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BaTi03 ceramics doped with several iron-group elements up to 2.0 mole 'Io were identically

prepared and afterwards annealed at 700'C in 02 at 150 bar or in H2-H20 with an oxygen par-

tial pressure of,10 bar. The valence states of the dopants were determined by magnetic-

susceptibility measurements, and the phase-transition temperatures were established by dielec-
tric measurements. The transition temperatures and the charge of the Cr, Mn, and Co dopants
were found to change reversibly upon annealing at different oxygen partial pressures whereas

both remained constant for Fe, Ni, Zn, and Ga dopants. The change of the concentration of
oxygen vacancies, which proved to be inherently connected with valence changes, was investi-

gated gravimetrically.

I. INTRODUCTION

The physical properties of the perovskite-type ox-
ides are influenced in many ways by doping with
transition-metal ions, in particular with those of the
iron group. In the ferroelectric materials belonging to
the BaTi03 family this opens a wide field for funda-
mental research of the ferroelectric phenomena as
well as for technical applications. It is known, for ex-
ample, that 3-d doping ions affect the hysteresis and
loss properties of ferroelectric materials' and irn-

prove the properties of ferroelectric switches based
on semiconducting BaTi03 ceramics, known as PTC
(positive-temperature characteristic) resistors. 4 ~

Moreover, 3d-doped BaTi03 capacitor ceramic can be
treated in reducing atmospheres which otherwise lead
to conductivity due to conduction electrons provided
by the creation of oxygen vacancies. 6

All these effects are probably connected with the
influence of the 3d elements on the equilibrium de-
fect distribution in these oxides in combination with
the ambient oxygen partial pressure, temperature,
and impurities present from the preparation. ' This
influence seems to be further sensitized by the ability
of the 3d ions to enter the crystal lattice in different
valence states, depending on the particular thermo-
dynamic conditions at high temperatures (see, e.g. ,
Refs. 10—13). The dependence of the electrical and
structural properties of the perovskites on their defect
distributions opens the possibility of manipulating the
conductivity, the structure stability, and the ferroelec-
tric behavior of 31-doped materials over a wide range
by means of suitable preparation and aftertreatment.

Much experimental and theoretical work has been
devoted to single crystals of the perovskite compound
SrTi03. EPR and optical methods have been success-
fully applied to clarify the properties of transition-met-
al related centers (see, e.g. , Refs. 14—16). Divalent

to pentavalent states of iron-group ions substituting
Ti4+ have been identified. In some cases it has been
found that ions with valencies smaller than 4 are in
part charge compensated by nearest-neighbor oxygen
vacancies. "' Moreover, it has been described how
oxidizing and reducing annealing treatments are
changing the nature of the transition-metal related
centers (see, e.g. , Refs. 12, 16, and 18).

In the case of BaTi03 the knowledge is much less
detailed, mainly because of the difficulty to obtain
high-purity melt-grown single crystal. " We therefore
attempted to analyze the valence states of transition-
metal dopes in BaTi03 ceramic which has the advan-
tage that it is comparatively easy to prepare by identi-
cal procedures well-defined samples with different
doping ions over a wide range of doping concentra-
tions. Whereas EPR and optical methods are difficult
to apply for ceramic samples we obtained direct ex-
perimental knowledge about the valence states of the
majority of the dopants by measuring the magnetic
susceptibility. ' It was observed that upon annealing
treatments at high (150 bar) and low (10 '2 bar) oxy-
gen partial pressures some of the dopants change
their valence and others do not. A corresponding
change of the oxygen vacancy concentration was
determined gravimetrically which gave evidence that
the charge deficiency of 3d ions at Ti + sites is com-
pensated by doubly ionized oxygen vacancies. (We
cannot decide from our measurements if or to what
degree this compensation occurs locally. )

It is well known that the phase-transition tempera-
tures of BaTi03 are influenced by doping and by
mixed crystal formation, and it has been found re-
cently that the ferroelectric Curie temperature shows
a pronounced dependence on the oxygen partial pres-
sure in the case of Mn-doped BaTi03, ' but not in
the case of Fe-doped BaTi03. In this paper we
describe the correlation between the phase-transition '
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temperatures and the number of electrons within the
3d shell of doping ions from the iron group. The
number of electrons is different for different
members of this group and for different valence
states, but all doping ions are very similar otherwise,
e.g. , with respect to size and electronegativity. This
equally holds for Zn'+ and Ga'+ dopants which differ
from the iron-group ions mainly by the fact that their
3d shell is completely filled. Therefore they were in-
cluded in the investigation.

