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NaS8cTiOs, NaFeTiO;, NaScSnOQy, NaFeSnO,, NaScZrO,, and NaScHIOy, as well as high-pressure NaAlGeOy, are strictly iso-
morphous with the orthorhombic calcium ferrite type structure, space group Pnma. ZEach pair of tri- and quadrivalent
elements randomly occupies two sets of crystallographically nonequivalent octahedral positions in the structure, the local site
symmetries of which are almost identical. Uniform bond lengths and normal thermal vibration parameters for the
randomized atoms in NaScTiOy, determined by single-crystal structure analysis, are interpreted to mean that the randomness
of the ions Sc?™ and Ti** leads to a real averaging of ionic sizes. No calcium ferrite structure was found by replacing Na
with Li, K, Rb, or Cs nor for the NaA2?*B*¥0, compounds where A3* = Mn, Cr, Co, V, La, or In, although a number of
other phases were formed. Calcium ferrite isotypes form only when A3* and B** can be constrained to match one another
both in size and in a local site symmetry which is nearly spherical.

Introduction

The crystal chemistry of metal oxides may be classi-
fied into two major groups. The familiar cubic or
hexagonal close-packing description is convenient for
those compounds where the bonding is largely ionic or
the structure is highly symmetrical. For many transi-
tion metals, however, a form of covalent bonding
generates arrangements of atoms where packing de-
scriptions are cumbersome, and in these circumstances
it is preferable to refer to specific coordination poly-
hedra. Two broad subdivisions in this latter case
are based upon the length of a short axis of symmetry,
which can be in the range 3.6-4.0 A and corresponds to
the length of an octahedral body diagonal (linear
O-M-0 bond disposition), or an even shorter length
2.8-3.1 A, which is an octahedral or tetrahedral edge
(an oxygen—oxygen contact).

Transition metal octahedra, displaying variations
of internuclear distances characteristic of individual
metals, show a pronounced tendency to cluster together
into groups of finite cross section but of infinite ex-
tension, with one or the other of these periodicities.
Within such groups the octahedra share a maximum
number of edges. This concept, for which there is
ample experimental evidence, leads to major unifying
features in structural chemistry,® as a particular group
appears in the structures of a great variety of com-
pounds whether or not they have similar stoichiom-
etries.

The group we are currently examining is derived
from double octahedral elements sharing edges and
has a repeat distance of 3.0 A (Figure 1), giving in
idealized form an infinitely long parallelepiped. The
way these groups join by additional edge or corner
sharing to form a three-dimensional network is in-
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fluenced, among other things, by the presence of elec-
trostatically bonded positive ions at suitable interstices,
where their size assumes considerable importance by
virtue of their buttressing function.

With any one such ion, however, there may be more
than one method of arranging the same strings of
double octahedra to form energetically favorable struc-
tures. The well-known cases of CaFe,Of~7 and
CaTi,0 contain the double octahedral groups of
Figure 1 arranged in two different ways, but in both
cases the oxygen environments of the buttressing Ca
ions are virtually identical. A third equally probable
orthorhombic structure with the same stoichiometry
can also be devised, and the three are represented in
stylized form by Figures 2a—c. Two further almost
identical ways have been described by Mumme and
Reid,® although only one of the structures, a high-
temperature nonstoichiometric phase Na,Fe,T{,_,0,
(0.75 < x < 0.90), was found experimentally. The
unit cell dimensions and space groups for typical mem-
bers of the three known structures, together with ap-
proximate values for the structure shown in Figure
2¢, are given in Table I. All five are orthorhombic
and four have closely similar unit cell dimensions,
three having the space group Pnma and the other
two Cmem. Consequently, the determination of the
crystallographic constants alone cannot uniquely char-
acterize such a phase, and in this paper, which is con-
cerned with a family of substances NaA®*+B4+0, with
a wide range of transition elements A and B, the diffrac-
tion data have been very carefully analyzed to ensure
that each isotype has the structure claimed for it.

All five possible structures have eight octahedrally
coordinated metal atoms in the unit cell. For Cmem
all of these are represented as a single eightfold position
and are therefore crystallographically identical. This
could arise only if the two different ions A and B were
randomized. For Pnma the atoms must occupy two
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Figure 1.—Double octahedral group of infinite extension with a
repeat distance of 3 A: upper, in clinographic perspective;
lower, in projection; left, ball-and-spoke drawing; right, octa-
hedra.

sets of fourfold positions, so the possibility of forming
these structures may well depend upon A and B order-
ing. The plane of symmetry in Cmem, replaced in
Pnma by the # glide operation, presents a striking
difference between the two classes. This mirror plane,
which brings two octahedral groups together at the
same level perpendicular to the 3-A axis, reflects the
organization of the groups, and it is important to know
whether the local symmetry of each metal ion exerts a
dominant role in deciding which of the several compet-
ing structures, with small differences in lattice energy,
is most likely to form.

The present paper describes the compounds
NaA3+B4+0, crystallizing with the CaFe,O4 structure.
The X-ray diffraction examination of NaSc¢TiO: has
been conducted at two levels; a careful refinement of
the structure with three-dimensional single-crystal
data, followed by a similar refinement with counter data
collected with a powder diffractometer to establish a
basis for the comparison of the isotypic compounds.
A number of additional phases were identified during
the present study of Na compounds, and the field of
occurrence for calcium ferrite structures containing
A3+ and B** ions has been explored for the alkali metals
Li, X, Rb, and Cs.

