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The System ZrQ,~-CaO Studied by the Electron Spin Resonance of Mn**
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We have used the electron spin resonance of Mn?* ions to study the zirconia~calcia system from 9
to 60 mole %, CaO. With the exception of single crystals of calcia-stabilized zirconia (CSZ) with 15
and 20 mole %, CaO, the experiments were carried out on polycrystalline sampies. From the different
values measured for the hyperfine coupling constant A with increasing amount of calcia, we have
deduced that Mn?* substitutes for Ca?* in the three following host lattices: cubic CSZ, CaZrOs,

, France

and CaO.

1. Intreduction

There are three well-defined polymorphs of
pure zirconia (ZrQ,), namely, the monoclinic,
tetragonal, and cubic structures. The mono-
clinic phase the accurate structure of which
was first reported by McCullough and True-
blood (1) is stable up to about 1000°C and then
transforms over a 100°C range to the tetra-
gonal phase. Both structures are related to the
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ﬂuonte structure. Finally the compound takes
the cubic CaF, structure above 2300°C as
quoted initiaily by Smith and Cline {2).
A recent review article was devoted to the
martensitic transformation in zirconia (3).
Since the monoclinic to tetragonal phase

transformation is associated with a volume
chanos nure zirconia ig nnqnhcfartnrv as a
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ceramic. However, at high temperatures, the
addition of variable amounts of some MO or
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M,0; (M = metal) oxides enables one to

hiai +ahl 1 1 1
obtain stable cubic solid solutions (4). For

instance, the phase diagrams of the system
Ca0-Zr0,, as determined by high-tempera-
ture X-ray diffraction and differential thermal
analysis (DTA), indicate that a cubic phase
with CaF, structure (calcia-stabilized zirconia,
CSZ) exists over a range of compositions from
8 to 20 mole §; CaO (5-7).

At Ean ractian chiidies oF <1

B:y NCuiron diffraction studies of mﬂgli’f
crystal and polycrystalline specimens of CSZ,
Carter and Roth (8) have found that the
oxygen polyhedra of the cubic phase are
considerably distorted from those of CaF,
when CSZ is quickly cooled from above
1200°C. They also showed by long annealing
experiments (1080 hr for single crystals) that
CSZ undergoes an ordering transformation
near 1000°C which can be reversed by heating
for a short time at 1400°C. Figure 1 shows an
extension to four molecules of the model they
proposed for the ordered structure. Among
the four possible substitutional sites, the 4, B,
and C sites, which can be deduced one from
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FiG. 1. Ordered arrangement of O%~ ions in CSZ as seen by Carter and Roth (8), showing the four possible

substitutional sites.

another by +2n/3 rotations about (111>
directions, belong to the D,; symmetry point
group. The D site has a particular configura-
tion consisting of two imbricate tetrahedra
having the same C,-axis, and belongs to the
T, point group.

Our previous results on Gd3*- or Yb3*-
doped single crystal CSZ supported the con-
clusion of Carter and Roth concerning the
disorder—order transformation and the
ordered arrangement (9). Effectively, we
recorded ESR spectra characteristic of a weak
axial symmetry along each of the three (100>
directions, and we could assert consequently
that the oxygen vacancies needed to preserve
the charge balance are not in nearest neighbor
sites with respect to both used trivalent
impurities ions.! These spectra were attributed
to paramagnetic ions substituted in the 4, B,
and C sites. We thought these impurity ions

1 The dissociation of the O~ vacancy M?3* ion
complexes (with M = Gd and Fe) was also found in
the case of M?3*-doped single-crystal monoclinic
zirconia (10).

avoided the D site where four O%~ ions move
in, because their sizes (Gd**, 0.97 A; Yb**,
0.86 A) are more important than the Zr** one
(0.79 A).

