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at 100 K. The largest modulation amplitudes
(=0.04 A) are on Mo(2) and Mo(3) atoms forming
the infinite chain along b. Their displacements are in
the slabs and perpendicular to b. Within one slab, all
Mo atoms, which are on the same height in the
chain, displace in phase. With a phase shift of 90°,
the alkali atoms together with their surrounding
oxygens displace (~0.02 A) in the chain direction.
Displacements in neighbouring layers are in anti-
phase. The same structural features are observed for
both the K and and the Rb bronzes.

Charge-distribution calculations in the modulated
structure reveal valence fluctuations on the Mo
atoms along the chain direction by varying Mo—O
bonding. The Mo>* ordering below T, on the Mo(2),
Mo(3) atoms and the charge transfer within the
Mo,,050 cluster, together with a varying orbital
overlap along the chain direction, point to locali-
zation of conduction electrons and are probably the
origin of the nonlinear transport properties.
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Charge Densities of Two Rutile Structures: NiF, and CoF,
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Abstract

X-ray diffraction data were collected at room tem-
perature for two rutile structures, NiF, and CoF,.

©1993 International Union of Crystallography
Printed in Great Britain — all rights reserved

Two different crystals of each compound have been
used in the experiments. Atomic and thermal param-
eters were derived from least-squares refinements of
high-angle data [(sinf)/A = 0.6 A~']. The results of
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Fourier inversion of the differences between
observed and model structure factors are presented
and discussed in terms of difference density maps.
The observed charge densities are quantitatively
interpreted in terms of: (i) occupation of 3d orbitals;
(ii)) multipole analysis. A comparison is made
between the results obtained from both models.
Finally, the charge density features of a series of
rutile structures already investigated are compared
and discussed. Crystal data: (@) NiF,, M,=96.71,
tetragonal, P4, /mnm, a=4.6497 (6), c=
3.0836(6) A, V=6667A% z=2, D,=
4818 Mg m 3, A(Mo Ka)=0.7017 A, u(Mo Ka) =
705.6 mm ™', F(000) =92, room temperature. Final
R values (spherical refinement): 0.013 for 137
independent reflections from crystal 4; 0.020 for 154
independent reflections from crystal B. (b) CoF,,
M,=9693, tetragonal, P4,/mnm, a=4.6950 (7),
c=3.1817(5)A, V=70.10A3 Z=2, D =
4.590 Mg m 3, A(Mo Ka) =0.7017 A, u(Mo Ka) =
586.5 mm ™', F(000) =90, room temperature. Final
R values (spherical refinement): 0.019 for 140
independent reflections from crystal C; 0.016 for 137
independent reflections from crystal D.

Introduction

Both NiF, and CoF, are rutile structures with
transition-metal atoms occupying the corners and the
center of a tetragonal unit cell, and the fluorine
atoms located at sites (x, x, 0); (X, X, 0); (x + 3, X + 3,
3); (X + 3, x+ 1, 3) (Fig. 1). Six of these atoms form
the quasi-octahedral environment of the transition-
metal atom.

A crystal field with this particular symmetry may
disturb the sphericity of the electron distribution
around the transition element; if this is the case, a
preferential occupation of 3d orbitals with particular
symmetries should be observed; moreover, any
degree of covalency in these ionic structures can be

Fig. 1. Unit cell of the rutile structure showing the set of axes for
the analysis of 34 orbital population. o= transition-metal
atoms, e = F atoms.

NIF2 AND COFZ

evidenced in a multipole refinement of charge density
in the unit cell.

In order to compare these effects in similar struc-
tures as the transition elements vary along the first
series, we have now investigated NiF, and CoF,.
This complements previous work on rutile structures
carried out in our laboratory (Andrade, 1986; Costa
& Almeida, 1987; Almeida, Costa & Paixao, 1989).

The conclusions of this study are presented and
discussed in the present paper.

Experimental

All X-ray diffraction measurements were carried out
on a CAD-4 four-circle automatic diffractometer, at
room temperature stabilized within +2 K.