Experimental Section

Materials.—Sodium oxalate and SnO; were analytical reagent
grade, TiO, Fisher Certified reagent, and HIO, spectroscopic
reagent grade. Sc:O; (99.59,) was obtained from the Australian
Mineral Development Laboratories, South Australia, and con-
tained 0.39% of SiO; as chief impurity. Fe;O; was Baker Labora-
tory reagent, and all other materials were laboratory reagent
grade or better.

Most of the compounds described were readily prepared by
heating finely ground and weighed mixtures of sodium oxalate
and the appropriate metal oxides, first at 600° and then at 950-
1000° for 15 hr in air, followed by regrinding and reheating.
The more refractory materials NaSeSnOs, NaScZrOs, and
NaScHfO, were prefired at 1000° and then heated at 1300° for
40 hr in sealed platinum capsules. The stoichiometries of the
compounds listed in Table IT were assumed to be correct; weight
losses other than from the decomposition of oxalate were negligi-
ble, and X-ray powder patterns showed no traces of the starting
materials. NaScTiO4, fused at 1200° and slowly cooled, gave
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Figure 2.—Three alternative structures for compounds with
stoichiometry NaA?*™B4*0, containing groups of Figure 1.
Circles are Na+. Heavy and light markings indicate the two
levels in the unit cell: (a) CaFe;Oy structure type; the stippled-
and line-shaded octahedra are crystallographically different; (b)
CaTi:Os structure; (c) hypothetical structure, a possible alter-
native to b. The octahedra in b and c each are identical.

TaABLE I

LATTICE PARAMETERS FOR SOME ALTERNATIVE ORTHORHOMBIC
STRUCTURES OF STOICHIOMETRY AB,O4

NaScTiO:® NayFepTiz-zOf CaTisO8  Unknown
a, A 9.277 9.255 3.136 3.0
b, A 3.048 2.875 9.727 12.5
¢, A 10.917 11.337 9.976 7.8
Space group Pnma Pnma Cmcm Cmem
VA 4 4 4 4

@ Present work. ¢ Ideal composition NaFeTiO,, but with 0.75
< x < 0.90 found experimentally.?
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material suitable for single-crystal analysis. Attempts to pull
crystals from the melt resulted in considerable decomposition
accompanied by the volatilization of sodium oxide, and although
NaScTiO4 melts congruently, or at least crystallizes from tem-
peratures above the liquidus, it is evidently unstable in the fused
state except perhaps in a scaled systemi.

X-Ray Diffraction.—Three-dimensional intensity data for
NaS8cTiOs were obtained with Cu Kea radiation from a needle
crystal measuring 0.02 X 0.2 X 0.03 mm?® and oriented for rota-
tion around the axis of elongation (b), by integrated Weissenberg
photographs using the multiple-film technique. Estimations of
intensity were made visually with a calibrated scale, and each
reflection was measured at least three times. Individual anom-
alies appearing during refinement were critically reevaluated.
The linear absorption coefficient for NaScTiOs was 423 em™,
giving an optimum crystal size of 0.05 mm, so that no absorption
correction was necessary. Scattering curves, adjusted for ionicity
and for both real and imaginary components of anomalous dis-
persion,® were take from Table 3.3.1A in Vol. III of the ““Inter-
national Tables for Crystallography,”” except for O?~ where we
used Suzuki’s values.!

All calculations were made on the Elliott 803 computer of the
Division of Mineral Chemistry, using the programs of Daly,
Stephens, and Wheatley,'? kindly made available by Wheatley
and Daly. The weighting scheme of Cruickshank, et al.,'* was
adopted for the least-squares cycles, and the matrix inversion
involved the block diagonal approximation. The scale factors
for each level of the single-crystal investigation were adjusted
after each cycle by comparison with the calculated structure
factors. Overlapping reflections in the powder data were omitted
from the refinement cycles. Each study was judged to be com-
plete when shifts of all variables dropped to less than a fourth
of the estimated standard deviations.

Powder diffraction data werc obtained with a General Electric
XRD-5 diffractometer, using Ni-filtered Cu K« radiation.
Intensity scans were usually made at least twice on reground
samples, while NaScTiO; was also annealed. For Fe compounds
the rate meter was arbitrarily biased to place the fluorescence
background near zero on the chart recording, and diffraction
intensities were measured above the background. Chart re-
cordings were made at slow scan rates (0.2%/min) and intensities
determined by measuring peak areas with an accurate planimeter.
All peaks were traced at least twice, and up to 8 times when of
small area. The diffractometer 26 scale was calibrated with W
and Si powders, and checks on the results for NaScTiO4 and
NaFeTiO4 with W powder as an internal standard showed that
26 values were accurate to =£=0.02°. Iterative index selection
and least-squares refinement procedures were employed to de-