To check whether this behavior of impurity
ions in calcia-zirconia system was general, we
undertook a series of experiments using Mn?*
as a dopant. This ion, of which the radius is
0.80 A, has an electronic configuration of
3d5 with a ground state of 6Ss,,, which is an
orbital singlet. The existence of a nuclear spin
I =% leads to a hyperfine interaction between
the nuclear and electron spins. In the spin
hamiltonian, describing the ESR spectra, this
interaction is characterized by a term
S-A-1, where 4 is the hyperfine coupling
tensor. The value of the isotropic part 4 of
this interaction depends generally on the
number n of ligands in the (Mn-X,)
cluster and upon the character of the Mn-X
bond (ionic or covalent).

According to the nature and the strength of
the crystal field, the ESR spectra of Mn2* in
single-crystal host lattices consist of five groups
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of six hyperfine lines (axial field) or of six
pentads (cubic field). With powdered samples
only the six “allowed” (4m; =0) hyperfine
lines (and sometimes three doublets of Am; =1
“forbidden” lines) of the m;,=—% — 3 fine
structure transition are observed.

The above considerations explain why
Mn?* was chosen as a dopant.

2. Samples
2a. Single-Crystal Specimens

Two different compositions in calcia were
used in the starting powders: 15 mole %, and
22 mole %. The specimens were obtained from
the Laboratoire d’Electrochimie des Solides at
Grenoble (France), where they were prepared
using a Travelling Zone Melting technique
described in (17). The amount of calcia along
the growth axis was checked by means of
electron microanalysis, and a more or less
important gradient of calcia was found
according to the length of the obtained single
crystal and to the quantity of CaO in the
starting powder (/2).

In the case of (Zr0;)e.s5~(Ca0)y ;5 (here-
after referred to as CSZ 15) we could isolate
crystals of about 6 to 10 mm?, doped with
about 3000 ppm of Mn**. We used Laiie
technique to select the specimens the pattern
of which exhibited the smallest spots charac-
teristic of the f.c.c. phase. Because it is
impossible to cleave CSZ, the samples used
during this work were oriented by the same
technique and subsequently polished to make
it possible to have the Zeeman field vector
rotated in a (110) plane.

When the amount of calcia was equal to
22 mole? (or 20 mole?) in the starting
powder it was almost impossible to obtain a
good crystallization of the product. The
maximum volume of the crystallites, which
had a thin needle shape, was lower than 2 mm?,
All but one gave poor Laiie diagrams. Due to
its small size, the sample we used, hereafter
referred to as CSZ 20, could not be oriented
correctly. We shall see later that this was not
important at all.

2b. Polycrystalline Samples

We also used solid solutions of zirconia~—
calcia doped with about 1000 ppm of MnO,
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where the amount of CaO was included
between 9 and 30 mole %, and also equal to
60 mole Y. The samples were made by melting
of the constituent oxides, mixed in convenient
proportions, by means of a solar furnace of
the Laboratoire des Ultra-Réfractaires at
QOdeillo (France).

Powdered samples of Mn?*-doped calcium
zirconate (CaZrQ,) were prepared by different
methods: (1) melting as above followed by (a)
slow cooling (sample Ia); (b) quenching in
water (sample Ib); (c) splat cooling (sample
Ic); (2) mixing of ZrO, and CaCO; in mole-
cular proportions followed by a firing at
1400°C for 48 hr (sample 1I).

3. Results

The ESR spectra were recorded at room
temperature with a homemade X-band spec-
trometer using homodyne detection and a
100-kHz field modulation, the rectangular
resonator cavity operating in the TE o, mode.

3a. Single-Crystal Specimens

As grown specimens of CSZ 1[5 gave a
resolved spectrum superimposed to about a
500 G broad unresolved line. This last was
attributed to aggregated Mn2* ions. As shown
in Fig. 2, which corresponds to the magnetic
field parallel to a <100) direction, the resclved
spectrum exhibits more than 30 lines. It is
interesting to note here the existence of such
a spectrum with this amount of calcia. To try
to improve this ESR signal some crystals were
annealed at 1000°C for a few days. The result
was a decrease of its intensity, whereas in the
case of Gd**- and Yb3t-doped CSZ 14
resolved spectra appeared under annealing
(9).