(a) NiF,

Two sets of X-ray diffraction data were collected
from single crystals 4 and B (data sets 4 and B,
respectively). Both crystals were selected from the
same bulk material kindly supplied by Dr J. B.
Forsyth (Rutherford Appleton Laboratory, Oxford,
England), their approximate dimensions being 0.05
% 0.03 x 0.08 mm* (crystal 4) and 0.10 x 0.10 x
0.20 mm> (crystal B). Lattice parameters were
derived from the angular positions of 25 reflections
within 26 ranges of 18-67° for crystal 4 and 24-67°
for crystal B: a= b= 4.6497 (6), c = 3.0836 (6) A.

(b) CoF,

Two single crystals C and D with polyhedral
shapes and approximate dimensions 0.14 x 0.14 x
0.12mm? and 0.12 x 0.12 x 0.10 mm?, respectively,
were selected from a sample kindly supplied by Dr P.
J. Brown (Institut Laue-Langevin, Grenoble,
France). Lattice parameters were derived from the
angular positions of 25 reflections with 30 < 26 < 60°
(crystal C) and 19 <28 <43° (crystal D): a=b=
4.6950 (7), c = 3.1817 (5) A.

Both sets of lattice parameters are in good
agreement with those quoted in previous work (Stout
& Reed, 1954; Haendler, Patterson & Bernard,
1952).

Relevant information concerning the experimental
set-up and measurements is given in Table 1.

All data sets (4, B, C and D) include sub-sets of
those symmetry-equivalent reflections geometrically
accessible, each sub-set containing up to 16 reflec-
tions. This enables an absorption correction to be
applied and its ‘efficiency’ to be checked. Five stand-
ard reflections were measured every 3 h to check the
stability of the main beam; maximum fluctuations of
their intensities did not exceed 3% in any experiment
(running times varying from 190 to 262 h). In order
to correct the integrated intensities for such fluc-
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Table 1. Experimental conditions used in data collections A, B, C and D at 300 K
NiF, CoF,
A B Cc D
Crystal volume (mm?) 0.12x 1073 20x107? 24x107? 1.5%107?
Scan speed (° min~") 0.13-4.12 0.50-4.12 0.24-4.12 0.24-4.12
Scan width (°) 0.73-1.58 1.64-2.00 1.29-1.64 1.54-1.89
Detector aperture (mm) (0.32-0.73) x 4.0 (1.91-2.96) x 4.0 (1.41-2.45) x 4.0 (1.91-2.95) x 4.0
[(Sin6/A)]mas (A1) 1.074 1.074 1.073 1.073
Total No. of reflections 2570 2566 2872 2887
No. of reflections, /> 3¢ 1557 1780 1549 1321
No. of independent reflections 137 154 140 137
Radiation Mo Ka Mo Ka
Monochromator Graphite (002) Graphite (002)
Scan type w26 w20
Take-off angle (°) 6.1 6.1
Crystal-to-detector distance (mm) 173 173
tuations all data were re-scaled against the appro- Table 2. Absorption correction data
priate stapdards. _ . . NiF, CoF,
Periodic checks of the orientation of the single A B c D
1 1 1 1 Maximum absorption correction 0.8930 0.9983 0.9974 0.9983
CryStalS under lnvestlgatlon were made durlng the Minimum absorption corrcction 0.8291 0.9463 09572 0.9192

course of each experiment: after every set of six
measurements the direction of the scattering vector
for the current reflection was compared with that
derived from a UB matrix. A maximum difference of
10% was allowed before reorientation of the crystal
was considered necessary. However, this limit was
never exceeded in any of the present data collections.

Data analysis

Data analysis was performed independently on data
sets 4, B, C and D, with SDP programs (Frenz,
1983) using a MicroVAX II with a VMS operating
system.

Lorentz and polarization corrections appropriate
to the current geometry were made. An absorption
correction based on ¢ scans of a few independent
reflections with 80 < y <90° and of their accessible
equivalents was applied to data sets B, C and D, as
suggested by North, Phillips & Mathews (1968).
Based on results of a considerable number of pre-
vious measurements (Costa & Almeida, 1987), the
authors believe that this method may be more
reliable than the analytical absorption correction
particularly for the very small specimens used in
X-ray diffraction. The main reason for this prefer-
ence is the fact that the ¢-scan technique is directly
based on transmission data for the crystal under
investigation and does not depend on any approxi-
mate estimation of its shape and volume. Owing to
the small dimensions and irregular polyhedral shape
of the crystals, the error involved in such an esti-
mation may outweigh the advantages of an analyti-
cal correction.

