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The solid solution BaFe,_,,Co, Ti O}y has been prepared in the
range 0 < x =< 6. The crystal structure and cationic distribution
between the different metallic sublattices of the magnetoplumbite
structure have been refined from high resolution neutron powder
diffraction data. QOur results show that the preference of Fe’*,
Co**, and Ti** for the different sublattices can be modeled consid-
ering three regions in the whole compositional range. In this sys-
tem, Co®* has a preference for tetrahedral positions, probably
due to the fact that Ti'* has a stronger preference for octahedral
positions. This fact explains why the end member of the series,
BaCo,;TigO,g, can be easily prepared. The hypotheses for the cat-
ionic distribution are validated by the reasonable agreement ob-
tained from comparison of the average observed metal-oxygen
distances with the expected distances from the valence bond ap-
pl'OﬂCh for each site. © 1994 Academic Press, Inc.

INTRODUCTION

M-type barium hexagonal ferrite (BaFe ,O,,) has gener-
ated great research effort in past years because of its
relevance in technological applications such as permanent
magnets, microwave devices, and recording media (1, 2).
The substitution of certain ions in place of some Fe’* ions
in this highly anisotropic ferrimagnetic material produces
substantial and interesting changes in its magnetic proper-
ties. In this sense, Co-Ti substituted barium ferrite parti-
cles are of great interest for high density magnetic re-
cording applications (1-3).

The crystal structure of BaFe;0,, (space group 6,/
mme, Z = 2) can be symbolically described with
the ... RSR*S*...sequence, where R is a three-layer
block (0,—Ba0;-0,) and § is a two-oxygen-layer block
(0,~0,); the * symbol indicales that the corresponding
block has been turned 180° around the hexagonal c-axis
(1, 4, 5). In this structure, five nonequivalent sublattices
are present: three octahedral (in Wyckoff notation 2a,

' To whom correspondence should be addressed.

12k, and 4fV1), one tetrahedral, 41V, and the remaining
one indicated by 4e(1/2). The description of the atom
occupying the bypyramidal cavity, centered in the Wyck-
off position 25 (4), as pseudotetrahedral (de site) with
half occupation is just an artifice to mimic the strongly
anharmonic motion presented by the Fe** ions in AF,0,,
(A = Ba, Sr}(5). The motion of the atom in the bypyrami-
dal cavity can be considered to be a fast hopping between
the two adjacent tetrahedra. The particular nature of this
cavity is that the rest of the structure imposes an elongated
trigonal bypyramid with a too-small central hole and too-
far-away apical oxygens for the central 3d ions. The M-
tape crystal structure is represented in Fig. 1.

From a magnetic point of view, BaFe ;04 is ferrimag-
netic below T, ~ 723 K and the magnetic structure is
uniaxial collinear to the c-axis of the crystallographic
structure {6, 7). The cationic substitution alters the critical
equilibrium of the superexchange paths and leads to
the appearance of new noncollinear magnetic structures
(8, 9).

On the other hand, it is known that in the BaFe,,_,.Co,
Ti 0,9 system, the M-type structure remains along the
0 = x = 1 range, in which the overall magnetic structure
remains ferrimagnetic (9, 10) and the coercive field dimin-
ishes to technologically suitable values for magnetic per-
pendicular recording (3). This system has been studied
using different techniques, but the results concerning the
distribution of Co®* and Ti*! ions in Fe?* sublattices are
rather different (10-13).

We report in this work the synthesis, structural proper-
ties, and cationic distribution of the BaFe,,_,,Co,Ti O
solid solution in the 0 = x = 6 range.

EXPERIMENTAL

Polycrystalline samples with composition BaFe,,_,Co,
Ti, O (0 = x = 6) were prepared by high temperature solid
state reaction from stoichiometric amounts of BaCO,, a-
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FIG. 1.
BEIFEHOW.

Crystallographic structure and coordination polyhedra of

Fe,0,, Ti0, (anatase), and Co;0, raw materials. Different
firing temperatures between 1000 and 1300°C were used
during several days with intermediate grinding, in order
to obtain a single phase. A black homogeneous powder
was obtained after quenching in air.