As in the case of the two quoted rare-earth
impurities, the Mn2* spectrum of Fig. 2 was
interpreted as being a consequence of the
superposition of three 30 line spectra: one
parallel and two (identical) perpendicuiar
(Fig. 3). Each of them is due to Mn?" ions in
sites of essentially cubic symmetry, with an
extra-weak axial distortion along one of the
three cube edges. The spectra are called
parallel or perpendicular when the direction
of the distortion is either paralle! or perpen-
dicular to the static field. These three defects
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F1G. 2. ESR spectrum of Mn?* in CSZ 15: The magnetic field is aligned along a <100 direction.
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FiG. 3. Relative line positions for the perpendicular and the parallel spectra with H//<100}. The line intensities

are not to scale. The dashed lines are not resolved.

are magnetically equivalent when the magnetic
field is parallel to a (111> direction which we
verified.

It was impossible to follow each individual
line during the angular variation in a (110)
plane owing to their important overlapping
and the appearance of so-called forbidden
hyperfine lines as soon as the magnetic field is
not parallel to a {100} direction.

The ESR pattern given in Fig. 2 was fitted to
a spin hamiltonian:

”=gﬂ3H'Sz+S'14-'I+ Z B2m02m
m=0,2
2

m=0,2.4

+ B0, M
where the O,™ are the Stevens’ operator
equivalents.
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To find the constants corresponding to the
parallel and perpendicular cases we used the
formulas given by Hutchings (/3) concerning
the rotation of Stevens’ operator equivalents.

The spin hamiltonian was written down as
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Using perturbation theory up to second
order we obtained thus the equations giving
the energy differences which were identical to
hv for two levels in which the ‘“allowed”
transitions (4m, = 1; Am, = 0) take place.

The g factor as well as the hyperfine splitting

H =Ho+H), (2> constant were found to be isotropic and,
. within the experimental uncertainty, no
where £, is the Zeeman term and rhombic deformation was evident. On the
#,= > B0+ 3 B"OM other hand, as is often the case with Mn?* ion,
m=0,2 m=0,2,4 the contribution of the fourth-order terms of
+ AS.I; + (B/2X(S, 1.+ S_I,). (3) the crystal field is very weak. Particularly it

TABLE 1

SpiN HAMILTONIAN PARAMETERS OF Mn?* IN CSZ 15 AND COMPARISON BETWEEN EXPERIMENTAL
AND THEORETICAL LINE PosITIONS

Parallel spectrum

Perpendicular spectrum

Observed Calculated Observed Calculated
Spin-Hamiltonian parameters Q) Q) Q) Q)
£ =1.9990 + 0.0005 2687 2694 2914 2919
A=(-833+04)x10*cm™! 2770 2774 3006 3008
B;°=(-38.0+£02)x 10*cm™! 2855 2856 3040 3040
B=(-9+02)x107cm™? 2935 2938 unresolved 3100
B2=(0+03)x10*cm™! unresolved 2940 3127 3127
3019 3020 3164 3164
unresolved 3027 3195 3194
3103 3104 3217 3216
unresolved 3117 3250 3249
3172 3173 unresolved 3290
unresolved 3191 3294 3294
3258 3258 3305 3307
unresolved 3280 3336 3336
3345 3344 3377 3376
unresolved 3370 unresolved 3389
unresolved 3408 3402 3401
3434 3433 3425 3425
unresolved 3495 unresolved 3436
3524 3525 3461 3461
unresolved 3584 unresolved 3497
3620 3619 unresolved 3515
unresolved 3652 3516 3516
3678 3676 3547 3548
unresolved 3741 unresolved 3598
3770 3770 3612 3610
unresolved 3833 3638 3637
3865 3866 unresolved 3682
3923 3924 3729 3729
4019 4023 3767 3769
4118 4122 3854 3858
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was impossible to obtain the B,? and B,* terms
because the overlap of some lines which may
be up to 10 G wide (1/4). Nevertheless, with
the constants, the sign of which was deter-
mined by reference to that of 4 (negative), and
which are quoted in Table I, the calculated line
positions fit the measured ones with a pre-
cision better than 0.3 9.