This type of correction could not be applied to
data set A because the orientation of the crystal was
such that no satisfactory reflections (those with y as
close to 90° as possible) could be found. Instead a
pathlength-dependent analytical correction was used
for this data set (Coppens, Leiserowitz & Rabin-

Agreement factors (Foy,) (%) 1.5 1.5 18 2.5
ovitch, 1965). Relevant data concerning the absorp-
tion corrections applied are given in Table 2.

Equivalent reflections were subsequently averaged;
those for which I, < 304, (0 being the standard
deviation of I,,,) were considered ‘unobserved’.

Full-matrix least-squares refinements based on
(Fops — Feaic)® were performed on each data set. A
non-Poisson contribution weighting scheme was used
where the weight w of each reflection is w = 1/(a f)*
with o= 0//2F and o = [0} + (pF?)’]"%. A value
of 0.04 for the (instrumental) instability factor p was
used to downweight the intense reflections. Other
weighting schemes were tested, yielding no significant
differences in the final results.

In the course of the refinement procedure sets of
structure factors were calculated (F.,.), assuming
spherical distributions of the atomic electrons.
Anomalous-dispersion corrections were applied
using data listed in the International Tables for X-ray
Crystallography (1974, Vol IV).

One positional and six anisotropic thermal param-
eters U, (as defined in Almeida et al., 1989) together
with a scale factor were subsequently refined using
high-order data, ie. reflections with (sinf)/A =
0.6 A~ ' (Stevens & Coppens, 1975).

Taking the structure amplitudes of all independent
reflections (F,y,) as observables and fixing all the
above parameters at the refined values to calculate a
set of F.,, an extinction parameter, g, was indepen-
dently refined, using the approximate equation:
|F.| = |Fosl(1 + glI.) (Stout & Jensen, 1968).

Values of the ratio FS/F,, are shown in Table 3
for sets of reflection intensities from crystals 4, B, C
and D with w(F s — Feac) = 2.

Extinction is more severe for crystal B (NiF,) than
for any of the others as can be seen either comparing
corresponding values of F$o0/F,s for different crys-
tals or from the refined values of g. In fact the (110)
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Table 3. Ratios of observed structure-factor ampli-
tudes after (FRY) and before (F,s), the extinction

correction

hkl Crystal 4 Crystal B Crystal C Crystal D
110 52.51/36.42 54.22/30.30 49.58/37.72 49.44/36.24
011 34.82/29.77 34.48/26.51 32.42/28.95 33.04/29.01
020 23.20/21.77 21.90/19.63 20.84/19.99 20.57/19.62
11 — 22.04/20.00 — —

121 42.73/37.00 40.97/31.91 40.14/36.14 39.53/35.08
220 46.54/39.40 46.57/34.95 45.47/40.28 —
002 51.01/42.17 50.88/36.96 50.48/43.51 50.86/42.99
130 28.97/27.30 27.55/24.77 — —

112 33.61/31.15 32.60/28.55 — —

031 44.84/39.49 42.88/34.41 41.17/31.53 41.73/37.57
040 30.22/28.80 28.80/26.42 — 27.64/26.63
222 34.34/32.40 32.70/29.65 — e

330 33.36/31.57 24.10/22.93 — —

141 - 23.11/22.08 - -

240 — 26.33/25.13 — —

332 — 26.03/24.92 —

033 — — —

Table 4. Results of least-squares refinements based on

reflections with sin8/A = 0.6 A~" from crystals A, B,

C and D, and a representative example of several types
of refinement for crystal B