X-ray diffraction was performed on a Siemens D-500
diffractometer {CuK« radiation) and an X-ray Guinier
camera (FeKa radiation).

Neutron powder diffraction patterns were collected
with the D1B and D2B diffractometers at the Institut
Laue-Langevin {Grenoble, France). The wavelengths of
the incident neutron beam were 2.519and 1.594 13;, respec-
tively.

RESULTS

A. X-Ray Powder Diffraction

X-ray powder diffraction data indicate that total substi-
tution of Fe(Ill) by Co{II)-Ti(1V} ions is achieved. All
samples show very similar diffraction patterns, all reflec-
tions being indexed on the basis of the magnetoplumbite-
type structure, keeping the P6,/mmc space group. Table
1 shows the progressive increase of lattice parameters
and cell volumes with increasing Co(II)-Ti(IV) content.
A linear dependence according to Vegard's law (14) is
observed for the cell volume (Fig. 2).

X-ray diffraction cannot provide information about the
cation distribution due to the similar scattering power of
all the ions involved.
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TABLE 1
Unit Cell Parameters of the System
BaFe,,_, Co,Ti 0 (0 = x = 6), Obtained from X-
Ray Powder Diffraction Patterns

x a (A} c (A) v (A)
0 5.8929(5) 23.204(2) 697.8(1)
1 5.8940(3) 23.235(2) 699.08(3)
2 5.8957(4) 23.282(4) 700.8(1)
3 5.9000(3) 23.326(3) 703.19(6)
4 5.9062(3) 23.342(3} 704.99(6}
5 5.9132(6) 23.358(4} 707.2(2)
6 5.9174(8) 23.368(6) T08.6(2)

B. Neutron Powder Diffraction—Data Analysis

As the barium hexaferrite structure is retained over the
composition range (0 = x = §), the cationic distribution
was studied by neutron diffraction, since the neutron scat-
tering lengths of the doping atoms are quite different from
that of Fe (bg, = 0.954, b, = 0.25, by; = —0.33, all in
10712 ¢m).

In order to obtain the cationic distribution, only the
diffractograms corresponding to the paramagnetic phase
were studied. The data were analyzed with the Rietveld
method of the STRAP software package (15). The cell
and positional parameters, together with the average scat-
tering lengths, (b'), corresponding to the five metallic sub-
lattices of the magnetoplumbite-type structure, were si-
multaneously refined assuming the P6,/mmc space group.
A strong correlation between isotropic temperature fac-
tors and average scattering lengths was observed. Then,
a common isotropic temperature factor was assumed for
the five metal sublattices. Another common temperature
factor was assigned to the oxygen sublattices.

Figure 3 shows both the experimental and refined neu-
tron diffraction patterns for x = 4 and x = 6.

As the scattering lengths of doping cations are smaller
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FIG. 2. Variation of the unit cell volume with composition.
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FIG. 3. Observed and calculated neutron diffraction patterns of (a) BaFe,Co,Ti,O and (b) BaCo.Ti(y collected on D2B at 298 K.
than that of Fe, the average scattering length of each have entered the structure per formula unit will be
metaliic sublattice ({(b')) must decrease when Co and Ti
ions are introduced. For ¢ach sublattice where substitu- x, = Eimi"ico = E,mi"iris [2]

tion takes place, we can write

(bl) = niC()bCU + niTibTE +( - niCo - njri)ch

i=2a,de, 12k, 4fV1, 4fIV,

(1]

where n' represents the occupation factor at the i-site of
Co and Ti ions. The total amount of doping cations that

where m' represents the crystallographic multiplicity of
the i-site divided by the number of formula unit per
unit cell.

Thus, from the experimental values for (') and using
the five equations [1] and [2], the cationic distribution
(nk, and nk;) can, in principle, be calculated.
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FIG. 4. Refined average scattering lengths (b} corresponding to the

five metallic sublattices as a function of the doping rate x, All the
represented values are given in 10°'? cm. (The values corresponding to
0.2 = x = | are taken from Ref. (10)).