TaBLE II

LATTICE PARAMETERS FOR NaScTiO; ISOMORPHS,
Space GroUuP Pnma, Z = 4

dealed =

a = b = ¢ = V &= 0.01,

0.003, A 0.002, A 0.004 A 0.1, A® gem ™

NaFeTiOq 9.175 2.962 10.741 291.9 4.33
NaSeTiOq 9.277 3.048 10.917 308.7 3.87
NaFeSnO4 9.347 3.067 11.000 315.3 5.51
NaScSnOy 9.466 3.139 11.177 332.1 5.02
NaScHfO, 9.511 3.169 11.2286 338.4 6.10
NaScZrOq 9.534 3.184 11.254 341.6 4.34
NadlGeOy 8.871 2.840 10.402 262.1 4.78

« High-pressure phase,! zero-pressure parameters.
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termine lattice parameters, and for each compound listed in
Table II the standard deviation in sin® femied — sin® Bonea was
approximately 10 X 1075,

(a) Single Crystal Study.--Table 1 contains the crystallo-
graphic constants for NaScTiOs. The structure was initially
assumed to be of the CaFe;04 type® 7 for which we have used the
standard sctting Pnma instead of other settings used to date.
Adopting the positions found for the atoms in a recent study of
CaSc;04 by Miiller-Buschbaum and von Schnering'® (described
in the setting Pbam and hence requiring the b and ¢ axes inter-
changed), averaging out the nearly identical scattering curves
for Sc?t and Ti**, and using fixed isotropic temperature factors,
the initial reliability factor of 189 dropped to 8.59; after three
least-squares refinement cycles. Allowing individual isotropic
temperature factors to vary reduced this to 7.5%, and finally
three cycles with individual anisotropic vibration parameters Uy
leveled off at 6.577, a highly significant improvement in view of
the relatively large number of reflections. The coordinates and
the six vibrational mean-square-amplitude tensors U;; as de-
fined by Cruickshank®® are given for all atoms in Table III,
bond lengths in Table IV, and the observed and calculated struc-
ture factors in Table V. Bond lengths were not corrected for
thermal vibration effects. The structure is illustrated as a ball
and spoke drawing in Figure 3 and in stylized form in Figure 2a.

(b) Powder Diffraction Study of NaScTiO;.—The intensities
of 50 noncoincident reflections were reduced to F, values by ap-
plying multiplicities and Lorentz polarization factors. Starting
once again with the CaSc;O, positions for the atoms, the data
were refined by least squares allowing the positions to vary and
using fixed isotropic temperatue factors for each atom averaged
from the single-crystal U;; values (Table III). An R factor of
7.5%, was obtained after four cycles. The final coordinates were
essentially identical with those in Table III, the metals being
within 0.02 A and the oxygens 0.05 A of the positions found from
the single-crystal data, except that the standard deviations were
several times larger, a direct consequence of the fewer data
provided by the powder method. A comparison of the observed
and calculated intensities is given in Table VI where coincident
reflections are also included.

Results

The field of occurrence of the isomorphous
NaA3+B4+0, compounds as a function of ionic size is
shown in Figure 4, in which Ahrens’!” values have been
adopted for convenience. The corresponding lattice
parameters show a regular trend, well beyond experi-
mental error, as the size of the metal ion increases with
Fe?t < Sc** and Ti‘t < Sn'+ < Hi* < Zri+. Al
though the ionic sizes of the 3+ and 4 ions in a given
compound appear to be important to the extent that
they must be nearly equal, it is clear that this is not
the sole deciding factor in the formation of the calcium
ferrite isotypes. It does appear that as the size of the
4-+ ion and the free energy of formation of its dioxide
increase, the NaA3+B4+0, structure becomes relatively
less stable. Thus Th*" will not enter the structure
with Sc?+, nor Zr*t with Fe®+. The absence of
“NaInTiO,” even though Caln,O, exists,® is probably
due to the high stability of the competing phase Na,-
TisOr,'9 rather than to the inability of the spherically
symmetrical In®+ jon to enter the lattice with the
somewhat smaller Ti** ion.

(15) H. Miiller-Buschbaum and H. G. von Schnering, Z. Anorg. Allgem.
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TABLE III
PosrTioNaL AND THERMAL PARAMETERS FOR NaScTiO4®

Atom x z Un Use Uss 22Uz 2U 2 2U 13
Na 0.2437 (10) 0.3477 (8) 0.0182 (43) 0.0363 (72) 0.0158 (40) 0(0) 0(0) —0.0017 (77)
Sec or Ti(1) 0.0669 (5) 0.1106 (4) 0.0150 (19) 0.0163 (39) 0.0144 (20) 0(0) 0(0) —0.0026 (32)
Sc or Ti(2) 0.0798 (4) 0.6057 (3) 0.0089 (16) 0.0102 (37) 0.0088 (17) 0 (0) 0(0) —0.0004 (31)
0O(1) 0.2899 (18) 0.6508 (14) 0.0187 (83) 0.0279 (141) 0.0168 (80) 0(0) 0(0) —0.0119 (139)
0(2) 0.3862 (18) —0.0161 (14) 0.0194 (82) 0.0093 (135) 0.0177 (78) 0(0) 0(0) —0.0145 (135)
0(3) 0.4789 (16) 0.2156 (13) 0.1038 (71) 0.0245 (125) 0.0091 (78) 0(0) 0(0) —0.0198 (117)
04) 0.0744 (15) —0.0729 (13) 0.0072 (64) 0.0332 (148) 0.0090 (73) 0(0) 0(0) 0.0069 (117)

@ Space group Pnma (No. 62). All atoms in point position 4(c), %=(x, 1/4, 2); =(1/2 — x, 3/4, 1/2 + z). Esd’s given in parentheses
(X 10%).