(a) Least-squares refinements

NiF, CoF,
Data set 4 Data set B Data set C Data set D
F F
x 0.3036 (12)  0.3037 (2) x  0.3033(1) 0.3034 (1)
Uy 0.01025 (16)  0.00983 (20) U,, 0.01263 (20)  0.01245 (23)
Uy 0.00691 (24)  0.00767 (29) U,,  0.00839 (29)  0.01039 (40)
U, —0.00921 (46) —0.00928 (82) U,, -0.01054 (56) —0.00957 (78)
Ni Co
Uy, 0.00526 (2)  0.00532(4) U,, 0.00696 (3) 0.00826 (3)
Usy 0.00423 (4)  0.00549 (8) U,  0.00518 (2) 0.00635 (8)
Uy, —0.00020 (42) -0.00106 (23) U,, -0.00075 (62) -0.00127 (65)
No. of reflections
sind/A 2 0.6 A ! 99 13 101 99
sing/A =014 ! 137 154 140 137
R (%) 1.3 2.0 19 1.6
wR (%) 1.7 22 26 1.7
S 0.369 (1) 0.189 (2) 0373 @) 0.436 (2)
gx10° 3.74 () 6.79 (9) 2.88 (6) 3.36 (6)
(b) Refinements for crystal B
Refinement based on 7> 30* 1>o0* I>o0* I>30
F F F? F
Atom F F F F
x 0.30373 (24)  0.30361 (22) 0.30357 (22)  0.30373 (24)
Uy, 0.00983 (20)  0.00992 (18) 0.00998 (19)  0.00983 (20)
Usy 0.00767 (29)  0.00767 (26) 0.00766 (26)  0.00767 (29)
(7 —0.00928 (82) —0.00915(71) —0.00907 (71) —0.00928 (82)
Atom Ni Ni Ni Ni
Uy, 0.00532 (4) 0.00529 (4) 0.00528 (4) 0.00532 (4)
Uy 0.00549 (8) 0.00545 (7) 0.00542 (7) 0.00549 (8)
U, ~0.00106 (23)  0.00086 (19)  0.00081 (19) -0.00106 (23)
No. of reflections
sing/A =06 A ! 113 138 138 113
sing/A=0.14 ! 153 178 178 154
R (%) 1.5 1.7 2.0
wR (%) 2.5 2.4 2.2
S 0.189 (2) 0.189 (2) 0.190 (2) 0.189 (2)
g x 10° 8.04 (10) 7.87 (13) 7.83(13) 6.79 (9)
*(110) reflection rejected.

reflection is exceptionally extinguished in this crystal
(F 53e7F,ps = 0.56); this ratio varies between 0.73 and
0.88 for five other reflections, being higher than 0.88
for the remaining so-called ‘extinguished reflections’
shown in Table 3. Furthermore, comparing the
results for crystals 4 and B, the averaged ratio of the

NiF, AND CoF,

corresponding F$r is 1.030 with an e.s.d. of 0.027. If
reflection (110) is excluded from the refinement no
significant variation is found in the R factors [the
atomic parameters do not change since they are
refined from data with (sin)/A = 0.6 A~")]; how-
ever, the extinction parameter, g, increases about
20% and the averaged ratio of the F for crystals
A and B becomes 1.002 with a smaller e.s.d. (less
than 2% for the high intensities). Therefore, in the
final refinement of the extinction parameter and in
the subsequent calculation of Fourier maps for crys-
tal B this reflection was rejected.

Extinction appears to be adequately corrected for
in crystals C and D (CoF,), the average ratio of the
corresponding FS3 being 0.998, with an e.s.d. not
higher than 1%.

Similar refinements to those described above have
been carried out based on reflections with 1, = o,

a(2)"?

(b)

Fig. 2. Difference Fourier maps for crystal 4 (NiF,); contour
intervals at 0.2 e A *. Solid and dashed lines represent positive
and negative contours, respectively. Standard deviation of con-
stant regions: 0.16 ¢ A °, (a) [001] section; (b) {110] section. @ =
Ni atoms, A = F atoms.
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in order to test the influence of weak reflections.
Refinements on F? have also been attempted. In all
types of refinement the results for all crystals agree
well within the errors.

All refinements were carried out until a shift/e.s.d.
ratio smaller than 0.001 was achieved for all the
parameters refined.

A summary of the data referring to refinements
with I, = 30, for all the crystals is given in Table
4(a). Table 4(b) is a representative example of several
other types of refinement for crystal B.