%'e are suggesting that the phase stabilities of 3d-
doped BaTi03 are influenced by the symmetry prop-
erties of the 3d shell of the dopant in combination
with the oxygen vacancies induced by the charge de-
ficiency of the dope. In this sense the primary goal
of this work on a large number of identically
prepared samples is not to completely characterize the
detailed structure of the transition-metal induced im-

purity centers but to sketch by comparing different
doping ions and different annealing treatments a
rough but consistent picture of the majority of the
defects and their influence on the ferroelectric phase
transitions.

II. SAMPLE PREPARATION AND MEASUREMENTS

The preparation and measuring procedures have
been described in detail in a previous paper. '9 The
polycrystalline samples were synthesized from BaCO3,
Ti02, and dopes by means of a conventional mixed-
oxide technique. The dopes were weighed-in sub-
stitutio'nally for titanium and added to the raw ma-
terials. Liquid phase sintering at 1400 C in air was
achieved by adding 3 mole% Ti02 in excess of the
stochiometric composition. The incorporation of the
dopants was checked by semiquantitative microprobe
analysis as previously stated. ' This is backed up by
Fig. 1 which clearly shows that the x-ray signal from
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FIG. 1. Result of the x-ray microprobe analysis of the
3d-doped BaTi03 ceramics. The relative x-ray intensities b N

characteristic of a dopant are normalized by their 1-mole%
value hN~ 0 and plotted vs the weighed-in concentration.
The intensities are obtained from the interior of the grains
of the ceramic. OCr;+ Mn; ~ Fe; 5 Co; 0 Ni; 0 the in-

tensities of all of the elements coincide,

arbitrarily chosen points of the polished samples
corresponding to a particular 3d element is propor-
tional to the weighed-in doping concentration up to
1.5 mole'lo. (Fe was investigated only up to 1.25
mole%. ) The deviations at 2.0 mole% couid indicate
the formation of segregated phases. It was further
proved that the x-ray intensities did not change from
one grain to another nor within a grain. Thus an
equal distribution of dopants within the ceramics can
be assumed.

From each batch several samples were taken for
oxidizing and reducing treatments at elevated tem-
perature. One fraction of the samples was annealed
for 65 hours at 700'C in pure oxygen at a pressure
of 150 bar and cooled to room temperature at a rate
of 5 K/min. These samples are indicated by 02 in
this paper. Another fraction (indicated by Hq —H20)
was annealed in the same way but in a mixture of
95 vol% N2 and 5 vol% H2 which was saturated with
H20 vapor at 15'C. This provides a reducing atmo-
sphere with an oxygen partial pressure of approxi-
mately 10 bar at 700'C. The partial pressure was
chosen such that the samples remained nonconduct-
ing after cooling. Room-temperature resistivities of
10 to 10' 0 cm were measured. Thus the concen-
tration of charge carriers is at least some magnitudes
smaller than the concentration of the 3d dopants. A
third fraction (indicated by 02—N2) as sintered at
1400'C in air has been investigated previously. ' The
annealing conditions guarantee that the microstruc-
ture of the ceramic and the concentration and distri-
bution of the ionic defects except oxygen vacancies
are not affected by the annealing. The annealing
was sufficient, however, to achieve the thermo-
dynamic equilibrium in the oxygen sublattice and in
the electronic subsystem of the materials. "