TaBLE IV
INTERATOMIC DISTANCES FOR NaScTiO4 (A)

Sc,Ti(1) octahedron

Sc,Ti(1)-0(1) 2 X 2.069 (14)
-0(3)1 X 2.066 (13)
~0(4) 2 X 2.052 (12)
~0(4') 1 X 2.004 (12)
O(1)-0(4) 2 X 2.773 (17)
-0(3) 2 X 3.008 (18)
-0(47) 2 X 3.142 (17)
0(4)-0(3)2 X 2.810 (17)
O(4)-0(4") 2 X 2.600 (16)

O(1)-0(1) 1 X 3.048

0(4)-0(4) 1 X 3.048

TABLE V

OBSERVED AND CALCULATED STRUCTURE FACTORS®
FOR SINGLE-CRrRyYSTAL NaScTiO,

hkl & R hkt KR R hkt B ox hkt KR
206 230 3 ~205 200 1 154 1 o g7
8 PR bl B2
% e 283 262 257 0 0 o3
1 21 a8 -35' 'H -7 -128 Ry 2a
ot I 1 dE 09 2 153 113
-85 291 “175  ~180 % 41 @i 173
-1 108 -1;7 ~187 1 je0 4 232 =243
-2 402 4 fez 152 943 -1081 -zg =273
3% 36 S 1ouR 4% G
205 206 400 =385 %% 03 -191 =149
10 -165 157 <164 -168 ¥ IR 181 170
2 w254 243 233 -2d & a2 a6 454
g1 78 a5 a7 05 3% -i31 ~13s
23 50 487 44 10 -385  -31 192 175
0 88 216 20 01 10 10 -385  -~add
-24 -130 213 =20 € B . iz 752
198 204 141 13 44 =128 -126
-138 =763 10 w295 -2%2 -220  ~208 “341 =3B
=200 =150 =230 ~221 =118 152 =31 'g75
188 188 519 522 1 267 267 Rl 220 44
zls -258 -Asg =464 278 27 318 290
1 5 Z 565 =10 -Sg =263 =25 4 164 -18
12 -19¢  -388 1 “212  -1§ =295 27 4 1%
152 154 1 196 19 -135  -ta * 2
953 ~1104 1 183 21 292 282 30 t
275 267 ~z3a -8 1 167 ~171 31 2
-7 -181 50 448 91 485 26 2db
(HER ) e 26 32 “123 =134
B3] b 1 a4 17 #3 2K
10 =346 3 35 4 ;o b 1 foo 3
© - - a0 w2 i 124
2 -631 =59 L a4 83 2
B8 Sl L & i
393 24 13 73 4r 2 -2h 232
1§ 534 -3 5 2k 264 -2 3 290
19 e -1 57 A 4 309 0 2,
202 155 0 14 -ty 231 2 52
-ad1 453 10 208 =303 1 ;gs 2 e 0
¢ -iaa -alf 12 =473 525 1 #
e g 7 =757 3 FE I i) a8
18 32 -10) -1 1 20 213 - 188
P ] ~183 16 1 =33 -2 220 33
¢ 8 g it 3 5
o il I AR ERE # o
s P . B Z <
-%05 -ees 1 - JZ =37

2 Absolute units X 10,

Na¥YTiO; and NaLaTiO. appear to be the only
sodium-containing phases with this same stoichiometry,
and each has a unique structure at present under
investigation. NaTi;Al;O015,%® Na,T1;045,%! and prob-
ably NaAlO,,2? were formed from the starting com-
position ‘“NaAlTiO,” while NayCo?2*+Ti04?® isomor-
phous with rhombohedral NaFeQ,,?* resulted from at-
tempts to form ‘““NaCo®+TiO.” ‘NaFeZrO,’ gave
NaFeO, 4+ ZrO,, “NaScThO,’ gave NaScO,¥ -+

(20) W. G. Mumme and A, D, Wadsley, Acta Cryst., 28, 754 (1967),

(21) W. G. Mumme and A. D, Wadsley, 7bid., in press.

(22) J. Théry, A. M. Lejus, D. Briangon, and R, Collongues, Bull, Soc.
Chim. France, 973 (1961).

(23) W.G. Mumme, A. F. Reid, and A. D, Wadsley, Acta Cryst., in press,

(24) 8. Goldsztaub, Bull. Soc. Franc. Mineral. Crist., 68, 6 (1935).

(25) R. Hoppe, Noturwissenschafien, T1, 457 (1959).