Difference density maps

The results of Fourier inversion of each data set,
(Fobs — Feae), can be visualized in terms of the
difference density maps for convenient sections of
the unit cell as shown in Figs. 2 and 3 for NiF,, and

a(2)”2 el

(b)

Fig. 3. Difference Fourier maps for crystal B (NiF,); contour
intervals at 0.2 e A 3. Solid and dashed lines represent positive
and negative contours, respectively. Standard deviation of con-
stant regions: 0.17 ¢ A”. (a) [001] section; (b) [110] section. @ =
Ni atoms, A = F atoms.
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in Figs. 4 and 5 for CoF,. Fig. 6 is a representative
example of the corresponding error maps; the stand-
ard deviation for constant regions is typically of the
order of 0.16 e A3,

(a) NiF,

Difference maps for both crystals show a few
similarities which are likely to represent real effects
in the charge densnty distribution: a negative density
of about 1eA~3is always observed around the
metal atom as can be seen both on section [001] and
[110]. This indicates a deficiency of electrons in the
vicinity of the Ni atom. The missing electrons are
partly transferred to the F atom as evidenced by one
positive contour along the directions joining metal
and ligand atoms, the estimated value of the charge
transferred being about 0.2 ¢ A ~3.

a(2)?

£S57

(b)

Fig. 4. Difference Fourier maps for crystal C (CoF,); contour
intervals at 0.2 e A2, Solid and dashed lines represent positive
and negauve contours, respectively. Standard deviation of con-
stant regions: 0.19 e A~ >. (a) [001] section; (b) [110] section. @ =
Co atoms, A = F atoms.
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(b) CoF,

A deficiency of about 0.8 ¢ A3 near the Co atom
can also be observed on both crystals. Some of these
electrons appear to be preferentially distributed
along [001] directions, between two nearest metal
atoms, which are second-nearest neighbours in the
structure. This effect, which can be observed on the
section [110], has also been detected in VF, and FeF,
(Costa & Almeida, 1987; Almeida et al., 1989).

Charge density analysis in terms of 3d atomic orbitals

The results described in the previous section were
interpreted in terms of fractional occupation of 3d
orbitals, assuming that the significant contour levels
observed in the difference density maps represent the
eventual asphericity of the 3d charge density distri-
bution caused by a crystal field with tetragonal sym-

a(2)"?

c

(b)
Fig. 5. Difference Fourier maps for crystal D (CoF,); contour
intervals at 0.2 e A~>. Solid and dashed lines represent positive
and negative contours, respectively. Standard deviation of con-

stant regions: 0.14 ¢ A~3. (a) [001] scction; (b) [110] scction. @ =
Co atoms, A = F atoms.

NiF, AND CoF,

metry. Although this is not strictly true — the actual
symmetry of the crystal field is orthorhombic as can
be seen from the geometry of the environment of
each transition metal in Fig. 1 — the approximation is
valid, since the distortion is small. This can be
confirmed by the values of the F—M—F (M = Ni,
Co) angle which differs from 90°: 79.9° for NiF, and
78.6° for CoF,.

The assumption of tetragonal symmetry implies
that d,. and d,. orbitals are symmetry equivalent.
Therefore, only the fractional occupations of d.,
d._,.and d,, orbitals, a,, @, and a;, respectively,
were refined independently; the equal population of
the remaining d orbitals was taken as a,= as=
[1-(a; + ay+ a3))2.

The comparison of the observed 3d charge density
with that deduced from 3d atomic orbitals was made
in terms of structure-factor amplitudes — the directly
observed quantities — as explained in detail elsewhere
(Costa & Almeida, 1987; Almeida e al., 1989).
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(b)
Fig. 6. Fourier maps representing the distribution of errors in

difference density for crystal 4 (NiF;); contours at 0.2e A~°.
(a) [001] section; (b) [110] section. @ = Ni atoms, A = F atoms.
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The results of a least-squares analysis are given in
Table 5 (for definitions of goodness-of-fit parameters
x>and y2see Almeida et al., 1989).

The agreement factors for any two crystals of the
same material are satisfactory.

Although the asphericity of 3d electrons both in
CoF, and NiF, is hardly significant, as confirmed by
the x? values obtained, the overall results indicate a
very slight deficiency of electrons in d,. orbitals of
NiF, and in d,, orbitals of CoF,.

The aim of a refinement of 3d-orbital polulations
is to provide a direct and easily visualized picture of
any asphericity in the distribution of 3d electrons,
evidenced by preferencial occupancy of orbitals
directed towards F atoms.