With the unique specimen of Mn?**-doped
CSZ 20 that we could use we recorded an
isotropic six-line spectrum centered on g =
2.0008 + 0.0005. The signal intensity was too
weak for us to see the expected doublets of
“forbidden’ hyperfine lines (see 3b in this
paper). From the center of the spectrum to the
wings, the line intensity decreases and the line
width increases. Lowering the temperature to
LNT a splitting of the two outer lines was ob-
served, but with a very poor resolution.
Within the experimental error this splitting did
not depend on the orientation of the crystal in
the dc field.

The value of the hyperfine coupling constant
was found to be 4 =-76.85x10"*% cm™,
Comparison with some other oxides doped
with either Mn?* or Mn** is given in Table II,
from which it is clear that no information
about the valence state of manganese can be
obtained from the A4 value.

TABLE 1II

HYPERFINE COUPLING CONSTANT VALUE FOR Mn?* AND
Mn** IN SOME OXIDES

Valence
Oxide state 4] (x107* cm~!) Reference
MgO 2 81.0 (15)
4 70.8 (16)
Ca0 2 80.8 an
4 73.0 18)
SrO 2 80.5 19
4 75.0 9
CaZrO;* 2 80.6 (20)
4 73.0 0y
TiO, 4 mean value 70 @n
CSZ 20° ? 76.85 this work

@ See the discussion.

The probable existence of a strong disorder
of the anion sublattice explains the non-
observation of the fine structure transitions
other than m, = —1 — 1,

After long annealing (1000 hr) at various.
temperatures of CSZ 20 single crystals,
Michel (22) observed by X-ray diffraction,
two ordered phases called ¢, and @,, respec-
tively. The first appears when the annealing
temperature is in the 1050-1350°C range. All
these observed interferences could be inter-
preted by assuming a rhombic cell the para-
meters of which are a=12.1 A, a=97°55".
This cell could have the composition
Ca;oZ1,0000[ 10, Where [] represents an O
vacancy. The structure of the ¢, phase, which
is obtained at temperature lower than 1050°C,
seems to be related to the ¢, one and could
correspond to a lower symmetry.

Starting from these results our crystal was
annealed at 1000°C for 1 week first, then up
to 1 month. No change was observed on the
spectrum and consequently no answer could
be given concerning the manganese neighbor-
hood.

As it was not easy to obtain good single-
crystal specimens of CSZ with variable
amount of calcia, we realized polycrystalline
samples as indicated above.

3b. Polycrystalline Samples

Using the polycrystalline samples whose
amount of calcia varied from 9 to 16 mole %,
we recorded a unique spectrum which looks
like that obtained with single-crystal CSZ 15
when H/ <111). The hyperfine coupling
constant value is ~83.3 x 10~* cm™*.

Between 16 and 19 mole 9, CaO the ESR
spectrum is the superposition of two different
patterns. The first is identical to the former
one, and its intensity decreases with the
increasing amount of calcia. The reverse holds
true for the second which corresponds to an 4
value equal to —76.85 x 10~* cm™*.

Above 19 mole %, CaO up to 30 mole ¢/, we
observed the spectrum represented in Fig. 4
which is that observed with single-crystal
CSZ 20, but with a stronger intensity. Three
doublets of “forbidden” hyperfine lines are
resolved, and this will permit us to determine
the valence state of manganese.
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F1G. 4. ESR spectrum in melted ZrO,—CaQ solid solutions when the amount of calcia is included between

19 mole %, (CSZ) and 50 mole % (CaZrOs).