The temperatures for the cubic-tetragonal, the
tetragonal-orthorhombic, and the orthorhombic-
rhombohedral phase transition were determined by
measuring the dielectric constant ~ in heating and
cooling runs. The averages of the maxima for heat-
ing and cooling were taken as the transition tempera-
tures. This gives by no means exact and absolute
phase-transition temperatures, but our arguments will
be based only on relative dependences which could
be correctly measured because the shape of the ~

curves of all samples is similar.
In order to determine the valence states of the in-

corporated dopants the magnetic susceptibility of the
compounds was measured in a Faraday balance.
Between 80 and 300 K the susceptibility after sub-
tracting the diamagnetic portion shows a Curie-like
behavior according to hX ~ c p, rr/T (c is the doping
concentration, p, ff is the effective magnetic moment,
and Tis the temperature) except for those Ni- and
Co-doped compounds which were H2 —H20 annealed.
This indicated that in all compounds, except the
latter, the population of the magnetic levels remains
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constant in the temperature range of observation.
'Fhus, level splitting of the order of kT due to crystal
fields (here greater kT) or spin-orbit coupling effects
(probably smaller kT), which could have made the
correlation to the valence states more difficult, are
absent. "

The temperature dependence of 1/X of the samples
doped with 0.6 mole% Ni or Co and annealed in

Hq —H20 is depicted in Fig. 2. As can be seen, 1/X
does not extrapolate to zero at 0 K for these samples;
furthermore, the magnetic moment is about 5 —6
times higher than expected for noninteracting ions.
We cannot decide from. these measurements whether
this is an indication of ion-ion correlation in the ma-
trix or simply the result of the appearance of a small
amount of metallic Ni or Co formed in the second
phase or at the gra&n boundaries by the reducing
treatment. The latter explanation seems to be more
probable to us. Gravimetric measurements were in-

cluded in our investigations in order to detect possi-
ble weight losses caused by the creation of oxygen
vacancies during the reduction process. These inves-
tigations were carried out with ceramics possessing
only 0.5 mole% titanium excess (weighed-in accord-
ing to BaTit ooq „M„O3, where M is the dopant) be-
cause we observed that the weight change was only
reversible after a reoxidation if the titanium excess
was less than 1 mole%. The other results did not
depend on the Ti excess.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Magnetic moments and valence states

Figure 3 shows the magnetic moments per doped
ion as a function of the annealing treatment at the
three different oxygen partial pressures. The results
obtained for the N2 —O~ treated samples have been al-
ready presented in detail' and we. shall be using
those results in this section without explicit reference.
The Fe moment remains constant at all gas atmo-
spheres, Co and Ni at 02 and Oq —N2 (no results
could be obtained for these samples when treated by
H2 —H20 because the susceptibilities did not follow
the Curie law; see Fig. 2); the magnetic moments of
Cr and Mn depend significantly on the gas atmo-
sphere.

Figure 3 also gives the moments of the high-spin
spin-only states because the magnetic moments of all

02—N2 treated samples, except the Co-doped ones, ori-
ginate from spin-only states in the high-spin config-
uration.

Figure 4 shows the concentration dependence of
the magnetic susceptibility of the Cr- and Mn-doped
samples which were treated in 02 and in H2 —H20.
When these results are interpreted in terms of spin-
only moments (negligible orbital contribution) the
spin quantum number of Cr changes from about
S =1 for the 02-treated samples to S = —, for the re-3
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FIG. 2. Reciprocal magnetic susceptibility of polycrystal-
line BaTi03, doped with 0.6 mole% Co (lL ) and 1.0 mole%
Ni (0). The samples were reduced in H2 —H20
at 700 'C at an oxygen partial pressure of approximately
10 22 bar. An experimental uncertainty of the actual sample
temperature of + 5 K must be taken into account.

FIG. 3. Effective magnetic moment of BaTi03 ceramic
doped with several iron-group elements. The doping con-
centrations are 0.17 to 2.0 mole% except for Fe (up to 1.25
mole%) and for Mn treated in H2 —H20 (up to 1.0 mole%).
The horizontal lines are calculated for spin-only states. Pre-
treatment of the samples at 700'C at different oxygen par-
tial pressures Pp: 02 means Pp = 150 bar, 02—N2 means

2 2

P = 0.2 bar, and H2 —H20 means Po =10 bar. O.Cr,Q2 2

+ Mn, ~ Fe, 5 Co, CI Ni.
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FIG, 4. Relative magnetic susceptibility of 300 K of Cr-
(0 0) and Mn- (0, t) doped BaTi03. The diamagnetic con-
tribution of the matrix has been subtracted, Open symbols:
samples annealed in 02, bold symbols: annealed in H2 —H20.

duced compounds. The spin quantum number of Mn
changes from S= —, (Oq) to about S= —, (H&—H&O)

3 5

for a Mn concentration up to about 1 mole%,
whereas higher concentrations possess S values
between 2 and —,.5

The corresponding valence changes are then from
Cr + (S = I, 3d ) to Cr + (S = ~, 3d ) and from Mn +

(S =-, 3d') to Mn~+(S = —,3d5); at Mn concentra-

tions higher than 1 mole% the reduction is most
probably incomplete and we obtain a mixture of
Mn'+ (S =2, 3d~) and Mn'+ ions. Our result for Cr
confirms earlier observations by Ariya et al."ob-
tained from EPR and magnetic-susceptibility mea-
surements.