Multipole refinement

Using the least-squares program MOLLY (Hansen
& Coppens, 1978) the observed structure-factor
amplitudes for specimens 4, B, C and D were com-
pared with those derived from a superposition of
atomic densities expanded in series of real spherical
harmonics (Almeida er al., 1989). Radial form fac-
tors tabulated by Clementi & Roetti (1974) were used
in the calculation of model structure factors.

Positional, thermal and extinction parameters
[Becker & Coppens (1975) model, with Lorentzian
distribution of domains and an averaged pathlength
included] veere refined simultaneously with a scale
factor and multipole population parameters. For the
transition metal, Ni or Co, all multipole populations
up to | =4, compatible with the local symmetry,
were refined. The electron density at any point in the
unit cell was taken as a sum of a spherical contri-
bution of the core and the valence electrons [i.e.
argon core, 4s° for Ni and Co and 1s? for F] and the
total contribution (both spherical and aspherical) of
the remaining electrons (Almeida et al., 1989). There-
fore the term of the expansion containing Py, refers
to the sperical contribution of the (34) electrons of
the metal atom and the (2s2p) electrons of the F
atom. Only Py, was refined for the ligand atom, since
one expects the small asphericity observed in the
charge distributions of NiF; and CoF, to be mainly
as a result of the 3d electrons of the metal atom. This
appears to be a justifiable assumption for ions like
F~ with closed-shell configurations; moreover, it
contributes to keeping the number of refined param-
eters as low as possible, thus avoiding undesirable
correlations. In the present analysis the following
correlations were found to exceed 70%: between
U,, and P,, for the metal ion (crystals 4, C and
D); between P, and P,, for Co (crystals C and D);
and between scale and extinction parameters for
crystal B.
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Table 5. Fractional occupancies of 3d orbitals
obtained from least-squares refinement and multipole

refinement
(a) Least-squares refinement
a, a; as a, = as st x5
NiF, A 0.15() 022(2) 0.17(2) 023(3) 24 32
B 016(3) 026(3) 023(3) 0.18(5) 7.1 6.2
CoF, C 0.22 (2) 016(3) 0.16(3) 023(5 23 23
D 0.18 (3) 022(3) 0.15(3) 023(5 3.6 37
(b) Multipole refinement
a, a; a, a, as
NiF, 4 011 (2 024(2) 0.11(2) 021(Q2) 0292
B 009(3) 022(3) 0.13(3) 0.25() 024(3)
CoF, C 0.19(6) 009(7) 021(7) 021(7) 027 (7
D 0.13 (6) 020(7) 0.24(7) 0.17(7) 022(7)

Table 6. Results of multipole refinements for NiF, and
CoF,

The coefficients P refer to the contribution of the (3d) electrons for Ni and
Co and to the (252p) electrons for F, as mentioned in the text.

(a) NiF,

Crystal 4 Crystal B
Ni F Ni F
x — 0.30369 (7) — 0.30356 (12)
U, 0.00556 (4) 0.01023 (11) 0.00529 (8) 0.01023 (16)
Uss 0.00418 (6) 0.00719 (15) 0.00556 (13) 0.00778 (20)
U, -0.00140 (60) —0.00870 (26) —0.00066 (56) —0.00843 (44)
Py 0.970 (6) 1.780 (6) 0.942 (12) 1.808 (12)
Py 0.005 (9) -0.005 (9)
Py -0.018 (6) 0.010 (8)
Py -0.063 (5) -0.066 (6)
P, —=0.020 (4) -0.005 (6)
Py 0.0041 (5) 0.028 (6)
R (%) 1.7 1.1
wR (%) 23 1.4
N 2.806 (5) 5.460 (19)
Mosaic spread 14.31° 20.25°
Domain radius 289 204
(nm)
(b) CoF,
Crystal C Crystal D
Co F Co F
x — 0.30346 (19) — 0.30341 (17)
U, 0.00739 (11) 0.01320 (28) 0.00827 (11) 0.01298 (20)
Uys 0.00602 (16) 0.00879 (39) 0.00591 (16) 0.01021 (32)
U, -0.00308 (237) -0.01024 (85) -0.00008 (222) -0.01024 (74)
Py 0.803 (12) 1.821 (12) 0.842 (8) 1.782 (8)
Py 0.028 (28) ~0.030 (28)
Py, -0.011 (18) -0.002 (16)
Py —0.044 (19) -0.019 (20)
Py, —~0.018 (16) -0.019 (16)
Py -0.039 (21) -0.013(19)
R (%) 14 1.34
wR (%) 1.6 1.43
s 2811 2.334 (12)
Mosaic spread 0.88° 0.78'