8¢, Ti(2) octahedron
Se, Ti(2)-0(2) 2 X 2.047 (14)
-0(2') 1 X 2.045 (14)
-0(3) 2 X 2.015 (12)
-0(1) 1 X 2.010 (13)
0(2)-0(1) 2 X 2.883 (19)
0(2)-0(2') 2 X 2.628 (19)
0(2)-0(3) 2 X 2.672 (18)
0O(3)-0(2") 2 X 2.938 (18)
0O(3)-0(1") 2 X 3.007 (18)
0(2)-0(2) 1 X 3.048
0(3)-0(3) 1 X 3.048°
« Esd's X 103% given in parentheses; e.g., 2.069 (14) = 2.069 = 0.014 A.

Na polyhedron
Na-O(1) 2 X 2.653 (15)
-0(2) 2 X 2.477 (15)
~0(4) 2 X 2.434 (14)
-0(3) 1 X 2.616 (14)

-0(3) 1 X 2.552 (14)

—-0(17) 1 X 3.337 (15)
O(4)-0(4) 1 X 3.048
0(3)-0(3) 1 X 3.048
O(1)-0(1) 1 X 3.048

b p-axis length, Esd =40.002 A.

Figure 3.—Structure of NaScTiO;: small circles, Sc or Ti;
larger circles, oxygen. Na is stippled. The numbered sites
correspond to the positions given in Table III.

ThO,, and “NaInTiO,” gave a mixture of In,0;, Na,-
Ti0;% and Na,T1307.* Chromium formed a sodium-
containing hollandite? structure NaCr?+Ti;Os to-
gether with a water-soluble chromate or dichromate,
and it was found by magnetic and reflectance spectral
measurements that neither 109, nor as little as 0.19,
of Cr®+ would go into the NaScTiO; lattice, diamagnetic
chromates being formed instead. ‘“NaMnTiO,” gave
NaMnTisO5, an unusual structure containing Mn3+
in square-pyramidal coordination.?

(26) G. Lang, Z. Anorg. Allgem, Chem., 278, 77 (1954),
(27) G. Bayer and W. Hoffman, Am. Mineralogist, 81, 511 (1966).
(28) W. G. Mumme, Acta Crysi., in press.
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TaBLE VI
PowpER DIrrracTION DaTa¢ FOR NaScTiOs ISOMORPHS
h ki I. Lo Rk o I koL . I h ok L I. I
NaSec T O4 NaFeSnOy H SSECIN 2 14 s
H
v 2 75 77 8 2 245 260 1 29 23 H ) bed #
1 2 258 22! 1 z 878 1120 H &7 L 3 4 a
2 8 3% 19§ 2 8 w0y s H [T 3 8 2
H A H PR T 1 < y Bk z 3 2
3 1 20 i 0 I 294 2 5 € 5 2
Q 1 19 1 3 2 1688 1723 3 145 118 7 107 %5
3 1w ’25 9 2 2853 278 H HA { T
2 2 ‘Z Be 1 9, & ) 4 28 t gﬂ 16
3 H b1l 3 X S H o 5 3 <
2 Q gZ 2Eg 3 1 213 132 1 50 bl 35 8 Zg 13
H F i i - ¢ P H %o
3 3
H PR YR 1] H &
§ 5 oge H IS % s H B K
4 } o4 o 2 4 i1 s 11 7 § 86 1
} P e o 4 FRE VR & H 3 7
5 FORE s I 1 ¢ §p w x | 208 H I b B
i YRR I Yo P 501 i€ iz
H 26 z)gs 2 253 18 a7 6
1 221 : F LAY o
H y & e s W H JHE
H 2 R B H y o No Sc HF Oy
: i BB B g o :
X 1 R P Y § 32
; 3 Yoas o & % B 2 L
3 3 FRR A B H R
g Py eI} LY B 8 PR
4 F 206
3 R NeSe Sn 04 P i 2 .8
. aa 27 ] 1933 147
: & tom g w8 H 83 8B
o 11 o 10 104 £5 &«
i i § o vE 1 g ke
b N SeZr 0. z 1163 14
H % 3 2 12 asecr Dy 0 )} o et
s ] N e H
H 39 PERY i [y ] H 3018
5 i1  ed 10 s 111 3 B
1 11 2 1374 1bm 10 2% H 13 12
1 1 T oBRa 367 ' 3 5
H 1)2; g © . 3 700
. 3
7 e 135 a3 3 LI
H ] H 666 £53 ! 270 a8
3 b 5 102 1m0 WA 1373 H g 1
2 Y AR i B
HE I T p 3 P
I I : % B ; ¥ o
H © 2 7% 3 7 ! 3 )
LT 54 3 H } o0«
y e i LZIRTH H i 204
3 H 2
) ; H 5 o1 5
NaFe Ti04 : ) B I i & i
{ Poas ol : JRIR £ 04 g ) . e
; ¢ W oB 2 H ,gz 18 AT Y { g
0 ERES B 3 LY 5B m 1 EoI ]
3 2 B2 53 11 6 25 4 0. %0 13 2 }
7 3 1 e £ ¢ o 205 168 LA T H §
z H o oz o %2 28 ;) H FITRS
H FRFT R a1 & @0 302 ] ¢ [
1 PR IS 1 30e i93 N5 W H A
H 2 28 i } s & E H 120 ZJ
: B o 5 H 0 It
[V 2 X
i j o s ¥ 08 i 5o e § y 13 sm
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Figure 4.—Field of occurrence of NaScTiOs isomorphs, black
rectangles, as a function of ionic radii (Ahrens'”). Crosses are
compositions giving different phases. NaAlGeO, was prepared
at 120 kbars pressure and 900° .14