The assumption of vanishing orbital contributions
to the magnetic moments is justified in all of these
cases because Mn + (3d~, Aqg symmetry at the substi-
tuted Ti octahedron site), Mn~+ (3d4, E,), Mn~+

(3d5, A 1~) as well as Cr~+ (3d~, Aqg) possess spin-
only moments if or if not the Oq symmetry of the
3d-substituted Ti site is further lowered.

The magnetic moments of the strongly oxidized Cr
compounds are somewhat below the S =1 line in Fig.
4. These smaller moments may indicate either the
presence of some higher-valent chromium ions or the
existence of a small orbital moment contribution of
Cr4+ 24

The magnetic moment of Fe does not change by
annealing in 02 and in H2 —H20 and we conclude that
the majority of the Fe ions is trivalent as in the case
of N2 —02-treated samples.

Unfortunately no information is obtained about the
reduced samples doped with Co and Ni. Thus we
tried to learn something about the valence states of
these ions by means of gravimetric measurements.

TABLE I. Reversible relative weight change hm/m of
3d-doped BaTi03 due to vacancy formation or annihilation
b, Vo in the oxygen sublattice by alternating N2 —02 and H2-
H20 treatments.

Dope
(0.5 mole %) +1065,m/m +10 dL Vo(cm )

Cr
Mn
Fe
Co
Ni

151+10
276+30
26+ 7

170+ 16
30+6

3.4 + 0.2
6.2+0.7
0.6 + 0.2
3.8 + 0.4
0.7 + 0.2

Zn
Ga

15+5
29+6

0.3+0.1
0.7 + 0.2

Valence changes of ions caused by treatments under
different thermodynamic conditions require charge
compensation in order to maintain the neutrality of
the compounds. ' Therefore, the valence changes
to smaller values resulting from the reduction treat-
ment have to be connected with the creation of extra
oxygen vacancies which are positively charged with
respect to the lattice. The density of the additionally
created oxygen vacancies can directly be detected
from the weight loss of the compounds due to oxy-
gen evaporation.

The reversible weight changes of several samples
doped with 0.5 mole% 3d ions (the total Tioq excess
was 0.5 mole% for the reasons mentioned in Sec. II)
are given in Table I. We see from this table that the
reduction treatment causes the smallest weight
changes, and hence the smallest amount of additional
oxygen vacancies for Fe, Ni, Zn, and Ga. This is as
expected, because these ions are known to have very
stable valencies (Ni~+, Zn~+, and Ga~+). The small
weight change of the Fe-doped samples confirms the
conclusion from the magnetic measurements that Fe
is in the trivalent state, independent of the oxygen
partial pressure during annealing.

The small weight changes found in these samples,
which correspond to an oxygen vacancy content of
about 10% of the 3d-dopant concentration (0.5
mole%: 7.8x10'9 cm ') could arise from a small
fraction of the doped ions or impurities that change
their valence state. We think, however, that these
weight losses most probably reflect the change of the
oxygen vacancy concentration due to the thermo-
dynamic equilibrium between the oxygen partial pres-
sure of the surrrounding atmosphere at 700'C and
the oxygen of the BaTi03 lattice. '

Large weight losses were found for the Cr-, Mn-,
and Co-doped samples which, in the case of Cr and
Mn, directly correspond to the magnetically deter-
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TABLE II. Predominant valence states of 3d ions as a
function of annealing in gas atmospheres of different oxygen
partial pressures Po .2'