Figure 4 shows the refined average scattering lengths,
(b'y, corresponding to the five metallic sublattices as a
function of the doping rate x. The overall decrease of
(by is indicative of the presence of Co and/or Ti in all
sublattices. However, the evolution of (/) is not the same
in the five metallic positions nor in all the composition
range. Looking at Fig. 4 and in order to determine the
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cationic distribution, the BaFe,,_, CoTi,0 system
could be divided into three regions:

I. x=6;
INO<x =2
.2 =x=<85.

1. x =6 (BaCo.Ti,0)y). In this composition, Fe** ions
have been totally substituted for by Co? + and Ti**. The
sohution of Eg. [1] gives the cation distribution directly
for each position without it being necessary to introduce
any hypothesis. The results obtained (Table 2) indicate
that practically all sublattices are occupied by both cat-
ions. One exception is the tetrahedral 41V site, where
only Co(Il) ions are located.

Thus, the Ti** ions do not enter tetrahedral sites (only
3% of the total amount of Ti** is located in the 4e sublat-
tice) and they prefer 2a and 4fVI1 octahedral positions.
Moreover, the Co®* ions clearly prefer the tetrahedral
sites (4e and 4/1V). Only a small amount of Co®* ions
enter the 2a and 4fVI sublattices.

Thus, the hierarchy of preferences as a function of »'
values is:

Ti(IV): 2a = 4f V] > 12k > 4e
Co(Il): 4f1V > 4de > 12k > 2a = 4f V]

[l 0 < x = 2. In this region, the average scattering
length of the 2¢ and 4e positions is nearly constant, indi-

TABLE 2
Occupation Factor (fraction), a', for Fe(III), Co(II}, and Ti(IV) lons in Each Sublattice as a
Function of x

Nominal Sublattice Calculated
composition COmPpaosition
X Atom 2a 4fTV 45vI de(1/2) 12k x,

I Fe(lll} .96 76 73 90 .84

Co(Il) — .24 — .10 208

Ti(IV) 04 — 27 — 08 1.0
2 Fe(I1l) 92(1) 3401} S B2(1} Jh5(2)

CofII) — 46(1) — J8(1)y A7)

Tilv) L0B{1) -— J48(1) — (18D 2101}
3 Fe(II) 73 3801 36(7) .65(1) S

Cofll) — 62(1) .07(5) JERIH 221

TiIV) 27 — 57D — 27(1) 3.0(2)
4 Fe(lLI) A8(1) el 240N .46(1) J354)

C_o(l[) — B4(1) 10(3) S4(1) J28(2)

Ti(Iv} SN — .66(2) — 3D 4.1y
5 Fe(IlI) 2401 — A3 2501 2004y

Col(Il) — 1.00(4) — A1) .34(2)

Ti(Iv) .76(1) — 502) — 46(2) 5.002)
6 Co(lIl) 17(2) 1.00(4) AT BO(2) .450(5)

Ti(IV) 83(2) — B3(2) .2002) .550(3) 6.0(1)

@ fig,, Moy, and ny; values taken from Ref. {1(0).
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cating that most of such sites will be occupied by Fe(III)
ions. For 41V, 12k, and 4fVI, the (b') values decrease
as x increases (Fig. 4). Batlle et «l. (10, 16) studied the
composition range 0.2 = x = 1| and they established some
constraining hypotheses in order to determine the cation
distribution. Up to x = 2, the evolution of the average
scattering lengths seems to be continuous for all the five
metallic sublattices (see Fig. 4). This fact suggests that
we can still use the same hypothesis as in (10) for this
compositional range.

According to the results obtained for x = 6, these
hypotheses can be accepted: the Ti** ions do not enter
tetrahedral sublattices and no Co?* ions go to the 2a posi-
tions. Then, Eq. [1] allows us to unambiguously derive
the cationic distribution for the 41V, 4e, and 2a metal-
lic sublattices.

Concerning the occupation factor ne,, ny in the 4fVI
and 12k positions, Batlle e al. (10) restrict all the possible
occupancies between two limiting cases. They parame-
trize these two limiting cases by means of the ratio of
occupation parameters of the Co ions in the 12k and
41 V1 sublattices:

%YV (Co) R4V (T

A limit ©
B limit 0

~0.26
~1.33.