Figure 4 is, in effect, a cross section, constrained to
NaABO, stoichiometry, of a three-dimensional figure
where the third axis is the size of the alkali metal ion.
We have made limited excursions into the third di-
mension of Figure 4 by attempting to prepare Li and
K compounds corresponding to each of the NaScTiO,
isomorphs, together with some corresponding Rb and
Cs compounds. However, no calcium ferrite struc-
ture is formed as these other regions of the Figure
encroach into the stability fields of other structural

Inorgunic Chemistry

types. For the smaller Li* ion these structures are
spinels such as LiFeTiO,, reported by Blasse,?® or the
lithium ferrite type Li,FeTiO,, several of which have
already been described by Brixner.®® A number of
new phases containing the larger ions K+, Rb*, and
Cst have been isolated, and these will be described
in due course.

Isomorphism and Site Occupancy in the NaA3*B+ O,
Compounds.—The lattice parameters of the six com-
pounds similar to NaScTiOy are listed in Table II. We
now wish to determine first whether they are all iso-
morphous and second whether the A** and B4t ions
go into the two different fourfold sites (1) and (2)
either in that order (‘“ordered 1, 2") or its reverse
(“ordered 2, 17) or, alternatively, whether occupation
of the two sites is random so far as X-ray diffraction
can determine. The bond lengths obtained from
single-crystal data for NaScTiOs did not distinguish
an Sc?t site from a Ti*t site (Table IV), and since
these two isoelectronic ions are virtually identical
scattering units, intensity data could not be expected to
provide evidence for ordering or randomness.

To keep computations within reasonable bounds,
we have initially assumed strict isomorphism between
the various phases; that is to say the atoms in all cases
have the same fractional coordinates as in NaScTiO,.
To test this hypothesis the powder intensities for
NaScSnO; were refined by a number of least-squares
cycles, but the reduction in R value from 10.6 to 9.79%,
although ensuring a more self-consistent set of results,
was not significant according to the ratio tests outlined
below, and atom shifts were within the observed stan-
dard deviations of 0.05 A for Na, 0.02 A for Sc and Sn,
and 0.15 A for O's. A comparison of observed and
calculated intensities for all six compounds is given in
Table VI, and Rz, for noncoincident and K, for all
observed reflections for each compound are given in
Table VII.

TaBLE VII
FINAL R' s, AND Ry, FOR NaScTiO;
IsomMorPHS; RANDOM OCCUPANCY
Riro,*

all noncoincident R
reflections all reflections
* NaScTiO4 7.6(30) 11.6 (33)
NaFeTiOy 11.6(24) 19.4 (26)
NaSeSn0y 5.1(24) 9.6 (26)
NaFeSnO, 10.6 (52) 17.3(77)
NaScZrO; 18.2 (38) 18.3 (56)
NaScHfO. 12.8(37) 14.3 (52)
NaAlGeOy 22.5 (37)

« Numbers of observations are given in parentheses. High-

pressure phase.!?

Diffraction data for the compounds with the greatest
atomic number differences between A and B will show
the greatest sensitivity to ordering. We have therefore
calculated sets of structure factors for the three oc-
cupancy alternatives for the three compounds
NaSeSn0y, NaScZrOy, and NaScHfO,;. For NaFeTiO,

(29) G. Blasse, J. Inorg. Nucl. Chem., 25, 230 (1963).
(30) L. H. Brixner, ¢bid., 16, 162 (1960).
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TaBLe VIII
R FAcTORS FOR ORDERED AND RANDOM OCCUPANCY OF A%* AND B4t v NaSceSnQ;, NaScZrO,, aND NaScHfO,2

Nb Ri,2 Rap
NaSeSnO, 30 20.5 17.7
NaScZrO, 19 26.0 26.9
NaScH{O, 27 27.0 23.8

¢ Significance levels for the rejection of the ordered models are given in parentheses.
random model is preferred with a 1 — 0.001, or 99.99,, probability.

and NaFeSnO, too few data were obtained for sig-
nificant comparisons to be made. Although there is a
big difference in scattering power between Sc3+ (atomic
number 21) and Zr (40), Sn (50), or HI (72), it was
found that a number of reflections were quite insensitive
to the ordering model chosen. To increase the sensi-
tivity of the comparisons, only those reflections were
considered for which the structure factors calculated
for “‘ordered 1, 2" differed from those for ‘‘ordered
2, 1”7 by 109% or more. The percentage discrepancy
factors R = 100Z(|F)| — |F.|)/Z|F,| obtained from
this procedure were then compared to determine the
best model.

