ti, Mn, Mg, or
Zn in natural systems. Formation of the nickeliferous
ilmenite-structured solid solutions might be possible in
some exotic mineral-forming or metamorphic environ-
ments at low pressures and/or in extraterrestrial rocks.
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1 2 3 4 5 6
AOg octahedron )
3x4-01 A 2.100(4) 2.085(5) 2.046(5) 2.045(5) 2.052(3) 2.059(4)
3x4-01 A 2.292(5) 2.197(6) 2.212(6) 2.197(5) 2.139(3) 2.117(4)
3x0-4-0 ° 73.01 75.45 75.78 76.13 78.25 78.25
3x0-4-0 ° 91.61 91.08 90.12 90.75 90.34 90.35
3x0-4-0 ° 88.45 89.12 87.83 89.47 89.21 89.94
3x0-4-0 ° 103.06 101.44 102.96 100.99 100.11 99.50
3x0-4-0 ° 158.57 161.54 160.48 162.38 164.16 164.97
TiOg octahedron .
3xTi-Ol A 1.876(4) 1.862(5) 1.863(5) 1.850(5) 1.856(3) 1.858(4)
3xTi-O1 A 2.086(5) 2.084(5) 2.103(6) 2.082(5) 2.096(3) 2.079(4)
3xO-Ti-O ° 162.59 161.37 162.53 162.23 162.07 161.47
3xO-Ti-O ° 81.04 80.37 80.47 81.19 80.16 79.98
3xO-Ti-O ° 81.63 81.32 82.40 81.70 82.59 82.24
3xO-Ti-O ° 94.12 93.20 93.34 91.47 92.13 91.84
3xO-Ti-O ° 101.92 103.16 102.08 103.54 102.98 103.59
A-Ti A 3.035 2.945 2.960 2917 2.867 2.843
A-A a A 3.065 3.001 3.010 2.982 2.955 2.944
A-4 b A 3.993 4.053 3.975 4.010 4.106 4.120
Ti-Ti a A 3.015 2.996 2.988 2.978 2.973 2.969
Ti-Ti b A 4.223 4.076 4.077 4.030 4.010 3.985
0-0 c A 2.728 2.689 2.717 2.709 2.699 2.672
0-0O d A 3.287 3.228 3.201 3.156 3.146 3.143
0-0 e A 3.152 3.058 3.016 3.021 2.973 2.962
0-0 f A 3.066 3.006 2.955 2.988 2.944 2.952
0-0 g A 2915 2917 2.897 2.907 2.904 2.920
0-0 h A 2.580 2.576 2.619 2.578 2.614 2.594
0-0O i A 2.904 2.870 2.890 2.820 2.851 2.832
Ti-0-4 j ° 119.31 119.25 120.05 120.37 120.62 120.00
A-O- k ° 88.38 89.92 89.88 89.25 89.66 89.65
Ti-O-Ti [ ° 98.96 98.67 97.60 98.30 97.41 97.76
Ti-O-4 m ° 126.21 127.87 126.94 128.50 129.05 129.80
Ti-O-4 n ° 87.61 86.88 86.60 85.90 85.20 85.31
Ti-0-4 0 ° 136.64 135.56 135.64 134.08 134.48 134.19

1 MTITIO3, 2 Ni]//zMn]/QTiO:;; 3 Ni]’,'4M1'11//4ZT1|’/4Mg1J'4TiO3; 4 Ni]/
3ZI11//3Mg1/3TiO3; 5 Nil//zMgl/‘zTiO3; 6 N1T103

The metal-metal distances: a across shared edge between adjacent
metal sites; b across vacant octahedral position

The oxygen—oxygen distances: ¢ 4-Ti shared face; d A4 site, face
opposite the shared face; e A4 site, shared edge; f A4 site, unsh-

arededge; g Ti site, face opposite the shared face; & Ti site, shared
edge; i Ti site, unshared edge

Framework angles: j, m, and o at the shared vertex; k and / at the
shared edge; n shared face
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Appendix 1

Selected bond lengths (A) and bond angles (°) of syn-
thetic titanates at ambient conditions
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