According to the present results obtained for Ba
Co¢Ti0,s, the B limit, in which no Co** ions are located
in the 12k sublattice, should be excluded. In this sense,
the hierarchy of preferences is

Fe(lll): 2a > 4e > 12k > 4fIV > 4f V1
Ti(IV): 4fVI> 12k > 2a
Co(D): 4fIV > 4e > 12k.

HI 2 =x=235. Forthis composition range, the Co(Il)
and Ti(IV) amount introduced into the structure is consid-
erable (>>50%). This fact is reflected in a pronounced
decrease in {b) for the 2a site (Fig. 4), which could be
due to a more pronounced entering of Ti** ions into this
sublattice (the scattering length of Ti is negative). More-
over, a change in the slope for the 4fVI site, which re-
mains constant until x == 6, is also observed. This variation
could be associated with the introduction of Co(Il) ions
in this position, onty occupied by Fe®* and Ti‘* for x = 2.

For the other sublattices (4f1V, 4e, and 124), the aver-
age scattering length linearly decreases to x = 3.

Then, according to the results obtained for x = 6, the
hypotheses assumed in Region II can still be maintained
(the Ti ions are not located in tetrahedral sites, and Co
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ions are not introduced into the 2a site). Thus, the cationic

distribution in this composition range could be

2a: Fe(lll), Ti(IV)
12k, 4fVI: Fe(II), Ti(IV), Co(II)
4e, 4f1V: Fe(IlI), Co(1l).

The solution of Eq. [1] gives the cationic distribution
directly for the 2a, 41V, and 4¢ metallic sublattices. It
is not the case for 4fVI and 12k positions, where three
cations are introduced. The parametrization adopted for
the cationic distribution in Region II produces many dif-
ferent solutions. Thus, the available data are not sufficient
to unambiguously determine the cation distribution. We
have looked for other alternatives to get a consistent cat-
ion distribution. Considering the tendency of Ti(IV) ions
to be located in the 4fVT sublattice, a linear law for ny;
in this position can be assumed from x = 2tox = 6. With
this alternative hypothesis, the population parameters,
Reo» M, fOT each sublattice can be obtained (Table 2).
According to that, the following hicrarchy of preferences
could be proposed:

Fe(IIl): 2a =4¢ > 12k = 4fVI > 4f1V
Ti(IV): 4fVI>2a> 12k
Co(ll): 4fIV >de> 12k > 4f VL

TABLE 3
Structural Parameters from Neutron Powder Diffraction

at 298 K

Position x ¥ z B (A%
BaFe,Co,Ti,O
Ba 2d 21 1/3 0.25 0.40(11}
Mel 2a 0 0 0 0.25(7)
Me2 4f(1V) 1/3 273 0.0250(4) 0.25(7)
Me3 4£VD) 11 23 0.189(2) 0.25()
Med 4e(1/2) 0 0 0.2607(3) 0.25(7)
Me5 12k Q1671 2 —0.1058(2) 0.25(7)
01 4e 0.0000 0.0000 0.1512(2) 0.24(2)
02 4f 173 213 —0.0581(3) 0.24(2)
03 6k 0.1870(9) 2 0.25 0.94(2)
04 12k 0. 1517(5) 2 0.0529(1) 0.94(2)
05 12k 0.500(1) 2¢ 0.1507(1) 0.94(2}
Ryp = T.08, Ry = 5.48, R = 4.78, )¢ = 2.20

BaCo,Ti;Oh
Ba 2d 2/3 13 0.25 0.50(12)
Mel 2u 0 0 0 0.53(8)
Me2 4£0V) 143 23 0.0251(5) 0.53(8)
Me3 4 £V} 173 2/3 0.1912(5) 0.53(8)
Med 4e(1/2) 0 0 0.2540(23} 0.53(8)
MeS5 12k 0.873(4) 2x —0.1082(6) 0.53(8)
01 4e 0- 0 0.1508(2) 0.96(2)
02 4f £3 23 —0.0581(2) 0.96(2)
03 6h 0.1873(8) 2x 0.25 0.96(2)
04 12k 0.1498(5) 2x 0.0524(1) 0.96(2)
05 12k 0.5000(8) 2x 0.1506(1) 0.96(2)