Hamilton?3!3? has shown that the ratio of the R
factors obtained for two alternate models provides a
simple test for statistical significance equivalent to
performing an analysis of variance on the two sets of
structure factor data and has compiled tables of critical
R factor ratios ®,,—m,, which enable alternate hy-
potheses to be tested at a given significance level «.
Here b is the dimension of the hypothesis to be tested,
usually equivalent to the number of independent param-
eters which are deliberately constrained or varied, »
is the number of observations, and # — m is the number
of degrees of freedom, with m usually equal to b.
Strictly the R factors should be calculated from
weighted standard deviations, but the use of simple
differences is substantially canceled by taking their
ratios. For example, Bailey and Dahl?®? % found almost
identical ratios using both methods in comparing
various models for benzenechromium tricarbonyl and
hexamethylbenzenechromium tricarbonyl. The R
factor ratio test contains the assumptions,’"3% as do
variance ratio tests, that errors are random and that
changes in structure factor differences |F,| — |7
are linear with respect to changes in structural param-
eters over the region of interest. This latter does not
appear to be a serious constraint in ordering-random
considerations, where parameter changes are usually
small. A difficulty in the application of the tests
lies in deciding the dimension of the hypothesis tested,
but, assuming this to be known, the value of « at which
® exceeds the critical value gives us the statistical
significance level at which a hypothesis A is rejected in
favor of some alternative B. The probability that hy-
pothesis B is correct is then 1 — «, and for & = 0.005,
for example, it would be 99.5%,.

In the present case, “ordered 1, 2” puts A3+ ions at

(31) W, C. Hamilton, Acta Cryst., 18, 502 {(1965).

(32) W. C. Hamilton, ‘“Statistics in Physical Science,”” The Ronald Press,
New York, N. Y., 1964.

(33) M. F. Bailey and L. F. Dahl, I'norg. Chem., 4, 1314 (1965).

(34) M. F. Bailey and L. F. Dahl, ibid., 4, 1298 (1965).

Rrandom Ri,2/ Rrandom R2,1/Rrandom
14.0 1.464 (0.001) 1.264 (0.013)
18.9 1.405(0.030) 1.455(0.018)
13.5 2.044 (0.001) 1.763 (0.001)

A significance level of 0.001 indicates that the
b Number of sensitive reflections considered; see text.

%1, Y4 y1, and B4T ions at xs, 3/4, ¥a. In comparing
this model with “ordered 2, 1’ or ‘“‘random,” all other
parameters are kept constant, and therefore only four
independent variables, x;, y1, X2, ¥», are used in decid-
ing the positions of A3+ and B*+, and the dimension of
our hypothesis is four. It could be argued that fix-
ing x1, vy for one atom fixes x,, y. for the other, a hy-
pothesis of dimension two, but this gives a less strict test,
and will be ignored.

Table VIII shows the R factors, their ratios ®, and
the significance levels at which the observed ratios
exceed the calculated ratios. We note that log «
US. Rp,n—m,e 1S a linear function, and « is obtainable by
interpolation or extrapolation as necessary. Table
VIII shows that on the basis of the R factor test the
random occupancy model is at least 979, probable
in the worst case, and more than 99.99, probable for
NaScHfO, The case for the zirconium compound
suffers slightly from too few data, but is still strongly
significant. Since the size disparity between Sc and
Ti, or Fe and Ti, is much less than that for Sc and Hf,
and the outer electronic configurations of Ti, Zr, and
Hf are the same, we can justifiably assume that ran-
domness extends to NaScTiO; and most probably also
to NaFeTiO, and NaFeSnO, In addition, we have
found® that Fe isomorphously replaces Sc in NaSc¢;_,-
Fe,TiO, with a regular change of lattice parameter and
that in Na,Fe,Ti,_,0, the structural framework of
octahedral sites is randomly occupied by Fe and Ti.
The exact nature of the random occupancies cannot be
deduced from the X-ray studies. It may be that,
within any given string of double blocks, ordering in the
b-axis direction occurs, but that it is unrelated to that
in the adjacent corner connected blocks, which are,
in any case, of a crystallographically nonequivalent
kind. However, neither for Fe®* in NaSc;_,Fe,TiO,
nor for small amounts of Fe3+ in CaSc;0,% could any
evidence of site preference be inferred from electron
spin resonarnce measurements on powdered samples.

Discussion

The calcium ferrite structure’—7 has been confirmed
by single-crystal studies or by comparison of observed
and calculated powder diffraction intensities for the com-
pounds 8-CaCr,0,,5 CaV,04,° CaSce04,® MgSc,04,% Eup-
04, % SrEu:04,% CalnaO4,8 CaYbe04,% and NaAlGeO,. 14
Powder patterns also indicate isomorphism for SrFe,O,,°

(35) A.F.Reid, H. K. Perkins, and M. J. Sienko, 4bid., 7, 119 (1968).
(38) H. K. Perkins, private communication.

(37) H. Miiller-Buschbaum, Z. Anorg. Allgem. Chem., 348, 113 (1966).
(38) R. C. Rau, Acta Cryst., 20, 716 (1966).