This spectrum can be described by a spin
hamiltonian:

H =gugH-S,+ A4-1-S + D{S,?
~15(S + 1)} — gnunH-L 4

As we shall see later, we can obtain an
evaluation of the D =3B,° value from the
forbidden line intensity.

The fine structure splitting having an
identical effect on each of the six hyperfine
lines, the magnitude of 4 and g were deter-
mined from measurements of the difference
between the center position of adjacent lines
(m; and my — 1), Such differences are given to
third order by

A/2
+ 2H0 (zm[ 1)5

(%)

where Hy= hv/guy and A" = A/gug with v the
constant microwave frequency. The g and 4
values so obtained are
g = 2.0008 + 0.0005 and
=-76.85 x 10~* cm™1.

15A'3)

AH(I?‘I,) = (A' - —4—§0~2

We can observe the forbidden transitions
because the off-diagonal terms are nonzero.
Expressions derived from perturbation theory
for the magnetic field at which resonances
occur involve the electronic spin quantum

number S explicitly. Wolga and Tseng (23)
have given expressions for the differences
between adjacent forbidden lines to third
order in perturbation theory.

As shown in Table III, the experimental
field differences agree very well with the
theoretical ones deduced from the formula:

254" 174'%
AHf(n1,)=—2—H—02—(2m,—-1)+ H
0
+ 2gnH, (6)

corresponding to S = 3.

The comparison when S=4% is very poor:
We can then conclude that the observed
spectrum is due to Mn2*,

From the intensity of the forbidden lines we
can estimate the value of the axial field

TABLE III

FORBIDDEN DOUBLET SPLITTING
As A FuncTioN oF m,

Observed Calculated
my ()] (€]
3 20.6 20.8
3 19.5 194
—% 18.4 18.7
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parameter D. To do this estimation we used
the formula

B : S(S+1)
- (4guBHo) sin*26 [1 ¥ S, — 1)]
x I+ 1) — m? + m,] ©)

given by Bleaney and Rubins (24) for the
relative intensity of a first-order forbidden
transition to an allowed one, where the latter
is of the type (m,, m;) — (m; — 1, m;) and the
former is (mg, m;—1) — (m,— 1, my), for
instance.

The averaged angular term of Eq. (7) equals
i, and with my=m; =% and R=0.33 we
found 3B,°=D~32.7x 10~* cm~! which
could explain the line width variation with
the increasing magnetic field (8.8; 5.8; 3.9;
49; 6.4; 7.3; in gauss). The corresponding
B,° value is about four times lower than that
found in the case of CSZ 15.

A special attention was devoted to calcium
zirconate CaZrQO; which has a distorted
perovskite structure at room temperature
(25-27). In the case of specimens Ia, Ib, and Ic
(see 2b) we obtained the same spectrum as
above, the corresponding hyperfine coupling
constant value of whichis —76.85 x 10~*cm™1!,
These samples were then annealed in air at
1200°C for 5 hr, but the spectra recorded

BACQUET ET AL.

before and immediately after heat treatment
were identical.

The spectrum observed in the case of non
melted samples (IT) is shown in Fig. 5. It is
compounded of two different six-line spectra
of almost equal intensity. The first corresponds
toA =—76.85 x 1074 cm~!(Sp. 1). The second
(Sp. 2), for which 4 =-80.8 x 10~* cm™ is
analogous to that reported by Henderson (20)
who used solid polycrystalline samples of
CaZ10; prepared by cold pressing of calcium
and zirconium oxides in molecular propor-
tions, followed by firing at 1450°C and
sintering at 1800°C in vacuum. After annealing
in air at 1200-1300°C his samples then ex-
hibited a weak spectrum, the intensity of which
decayed to zero intensity within a few hours at
room temperature. The corresponding A
value (—73 x 107+ cm™!) was typical for the
Mn** jon. Such a spectrum was not observed
with sample II immediately after an annealing
at 1200°C for 15 hours. Nevertheless, with
respect to the spectrum of Fig. 5 (which was
recorded before heat treatment), a minor
modification appeared: Sp. 2 was twice as
intense as Sp. 1.