Ry, = 6.96, Ry = 6.01, Ry, = 4.82, 3 = 2.09




234

0.2
. 2
0.0 r r . r \
i z 3 4 5 6
b4
10 +
b
08 ;
o Z2a
0.6 4 * &l
& * 2yl
(o] 4
80.4
c de
0.2 4 / [ S N
04 r ‘ r )
0 1 2 3 4 5
X
1.0
C

c.8

c.0

FIG. 5. Fractien of (a) Fe?*, {(b) Co®, and {¢) Ti** in each sublattice
as a function of x,

The final results for the cationic distribution of each
sublattice in the whole compositional range (1 = x = 6)
are given in Table 2. A good agreement between the nomi-
nal (x) and the calculated composition from Eq. [2] (x.)
is observed. In Fig. 5, the occupation of Fe, Ti, and Co
tons in all sublattices is displayed.

From a crystallographic point of view, we have com-
pared the coordination polyhedra of the extreme members
of the solid solution: BaFe,0,, (data taken from Ref.
(5)) and BaCo,;TicO,y and the intermediate composition
BaFe,Co,Ti Oy Table 3 shows the atomic positions ob-
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tained from structure refinements at 298 K for x = 4 and
x = 0,

The interatomic distances calculated from these atomic
positions with their standard deviations are given tn
Table 4.

DISCUSSION

The above results show the preferential substitution of
Ti** ions in octahedral positions and fundamentally in
41 VI sublattices (face-shared octahedral). This solution
is equivalent to that observed in BaTiO, (17) or R-BaTi,
Fe,0,, (18). However, the electrostatic repulsions present
in this position could be due, for x > 2, to a bigger amount
of Ti ions beginning to occupy the 2a site. For x = 6, 3%
Ti ions are located in 4e positions. Although this position
is not very common in the Ti(IV) ions, we can find it in
a fivefold coordination position in the KTiO, s compound
(19). On the other hand, the Co(ll) ions show a high
tendency for the tetrahedral metallic sublattices, funda-
mentally for 4f1V position. This marked preference for
the tetrahedral sites is also observed in other ferrites,
Ba,Co,Fe|,0,, (20) and BaCo,Fe 0y, (21). For x = 5, the
4f1V sublattice is saturated and no more Co ions can go
there. Then, for x = 6, a small amount of Co ions must
enter into the 2a octahedral site. At this point, it is worth
mentioning that neutron diffraction is the most powerful
tool to determine the cationic distribution, since a large
number of cationic distributions among the metallic sub-
lattices of these hexagonal structures is possible. In fact,
previous studies on the location of Co’* ions from both
saturation magnetization and microwave ferromagnetic
resonance measurements (22, 23) suggested a preference
of Co®* ions for octahedral rather than tetrahedral sites.

In the same way, the fact that Co(II) ions fundamentally
occupy the tetrahedral sites and Ti(IV} ions the octahedral
positions could justify the facility of formation of the solid
solution in all the composition range.

However, the ion preference for a given position de-
pends on both the ion characteristics and the nature of
the other ions present in the compound. For instance, in
the BaFe,,_, Mg Ti, O, system (0 = x = 6) studied by
Kalvoda et al. (24), the Ti** ions are located, mainly, in
2a and 4e positions for x = 6 (when M({Il) = Co, only a
small amount of Tiions is introduced in the 4e sublattice).
Besides, in the BaFe; ,C0,5n,0 system (0 = x = 1)
{(25), Co(Il) has a marked preference for 41V and 4fVI
positions (x = 0.6). However, when M(IV) = Ti, the
Co?* ions only occupy the 4£VI position for x = 2. This
different tendency of Co?* ions to enter each sublattice
when M(IV) = Ti or Sn seems to be the reason for the
different properties shown by both systems (26).