02

Po 150 bar
2

02—N2

0.2 bar

H2 —H20
10 22 bar

Cr4+
Mn4+
Fe3+
Co3+
Ni2+
Zn'+
Ga3+

C r4+

M n4+-Mn3+
Fe3+
Co3+
Ni2+
Zn'+
Qa3+

Cr'+
Mn2+
Fe3+
Co2+

N i2+

Zn
Ga3+

mined valence changes. For a valence reduction of
1, which was magnetically derived for Cr (Cr4+ to
Cr'+), it is necessary to have 3.9&10'9 cm ' doubly
ionized oxygen vacancies (oxygen vacancies not occu-
pied by electrons which are twofold positive with
respect to the oxygen lattice sites)", this is close to the
value obtained gravimetrically for Cr [(3.4 +0.2)
x 10'9 cm 3].

In the case of Mn too, which, due to the magnetic
measurement, changes from a mixture of Mn4+-

Mn + (02-N2) to Mn + (H2 —H20), the weight loss
agrees with the postulate of a charge compensation
by doubly ionized vacancies; the value of 6.1 & 10'
cm ' (Table I) is in between the values required for
the compensation of a valence change of 1

(3.9x10'9 cm ) and 2 (7.8&10'9 cm ').
The weight loss of the Co compounds indicates a

valence change of 1. Taking into consideration that
the magnetic moments of the 02- and 02—N2-treated
samples had to leave it undecided whether Co is in-

corporated in the divalent or trivalent state, the
gravimetrically determined valence change of 1 clear-
ly favors the postulate that Co is divalent in the
hydrogen-treated samples and trivalent in the
oxygen- and air-treated samples.

Corresponding weight changes which show the
same one-to-one relation to valence changes were
detected for compounds with doping concentrations
different from 0.5 mole%.

Summing up, magnetic susceptibility measurements
assisted by weight-change investigation revealed that
in BaTi03 some 3d dopants change their valence
when treated in different gas atmospheres, whereas
others do not (Table II). The valence change is al-

ways connected with the creation or annihilation of
doubly ionized oxygen vacancies required for charge
compensation. We conclude that 3d ions substituted
at titanium sites with valencies smaller than four are

predominantly compensated by doubly ionized oxy-
gen vacancies.

At this point we should note that the experimental
uncertainties of the results obtained from the mag-
netic and gravimetric measurements only allow infor-
mation about the majority of the doped ions; a small-
er fraction of the ions may nevertheless be in other
valence states, and for thermodynamic reasons and
because of occupation probabilities of the electrons,
this cannot even be avoided. Indeed, more sensitive
methods like EPR detect a large variety of different
valence states of 3d ions in perovskite com-
pounds. ' The valence of the majority of the
dopants, however, is dominating the defect chemistry
of the compounds and is important for macroscopic
effects like dielectric properties and conductivity and
for collective phenomena like phase transitions.

B. Phase-transition temperatures

The phase-transition. temperatures of the three
structure transformations of BaTi03 doped with Fe,
Ni, Zn, or Ga do not depend on the oxygen partial
pressure during annealing. However, the three tran-
sition temperatures of the Cr-, Mn-, and Co-doped
compounds are drastically altered upon annealing;
this is shown for the cubic-tetragonal transition in
Fig. 5(a) and for orthorhombic-rhombohedral transi-
tion in Fig. 5(b). Hence the phase stability is affect-
ed by annealing in the case of precisely those ions
that:change their valencies and that cause changes of
the oxygen vacancy concentration. The temperatures
of the tetragonal-orthorhombic transitions are not
presented here because we wish to limit the discus-
sion to transformations between a distorted (tetrago-
nal, orthorhombic) and an undistorted oxygen sublat-
tice (cubic, rhombohedral —which can be regarded as
quasicubic'9). '

The results derived from the measurements of the
cubic-tetragonal and orthorhombic-rhombohedral
phase-transition temperatures are summarized in
Figs. 6(a) and 6(b). These figures show dT/de for
02, 02—N2, and H2-H20 treatment (T is the transi-
tion temperature and c is the nominal doping concen-
tration). The dT/de values are obtained by approxi-
mating the concentration dependence of the transi-
tion temperatures by straight lines for concentrations
smaller than 1 mole%. "