With melted samples of Mn?*-doped
(Zr03)0.40 (Ca0)y 6o We only obtained a six
principal line pattern which corresponds to
A =—-80.8 x10~* cm™ (Sp. 2). Its intensity is

9515 MHz

S06

31.‘00 G

Fi1G. 5. ESR pattern recorded with nonmelted CaZrOs;,
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such that the five doublets of forbidden
hyperfine lines (dm, = 1) are easily observed.

4. Discussion and Conclusions

With single crystals of CSZ as well as with
polycrystalline samples of zirconia—calcia
solid solutions we observed some changes in
the hyperfine coupling constant value A4 of
Mn** with the amount of calcia. For this
paramagnetic jon, Simanek and Miiller (28)
have shown that the 4 value depends mainly
on the covalency C of the Mn—X bond (X is
the ligand) and on the number » of ligands: 4
decreases almost linearly as C/n increases.
The differences in 4 values of CSZ having
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different amounts of calcia can be explained
by assuming a different coordination number
of the MnO,, cluster.

The phase diagrams of the ZrO,~CaO
system, which were determined by high
temperature X-ray diffraction and Differential
Thermal Analysis, have shown the existence of
various compounds in the obtained solid
solutions. As an example, and because the
major part of our specimens were prepared
using the same technique (melting by means of
a solar furnace, but followed by a more or less
rapid quenching) we present in Fig. 6 the
results of Traverse and Foex (5).

Let us first focus our attention on the cubic
phase (CSZ) which exists in the range 8-20

Temperature: °C /C'
| 2800 /
e /
\Q\ /

\\ @\ //
26000 ,
.0 C+L /
N \ / o
O
— N
N CaZr03+L /
G / [©)
2400 \ \O / /" Ca0+L
O @669 CaZrO_+L
c \\ \ QO X / 3 4
XXXt O
] Y
2200 X O\
i A7
e = XX e g K e g e R X X
ik %
K x
LZQOO :
ﬁ p C+CaZr0, CaZr03+Ca0
T
l ‘ZI\C+T R
i 1800 mol,/o CaO
40 60 80
| | L1 J L ) | | !

F1G. 6. Phase diagram of the ZrO,-CaO system as seen by Traverse and Foex (5).
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mole %, CaO and on the results we obtained
with single crystals. In CSZ 15, Mn?* ions
were found in sites corresponding to a weak
axial symmetry along each of the three (100>
directions, in agreement with the model
proposed by Carter and Roth (8) for the
ordered structure of CSZ. On the other hand
there is no O*~ vacancy in the nearest neighbor
position (no axial symmetry along <{111)
direction). Since the A values found in poly-
crystalline ThO, and CeO, were —87.5 x 1074
and —86.2 x 10~* cm™1, respectively (29), the
value of —83.3 x 107* cm™ corresponds to a
slightly distorted eightfold coordination. With
CSZ 20 the value —76.85 x 107* cm™! seems
to correspond to a slightly distorted cluster
(MnOg) as the A4 values found at 290°K in the
case of alkaline-earth oxides are close to
—81 x 10~*cm™* (15, 17, 19). This would mean
that Mn?* ions would then have two O*"
vacancies in nearest neighbor position and that
a consequent rearrangement of the anions
would take place. Such a supposition did not
seem reasonable.