From these results, it can be concluded that three re-
gions cxist in the 0.2 = x = 6 composition range of the
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BaFe,,_, Co,Ti QO system, since the tendency of Co(IT)
and Ti(IV) ions for going into the five sublattices is differ-
ent (27). The hierarchy of preferences of these ions is
modified as the Co-Ti content increases because of the
perturbed charge distribution among the different sublat-
tices,

From a magnetic point of view, the cationic substitution
originates a complicated sequence of magnetic structures
that is difficult to analyze with a powder sample. In this
sense, the total substitution of Fe* by Co?t and Ti¢*
leads to a highly diluted magnetic material, BaCo(Ti O,
showing a strong magnetic frustration, which presents a
spin—glass transition at T; = 13.6 K (28, 29).

From Table 4, we can observe that some interatomic
distances of the members x = 4 and x = 6 increase and
others decrease with respect to the parent BaFe;,0 4 (5).
We shall try to explain the overall features of the distance
variations from the observed cationic distribution.

It is worth mentioning that the cation—cation distance
inthe 4 VI sublattice, constituting face-shared octahedra,
increases (see Table 4) from x = 0 to x = 4, but decreases
at x = 6. This effect is also observed in the SrFe,__Al, Qg

TABLE 4
Important Distances in the BaFe,,0,,, BaFe,Co,Ti,0,,, and
BaCo;Tig0y Compounds

x=1 x=4 xr=6
Ba (24 R block)
Ba-Q3 X6  2.950(2) 2.960(6) 2.966(4)
Ba-05 x6  2.868(2) 2ETIY 2.884(3)
{Ba-0) 2.909 2.918 2,925
Metl (2« § block}
Mei-04 X6  2.00002) 1.983(2) 1.964(2)
(Mel-0) 2.000 1.983 1.964
Me2 {41V § block)
Me2-02 X1  1.894{3} 1.94(1) 1.94(1}
Me2-04 x3  1.894¢2} 1.967(4) 1.986(4)
{Me2-0D) 1.8%4 1.967} 1.986
Me3 (4/VI R block)
Me3-03 X3 2.073(2) 2.07(3) 2.032(8)
Me3-035 X3 1.969(2) 1.92(2) 1.953(6}
{Me3-0) 2021 1.99 1.992
Mel—Me3 2.768() 2.85(6) 2.75()
Med (de(172)-2b R block)
Me4-01 X1 2.128(3) (2.298(3))*  2.056(8) (2.306(5))  2.22(2) (231805}
Med-01 X1 2.468(3) (2.298(3)"  2.556(8) (2.306(5))* 2.41(7) (2.318(5)
Med4-03 x3  1.867(2) (1.859(2)  1.929(6) (1.913(4)*  1.922(4) (1.91%(5))¢
{Me4—0} 2.039  (2.035¢ 2080 (20700 208 (20790
Med-Med 0,340 1) 0.499(9) 0197
Me5 (12k R-S interphase)

Me5-01 x1  1.985(2) 2.010(5) 2.03(2)
Me5-02 x1  2.095(4) 2.033(6) 2.02(2)
Me5-04 x2  2.114(3) 2.049(6) 2.12(2)
Me5-05 X2 1.932(3) 1.998(8) 1.9502)
(Me5~0) 2.028 2.023 2.03

Note. The large standard deviation observed for some Me-O distances corres-
ponds to sites where the average chemical species occupying it give a very low
effective scattering fength.

¢ Data for x = 0 taked from Obradors et al. (5).

b Distances with the Me atom occupying the bipyramidal cavity, centered in
Wyckoff position 25.
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system (30), in which AI(11I) ions are located in this posi-
tion. This could be due to a dominant effect of the repul-
sive forces between Ti**, a critical Ti** content being
reached, from which the smaller ionic radius favors a
shorter distance between both cations.

In the same way, the cation deviation from the BaQ,
mirror plane in the 4e(1/2) position (1/2 4(Me4—Me4) in
Table 4) increases from x = 0 (0.17 A) to x = 4 (0.25 A)
and afterwards decreases for x = 6 (0.09 A). This behavior
could be related to a tendency of Co®* for going to tetrahe-
dral positions, thus increasing the effective amplitude of
the local diffusion between the two pseudotetrahedral 4e
positions, The decrease of the amplitude for x = 6 could
be due to the introduction of Ti**, which seems to be,
locally, well fixed in the position 25 on the mirror plane.