Domain radius
(nm)

77

88

The results of the multipole refinements carried

out on each data set are shown in Table 6(a) for
NiF, and in Table 6(b) for CoF,. Positional and
thermal parameters are to be compared with those
given in Table 4(a). corresponding values agree
within one (or a few) standard deviations. Moreover,
results for different crystals of the same compound
agree within less than three standard deviations.
Aspherical multipole populations for similar crys-
tals agree within less than two standard deviations. It
can be noticed that only P, and P, for NiF, are
significantly different from zero in both data sets.
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Concluding remarks

The results of multipole analysis can also be inter-
preted in terms of 3d-orbital occupancies a; (i =1, 5)
using generalized relations derived by Holladay,
Leung & Coppens (1983), as described elsewhere
(Almeida et al., 1989). For the present case these are
given in Table 5(b).

Comparison of corresponding values of a;’s
derived from the different models considered, namely
3d atomic orbitals and multipole functions, is not
strictly valid, because the models are not based on
the same assumptions. In fact, the condition of
tetragonal symmetry — which is in itself an approxi-
mation to the true orthorhombic symmetry — is not
imposed on the multipole refinement; moreover, this
type of analysis allows for charge transfer between
the metal and ligand ions which is in no way taken
into account by the model based on atomic orbitals.

Such arguments may lead to the conclusion that
the «a; values derived from a multipole analysis are
more liable to reproduce the real situation for the
charge density in the structures investigated. It
should also be noted that whereas the a,’s in Table
5(a) were refined from sets of data (F2&) which were
determined by the results of a previous spherical
refinement (positional and thermal parameters, scale
and extinction factors), the corresponding «/’s in
Table 5(b) are refined together with all parameters,
the results showing no significant correlations.

Taking into account the multiplicities of the metal
and ligand ions in the rutile structure, 0.125 and
0.25, respectively, and the number of electrons out-
side closed shells, the expected values for Py, in the
absence of charge transfer would be:

() Ni(3d% Py =8 % 0.125=1.00
(i) Co (3d") Poo =7 % 0.125 = 0.875
(iii) F 252+ 2p%) Py=17x0250=1.75

In the case of CoF, there is a slight charge transfer
from the metal to the ligand as evidenced by the
values of Py, shown in Table 6, for both crystals, in
comparison to those expected. The same conclusion
applies to the case of NiF,: a decrease of Py, from
the above values for the metal ion is balanced by an
increase in Py, for the ligand, preserving the unit-cell
neutrality.

The analysis of asphericities in the charge density
is not very conclusive since, as could be seen both in
the Fourier maps and in the course of the refinement
of the «, parameters, these are hardly significant.
However, giving slightly more credit to the results of
Table 5(b) (as explained above) without neglecting
the information contained in Table 5(a), one may
conclude that there is some depletion of d,:and d,,
orbitals in NiF,. The same overall effect is not
obvious in CoF, from a combined analysis of Tables
5(a) and 5(b).

Nin AND COF2

Table 7. Metal-ligand distances in rutile structures

d, = [P0~ Toool; &2 = IX1/2) + x1/2)- x1720 ~ Foool
VF, MnF, FeF, CoF, NiF,
4, (A) 2075(6)  2.114(4)  2003(1)  2.014(1)  1.997 (1)
dy(A) 2.091 (5) 2.122(2) 2.117(1) 2.058 (1) 2,011 (¢
der (A) 2.626 (18) 2,639 (3) 2.621 (3) 2612 (3) 2.582 (6)

A few final conclusions can be drawn from an
overall analysis of the deviations from a free-ion
configuration, along the MF, series of rutiles (M =
V, Mn, Fe, Co, Ni).