With melted polycrystalline samples we
saw that the axial spectrum (4 =-83.3 x
107* cm™) decreased to zero-intensity from
16 to 19 mole 9, CaO, and that the spectrum
(Sp. 1) corresponding to —76.85 x 10~* cm™
started to appear for 16 mole%, CaO. Its
intensity increased from 16 mole%, CaO
(CSZ 16) to 50 mole%; CaO (CaZrOj).
A logical explanation to these two last
observations can be given assuming the
existence in the 8-20 mole %, CaO range of
some microdomains of calcium zirconate in
which the Mn?* ions go preferentially. As the
sensitivity of the ESR technique is much
higher than that of X-ray diffraction, such
microdomains are detected from 16 mole 9
CaO.

But we saw in 3b that with nonmelted
CaZrO; samples, Henderson (20) observed a
spectrum which differs from that we obtained
on melted samples by the linewidth value
(<0.7 G) and the A4 value (—80.6 x 10~ cm™1).
To explain this discrepancy let us consider the
CaZrO; structure. At room temperature this
compound would be orthorhombic according
Tilloca and Perezy Jorba (25) witha = 5.587 A,
b=15758 A, and ¢=8.008 A, or pseudo-

BACQUET ET AL.

monoclinic after Megaw (26) or Nadler and
Fitzsimmons (27) the parameters being a =
c=4.003 A, b=3.997 A, and f=91°3".
Both models correspond to a strong distortion
of the perovskite-type cubic structure. On the
other hand Foex e al. (30) showed that above
1600°C calcium zirconate takes the cubic
perovskite structure, this transformation being
reversible however. Since the assumption that
Mn?* would be in the same site in the two
CaZrO; polymorphs must be ruled out, is it
possible to explain these conflicting results
assuming the existence of two different
substitutional sites (Ca or Zr)? This would
seem logical referring to the fact that the ESR
pattern we recorded with a nonmelted sample
is compounded of two six-line spectra.
Henderson’s conclusion, based upon the
instability at room temperature of the Mn**+
spectrum obtained after annealing, is that
Mn?* substitutes for Ca?*. Thus the spectrum
corresponding to A4 =-76.85x10™* cm™*
(Sp. 1) might be attributed to Mn?* ions
located in Zr** sites. In this case a Mn**
spectrum appearing after heat treatment
would be very stable. We said that we did not
observe such an ESR diagram. Qur observa-
tions on Mn**-doped (ZrQ,), ,(Ca0),. ¢, solid
solutions (we found also 4 =-80.8 x 107*
cm™!in this case) added to the previous remark
prove that Henderson’s deduction is erro-
neous. Within the experimental uncertainty,
the value —80.6 x 10~* cm™ is identical to
that found by Shuskus (/7) for Mn* in CaO
(see Table II). Consequently, we think that
Henderson’ssamples contained a weak amount
of calcia (<2 mole?%,) which could not be
detected by X-ray diffraction, thus the spect-
rum he recorded is not due to Mn?* in
CaZrQj; but is the CaQ:Mn?* one. Therefore
we can assert that Sp. 1 corresponds to Mn**
substituted for Ca?* in calcium zirconate. The
distortion of the substitutionali site is such that
only six O?" ions (in the pure perovskite
structure Ca?* has 12 nearest neighbors) must
be included in the cluster (Mn-0,) if we refer
to the 4 value.

Our general conclusion is that in zirconia—
calcia solid solutions (from 9 mole %, Ca0),
Mn?* ions, present as impurities (~1000
ppm), preferentially substitute for divalent
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calciums as soon as possible in the following
host lattices:

(1) Cubic CSZ (fluorite type structure),
where Mn?* is surrounded by eight oxygens in
sites of D,, symmetry, the complex Mn2*—
O~ vacancy being dissociated.

(2) CaZrO; (a deviation from perovskite
structure) where only six oxygens among the
strongly distorted arrangement of 12 nearest
neighbors, are taken into account.

(3) CaO (cubic structure) in which Mn2*
is sixfold coordinated like in MnO.
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