It should be borne in mind that the absolute values
of dT/de might be strictly vaiid only for compounds
with 3 mole% Ti excess and the preparation condi-
tions chosen. It has been checked in some represen-
tative cases, however, that the relations for different
dopes and annealing conditions are qualitatively
maintained with different amounts of Ti excess. The
discussion that follows is therefore based only on the
qualitative features of the phase-transition tempera-
tures.
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The investigations of the (ja- and Zn-doped com-
pounds were included in order to study the influence
on the phase stability" arising from the presence of
divalent and trivalent closed electron shell ions with a
size and electronegativity comparable to those of the
iron-group ions. The shift of their phase-transition

temperatures may thus be considered as a reference
for the divalent and trivalent 3d ions with unfilled
shells. ~~

When comparing the phase-transition temperatures
of compounds doped with different 3d ions being in
the same valence state and treated under the same
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FIG. 5. Phase-transition temperatures of Cr- (0, 0), Mn-

(Q, +), and Co- (4, i) doped BaTi03 polycrystals vs the
nominal doping concentration. (a) Cubic-to-tetragonal tran-
sition (Curie point). (b) Orthorhombic-to-rhombohedral
transition. Open symbols: samples annealed in Oq', bold
symbols: annealed in H~ —H~O.

FIG. 6. Shift per doping concentration of (a) the cubic-
to-tetragonal and of (b) the orthorhombic-to-rhombohedral
transition temperatures of BaTi03 doped with Cr to Ni, Zn,
and Ga at the oxygen partial pressures of 150 bar (0& ), 0.2
bar (O~—N~), and 10 bar (H~ —H~O). The dT/dc values

were obtained from a straight-line approximation of the con-
centration dependence of the transition temperatures up to 1

mole% of the nominal concentration; only the Co value for
0&—N& is an approximation of the whole concentration
range. OCr, + Mn, s Fe, 5 Co, Q Ni, OGa, OZn.
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atmospheric conditions, one observes significant
differences: e.g. , the orthorhombic-rhombohedral
transition of Cr4+ and Mn'+ (02), both transitions of
Co + and Fe~+ (02 and 02—N2). On the other hand,
Co2+, Ni +, and Mn + treated in H2 —H20 show more
or less the same behavior. In connection with the
results for the Ga'+- and Zn'+-doped samples this
points out that the phase stability depends neither on
the specific kind of dopant only (e.g. , number of d
electrons) nor on its particular valence state or the
concentration of oxygen vacancies only, but also on
the symmetry properties of their electronic wave
functions.

The tetravalent ions (Cr4+, Mn4+ in 02) which are
enclosed by complete oxygen octahedra do not influ-
ence very much the cubic-tetragonal phase-transition
temperature. Neither the A2g ground state of Mn +

nor the T~~ state of Cr + additionally resist the tetrag-
onal distortion of the cubic cell; the singlet A2g state
obviously has no special preference for either one of
the structures (this is a correction of the previously
stated assumption' that the singlet A2g state favored
the cubic phase) and the T~, state couples only little
to the E distortion of the lattice at the ferroelectric
transition. However at the orthorhombic-
rhombohedral transformation, where the cubic oxy-
gen arrangement is restored, both ions behave quite
differently. Whereas the A2g singlet of Mn + is still
insensitive to the phase change, the Cr4+ T~g state,
whose orbital degeneracy is lifted in the distorted
phases, resists the restoration of the quasicubic en-
vironment (leading again to degeneracy) most prob-
ably for energy reason (the temperatue at this transi-
tion is about 200 K lower than at T,).

In the 02—N2-treated samples the Mn is incorporat-
ed partially as Mn + which, when compared with
Ga'+, should stabilize the cubic structure due to the
charge defect; however, the opposite is the case.
This may be the consequence of the Eg-type Mn'+
3d' ground state which, even when it is split due to
the charge defect, strongly interacts with the E-type
lattice distortion because of its electron distribution
coming close to neighboring lattice sites. This cou-
pling extends the existence range of the distorted
structures. Further reduction of Mn to Mn'+ with
the S-type 3d' state in connection with doubly ion-
ized oxygen vacancies again favors the cubic struc-
ture as in the case of the singlet-type Ni'+ state
(A„).