(39) A.F, Reid, J. Am. Ceram. Soc., 80, 491 (1967),
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Sr5¢y04,% and SrIny044! and for a series of Ba and
Srocompounds BaM;O;s and SrM’0; where M is a
rare earth Nd to Lu and M’ is yttrium or a rare earth
La to Ho,* 48 as well as for the rare earth double sul-
fides (Eu,Sm,Pb,Sr,Ba)2+(Y,Ho,Er,Tm,Yb,Lu)**S, 4

The phases described in the present paper are, by
single-crystal and powder intensity data (Tables IV
and V), strictly isomorphous with CaFe,O,, and within
the limits of experimental error there is among them an
exact correspondence of atomic positions. All six
substances have the same space group Pnma with all
atoms in reflection planes at either v = !/, or y =
3/,

For this structure there are two crystallographically
different double groups of closely knit octahedra of the
kind shown in Figure 2. Each one is joined by corners
to four groups of the other kind and they extend in-
finitely in the direction of the { axis, the length of
which is equivalent to an oxygen-oxygen distance along
an octahedral edge. This three-dimensional structure,
Figures 2a and 3, provides interconnected holes or
tunnels which in the present instance contain the
sodium ions in distorted eightfold coordination, a
trigonal prism of oxygens with two additional atoms
through the centers of two of the three rectangular
faces. A ninth oxygen, which would otherwise give a
symmetrical coordination, is too far away to be bonded.
The two sodium atoms at cach of the two levels in the
unit cell, vy = /. and y = 3/, connect across an oxygen
at the same level, so that these oxygen atoms O(3)
are each bonded to five metals in approximately a
trigonal-bipyramidal configuration, while the remaining
oxygens O(1), O(2), and O(4) are all near the centers
of distorted square pyramids of metal atoms.

The strong crystallographic evidence that the A®+
and B*T metal atoms are randomized shows that they
have no significant preference for either of the two
different octahedral double groups. This means that
differences in site occupation energies are no more than
thermal energies, 27, at the temperatures of formation.
It is possible that the alkali metals in the tunnel inter-
stices of the structure hinder the diffusion paths having
the lowest activation energy, as has been discussed for
reactions of other oxy compounds of transition metals.*

Evidence for the similarity of the two metal sites
is also contained in the single-crystal determination
of the NaScTiO, structure. The (Sc,Ti)-O bond
distances in Table IV, showing individual variability

(40) J. R. Carter and R, S. Feigelson, J. Am. Ceram, Soc., 47, 141 (1964).

(41) H. Schwarz and D. Bommert, Z. Naiurforsch., 19b, 955 (1964).

(42) G. Brauer and H. Barnighausen, Actae Crysi., 156, 1059 (1962).

(43) H. D. Bhargava, L. M. Kovba, L. I. Martynenko, and V. I. Spitzyn,
Dokl. Akad. Nauk SSSR, 1563, 1318 (1963).

(44) V. Tien, J. Flahaut, and L. Domange, Compt. Rend., 262, 278 (1966).

(45) S. Andersson and A. D, Wadsley, Nature, 211, 581 (1966).
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within each of the two different octahedra, are identical
within narrow limits of experimental error, even
though the ionic radii of Sc* and Ti*t usually differ
by more than 0.1 A.¥ We note that the mean Sc-O
bond length in CaSc,Oy is 2.12 A8 while Ti-O distances
in rutile and alkali titanates®® center around 1.96 A.
The average of these two is 2.04 A, which is identical
with the (Sc,Ti)-O average distance in NaScTiO,,
Table IV. The usual effect of random occupancy on
the diffraction of X-rays is to superimpose two metals
upon each other to produce an apparent mean metal-
oxygen separation. Since Sc#™-O distances are con-
sistently larger than Ti*+-O distances in other oxides,
it might be supposed that in the present structure the
oxygens would be smeared out in the x—z plane, and the
temperature factors would therefore become anomalous.
In fact, they are entirely normal for alkali transition
metal titanates with the y-axis amplitude, if anything,
the largest (Table I1I), and the averaging effect is real.

We conclude that the space group requirements of
the structure fix the oxygen positions for a given com-
bination of metals, and impose a specific size on the
ions entering the octahedral sites. Random occupancy
within a double block then occurs at sites of equivalent
dimensions. Except for NaFeTiO; and NaFeSnO,
containing the spherically symmetrical d° ion Fe3+,
the absence of NaScTiO, isomorphs with transition
metal 3+ ions other than Sc3t thus appears due to
three interdependent effects.

First, the space group imposes the condition that the
two sites in a given double block are symmetry equiva-
lent and of the samie size. Second, the lattice occupa-
tion energies for sites (1) and (2) are very similar, so
that random occupation occurs and «// sites are there-
fore of almost the same size and local symmetry. Fi-
nally, the choice for B#* of the diamagnetic ions Ti'T,
Sni+, Zrt+, or Hf** then requires that the A%+ ion be
able to match them in size and near-spherical local
symmetry. Transition metal ions with unpaired
electrons and strong ligand field distortions from octa-
hedral symmetry are therefore particularly unwelcome
when Na is the “‘tunnel” ion.

Although 3-CaCry0,% and CaV;0.% do indeed have
the calcium ferrite structure, site symmetry matching
in their case is between identical 3+ ions, and not
between dissimilar 3+ and 44 ions. Thus in the
formation of NaScTiO, isomorphs, and calcium ferrite
isotypes generally, metal jon symmetries are playing a
decisive role, which not only decides the symmetry of
the individual coordination polyhedra, but which in
combination with the space group symmetry also
determines the formation of more extended structural
blocks and thus in turn the final structure.