Covalency effects are more significant towards the
end of the series for those rutile structures with
3d-electron configurations deviating more markedly
from the half-closed shell configuration of Mn,
namely for CoF, and NiF,. Such effects are hardly
noticeable in FeF, and in MnF, as confirmed by
neutron diffraction data obtained for this compound
(Andrade, 1986).

Moreover, covalency in the series investigated also
appears to be related to the average metal-ligand
distance, shown in Table 7, being more significant in
the structures in which such a distance is smaller.

Common asphericity effects could be found along
the series, namely the depletion of d.. orbital
population, which is most striking in the case of VF,
and MnF,. It should be noted that these two struc-
tures have comparatively high unit-cell volumes. One
may thus infer that 3d electrons tend to ‘avoid’
metal-ligand bonding directions in those structures
where the degree of packing allows them to redistri-
bute either along or in between other bonding direc-
tions.

We are indebted to the Cultural Service of the
German Federal Republic Embassy, the Deutscher
Akademischer Austauschdienst (DAAD) and the
German Agency for Technical Cooperation (GTZ)
for the offer of a CAD-4 automatic diffractometer
which enabled the experimental work to be carried
out.
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Abstract

The defect structure of 7 mol% calcium-stabilized
zirconia (CSZ) is described in terms of a correlated
distribution of microdomains within the cubic matrix
of CSZ. It is shown that the defect structure is very
similar to that of 15 mol% CSZ. The defect structure
consists of two types of defects: microdomains based
on a single oxygen vacancy with relaxed neighbour-
ing ions and microdomains based on a pair of
oxygen vacancies separated by a3'?%/2 along (111).
Calculations show that a tetragonal distortion
cannot explain the observed diffuse scattering.
Several arguments suggest that the defect structure is
not that of the @&, phase: first, the similarity of
diffuse scattering of yttrium-stabilized zirconia, for
which no @, phase exists; second, the diffuse scat-
tering of CSZ is almost identical from 4 mol% CSZ
up to 20 mol% CSZ; third, the diffuse scattering is
temperature dependent; and fourth, a direct com-
parison of single-crystal intensities of the @&, phase
with the intensity of diffuse scattering.

Introduction

Pure cubic zirconia is thermodynamically stable only
at temperatures above 2643 K. Below this tempera-
ture a tetragonal phase is stable down to 1200-
1300 K. At room temperature a monoclinic phase is
the stable polymorph. An average fluorite structure
of zirconia can, however, be stabilized at room tem-
perature by doping with oxides of various di- and
trivalent metals such as Ca, Mg, Y and Yb. This
cubic phase is stable over a range of compositions.

©1993 International Union of Crystallography
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The exact mechanism of the stabilization and the
solution of the structure of the solid has been the
scope of several investigations (Neder, Frey &
Schulz, 19906, and references therein). Neder er al.
(19906) showed that the disordered diffuse scattering
of cubic zirconia stabilized by 15mol% CaO
(CSZ15) can be analyzed by the correlated distribu-
tion of microdomains* within a matrix of cubic
zirconia.

There is, however, still a controversial debate con-
cerning whether the diffuse scattering of calcium-
stabilized zirconia (CSZ) may be analyzed equally
well by microdomains within the @, structure
(Rossell, Sellar & Wilson 1991; Rossell, 1992) or by
locally ordered arrangements with tetragonal sym-
metry (Martin, Boysen & Frey, 1993; Andersen,
Clausen, Hackett, Hayes, Hutchings, Macdonald &
Osborn, 1986; Osborn, Andersen, Clausen, Hackett,
Hayes, Hutchings & Macdonald, 1986). The relevant
results obviously depend sensitively on the type of
sample, i.e. single crystal or powder.

To clarify these points further, and to see how the
defect structure changes with composition we have
investigated the diffuse scattering of single crystals
with 7 mol% CaO (CSZ7). The results should give
an important insight into the stabilizing mechanism.
Proffen, Neder, Frey, Keen & Zeyen (1993) deal with
the temperature dependence of diffuse scattering in
CSZ with different amounts of CaO.

* The terms ‘domain’ or ‘microdomain’ are used in this paper,
because it is the usual terminology in this context. We are well
aware that this terminology does not match the strict crystallo-
graphic definition of a domain.
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