Furthermore the reduction of Cr + to Cr'+, which
would be singlet A 2~ within complete oxygen octahe-
dra, and the corresponding creation of oxygen vacan-
cies, leads to a stabilization of the cubic phases. This
stabilization is stronger than that provided by Ga~+

and comparable to that of the Fe~+ compounds (Fe~+,
3d', S type). This strengthens the conclusion that
the difference compared with the Ga'+ results is
caused by the singlet state of the unfilled 3d shell,

which extends the stability of the undistorted phase.
Comparing Co + with Ga + we see that there is an

additional influence of the 3d electrons, but it is
smaller than for Fe'+. We assume that this reflects
the original T-type symmetry of the 3d6 state which is
split due to the charge defect but still does not couple
so strongly to the E-type lattice deformation. The
reduction of the Co'+ to Co + results in a behavior at
the cubic-tetragonal transition which is similar to that
of Mn2+ and Ni~+, both possessing a singlet electron
ground state; the similarity probably indicates that the
Co'+ state, which is T~, in Oq symmetry, is split such
that the resulting ground state is a singlet (A2 in C4„
symmetry). The comparability with the results of
Ni2+ and Mn2+ is not, however, so obvious at the
orthorhombic-rhombohedral transition; nevertheless,
the range of existence of the distorted structure is
clearly diminished with respect to the Co'+' com-
pounds, and it is also slightly smaller than for Zn2+.

To sum up, the results of this investigation suggest
that the phase transition of 3d-doped BaTiOq depends
on the symmetry properties of the electrons in the
dopants unfilled 3d shell in combination with the ox-
ygen defects produced by the incorporation of 3d ions
having an electrical charge smaller than 4. The
charge defects of ions having a closed 3d shell (Ga'+,
Zn'+) increase the existence range of the cubic and of
the quasicubic rhombohedral phase. This range is
further extended when the electronic ground state of
the ion is derived from a singlet state in the original
Oq symmetry of the substituted Ti site (the Oq sym-
metry is broken if neighboring oxygen vacancies are
present). This is the case for Cr'+ (A2,), Fe'+(S),
Mn'+(A2~), and Ni'+ (A2, ); probably the situation of
Co'+ (A2 in C4„) can be explained accordingly.
Co'+, which has T symmetry, makes only a small
contribution to the stability of the undistorted phases.
On the other hand, in the case of Mn~+, where the
electronic ground state is of E, type and for which a
strong coupling to the E-type lattice transformation is
expected, one even observes a distinct lowering of
the stability of the cubic phases despite the presence
of the charge defects. In the case of Mn + (A 2~) and
Cr'+ (T&~) incomplete oxygen octahedra do not occur
in the 3d-doped compound and hence the phase sta-
bility is influenced only little by the symmetry of the
electron configuration.

IV. SUMMARY

BaTiOq ceramics doped with different 3d elements
were sintered in air and annealed afterwards at 700'C
in pure oxygen at 150 bar and in H2 —H20 atmo-
sphere (oxygen partial pressure 10 22 bar). The
valence states of the doped 3d ions were determined
by magnetic-susceptibility measurements. It was
found that some of the ions (Cr, Mn, and Co) pos-
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sess different valence states when the compounds are
treated in three different atmospheres; others (Fe
and Ni), however, do not. Concomitantly with the
lowering of the valence of a particular ion we ob-
served weight losses of the compounds which
correspond to the creation of doubly ionized oxygen
vacancies (positively charged with respect to the oc-
cupied oxygen lattice sites).

Moreover, the change of the valence state was

found to cause a change of the phase-transition tem-

peratures, and in those compounds where the valence
of the doped ions is independent of the annealing in
different atmospheres the phase transitions also
remain unaffected. From the correlation between the
phase stability, the valence of the dopes and their 3d
configuration we conclude that the phase transitions
of 3d-doped BaTi03 depend both on the symmetry
properties of the electrons in the unfilled 3d shell and
on the presence of oxygen vacancies required for the

compensation of the charge defect.
The critical dependence of the valence states of the

dopes, of the correlated presence of oxygen vacancies
and of the phase stability on the experimental and
preparative circumstances shows that a careful control
of the thermodynamic boundary conditions during
preparation is required whenever BaTi03 is doped
with 3d ions, either in fundamental research on, e.g. ,
phase transitions or in materials engineering for in-

dustrial purposes.
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