The obtained average distances, d{Me-0), seem to be
in good agreement with the cationic distribution. An in-
crease of d(Me—QO) for a given sublattice is observed when
the **average ionic radius’’ of the effective ton occupying
it increases, and vice versa. The average d(Me-O) for
the tetrahedral sublattices (4f1V and 4¢), occupied mainly
by Co** ions, increases due to a higher radius of Co(Il)
(31) (Mregr = 0.58 A, Wres+ = 0.49 A). The increase is
larger going from x = 0 to x = 4, while for x = 6, a lower
increase is observed due to a smaller occupation of Co?*
ions. The opposite effect holds in the 2a sublattice, where
Ti** ions with a lower ionic radius (M- = 0.605 A;
Vipear = 0.645 A) are located. On the other hand, the
presence of Fe(III), Ti(IV), and Co(Il) ions in the 12k and
4fVI octahedral positions, with different ionic radius
(Mro+ = 0.745 A), compensates the volume variation.

It is worth testing the cationic distribution against the
observed average Me—0O distances in a more quantitative
way. In fact, all the above qualitative considerations can
be put in a quantitative basis, using the unifying method
of valence bonds as formulated in Refs. (32, 33). This
method allows us to “*predict’” the average distance ex-
pected for a site occupied by an ‘‘average chemical
species.”’

For a single chemical species of valence V located in
a coordination polyhedron of N corners, the distance is

TABLE 5
Predicted Distances (d)) (Eq. [3]) for Each
Cation in Different Coordination Polyhedra

d; N=4 N=35 N=¢6
Fe(11I) 1.865 1.948 2.015
Co(ll} 1.Bi5 1.897 1.965
Ti(lV) 1.948 2.031 2.093

Note. B = 037 A; RCo™ = 1.692(5) A; RFe** =
1.759(3) A; R,Ti** = 1.85(4) A.
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TABLE 6
Expected Distances According to Eq. [4] ((d,,p)) and Observed Averaged Distances
({dy) for Each Sublattice

x=10 x =4 x=6
Sublattice (dobe? (dexpl> {daps) (dcupt) {daps (der.p:)
Mel (2a) 2.000 2.015 1.983 1.989 1.964 1.987
Me2 (4fTV) 1.894 1.865 1.967 1.935 1.986 1.948
Me3 (4fVD 2.021 2,015 1.99 1.9%0 1.992 1.987
Med (4e-2b) 2.039 (2.035) 1.948 2.080 (2.070)0 1.593 2.08 (2.079)° 2.004
Me5 (124) 2.028 2.015 2023 2.020 2.03 2.025

a Ohserved average distance with the Me atom centered in position 24,

given by the expression

d=R,— BIn(V/N), (3]
where R, and B are characteristic of the particular cat-
ion—anion pair (32).

If a site is occupied by several chemical species, the
expected average distance is given by

(dexpt> = 2 niEi! [4]
where n; is the fraction of the chemical species for which
the predicted distance for the site is d. The numbers »;
are collected in Table 2 and the *‘predicted”’ distances
d, are given in Table 5.

The expected distances given by Eq. [4] are collected
together with the observed average distance for each sub-
lattice in Table 6. As can be seen, except for the bipyrami-
dal site, which violates the valence bond sums even in
the parent x = 0 compound, the comparison of the two
sets of distances shows that the absolute value of their
difference is below 0.04 A (for the 4e(1/2)-2b position,
the difference is about 0.08 A). We have to Keep in mind
that the extent to which the valence bond sum rule is
satisfied in compounds with several atoms in special posi-
tions is about 3 to 5% in predicted distances. For that
reason, the cationic distribution cannot be determined
solely from the observed average distances. What we
have shown with the results of Table 6, is that the pro-
posed cation distribution is perfectly compatible with the
observed average Me-~O distances.

CONCLUSIONS

We have determined the cationic distribution in a com-
plex system in which the presence of three different chem-
ical species, which can occupy the same crystallographic
position, makes the diffraction data ambiguous. The use
of additional hypotheses is necessary to achi¢ve a unique
solution. These hypotheses are fully supported by the

consistency of all the crystal chemistry parameters avail-
able from the structure refinements.
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