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Electronic structures of Co(II) and Co(III) impurities in cubic perovskite hosts
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The spin-polarized option of the multiple-scattering Xa method is used to obtain the elec-

tronic structures of divalent and trivalent cobalt ions in SrTi03 and BaTi03 samples. Vari-
ous clusters account for the different charge-compensation mechanisms (oxygen vacancies,
fluorine ions) and different spin configurations are considered for Co(II) and Co(III) centers.
Transition-state computations are carried out to get the various multiplet levels of Co(II)
and CO(III) cubic centers. The high-spin 'T2g and the low-spin 'A

lg terms are, respectively,
the Co(III) ground terms in BaTi03 and SrTi03 hosts. The 10Dq crystal-field parameter of
Co(III) increases from 1.9 eV (BaTi03) to 2.1 eV (SrTi03). In the light of Xa energy dia-

grams, the possible interpretations of the absorption spectra relevant to Reimeika
BaTi03.Co and SrTi03.Co crystals are reviewed.

I. INTRODUCTION

Perovskitelike oxides doped with 3d transition-
metal ions have been extensively studied in the past
few years. The doping effects on their physical
properties are probably connected with the
equilibrium-defect distribution which is related to
the ambiant oxygen partial pressure, the tempera-
ture, and the impurities present from the prepara-
tion. ' Moreover, many works2' (and references
herein) describe how oxidizing and reducing anneal-
ing treatments change the nature of the transition-
metal related centers. Optical, electron paramagnet-
ic resonance (EPR), and electrical experiments are
the main tools to investigate the nature of the im-
purities and of their associated defects.

Concerriing the Co impurities trapped in BaTi03
or SrTi03 crystals, the available experimental
data " show many similar features with the results
about the Fe impurities in the same hosts.

(a) These transition ions enter as substitutions at
the Ti + site.

(b) Several nominal ionicities are observed under
irradiation or thermal treatments ' and the result-

ing chromic properties seem to depend on similar
electronic processes. '

(c) The charge-compensation mechanisms involve
mainly oxygen vacancies ( Vo) for doping ions with
valencies smaller than four, ' and with additional
charge compensation by fluorine ions arising in

BaTi03 crystals grown by the KF flux method. ' '"
(d) Several ground terms are possible for a given

nominal ionicity of the transition ion, according to
its crystalline environment, as shown by the follow-
ing examples: In SrTi03, the cubic Fe + center has
a spin S=0 while the axial Fe +-Vo one is
paramagnetic with S=2 (Ref. 15); the Co(III) ion is
diamagnetic in SrTi03 (Ref. 7) and paramagnetic in
BaTi03 ceramics.

Despite numerous experimental results available
for these materials, theoretical investigations of their
electronic structures have received little attention in
the literature. Some recent molecular-orbital corn-
putations exist for Fe doping ions, ' ' but up to
now, the main way to get some insight into the ener-

gy diagrams relevant to Co-doped perovskites is to
refer either to calculations reported for bulk crystals
like CoO (Refs. 18 and 19) or to results provided by
crystal-field models.

Thus it is worthwhile to undertake a series of
molecular-orbital computations on BaTi03.Co and
SrTi03.Co crystals, with the use of the self-
consistent-field Xa spin-unrestricted method. '

In Sec. II of this work, the ground-state eigen-
values relevant to the clusters representative of Co
ions and of their associated defects are reported with
a special emphasis on the effects of the spin configu-
ration. In Sec. III, the absorption spectra and the
ground terms are discussed in the light of the energy
diagrams, while Sec. IV is a summary of the main
results of this work.
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II. GROUND-STATE EIGENVALUES
AND IMPURITY LEVELS

gap are obtained as in the case of Fe and Fe-Vo de-
fects.""

A. Theoretical background

1. Different clusters representative

of Co-doped crystals

The chemical analyses carried out on Reimeika
BaTi03.Co samples' ' " show different charge-
compensation mechanisms according to the impuri-

ty concentration: One oxygen vacancy is associated
to a Co ion when the atomic Co percentage is less
than 0.2% and two fluorine F ions are associated
to Co(II) for higher concentrations. This leads to
many possible impurity centers, the most significant
being: Ti +-F (TiO&F cluster), Ti +-Vo (Ti05 ),
Co"+ (CoOs" '

) Co"+-Vo (CoO " ' ), Co"+-F
(Co05F" "), and Co +-Fz (CoO&F2 ), with n=2
and 3. The centers involving F ions are specific to
Reimeika crystals. In the following we will denote
the molecular complex by its associated center in or-
der to simplify. We worked in the paraelectric
phase of BaTi03 and SrTi03 which gives the
cluster-point groups Os [one species in the center;
Co(II), for instance] and C&„(two different species
like Co and Vo, for example). The energy diagrams
relevant to these clusters are compared to the Ti +

cluster (TiOs cubic cluster), which is assumed to
be representative of the undoped material. The lo-
calization of the impurity levels in the intrinsic Ti +

2. Ground sta-te configurations

The electronic structure of a 3d ion embedded in a
crystal host is mainly dependent on two parameters
of equal importance: (i) the nominal ionicity and (ii)
the ground term of the impurity. ' These parame-
ters are usually obtained from experimental data.
The cobalt ion may exist under several ionicities and
spin configurations in perovskite crystals. For in-
stance, Richter et al. found Co(II), Co(III), and
Co(IV) species with various ground terms in
LaCo03 crystals depending on temperature. Main
et al. discuss more specifically the high-spin (HS)
and low-spin (LS) configurations of Co(III) oxides.
In SrTi03, Co(III) is found in its diamagnetic state
de ('A&s ground term) (Ref. 7) while in BaTi03
ceramics, the HS configuration de dy ( T2s) ap-
pears to be the most probable from magnetic suscep-
tibility measurements. These latter observations re-
ceive an indirect theoretical justification from the
EPR measurements of the cubic parameter a of
Fe + substituted in cubic oxides. Indeed, the a
value which is relevant to BaTi03.Fe is reduced by
about 30% relative to the values obtained for
MgO:Fe or SrTi03.Fe crystals. This suggests that
the 10Dq crystal-field energy is lowered when a 3d
impurity is trapped in BaTi03 rather than in
SrTi03. Then, from considerations on the d

0
TABLE I. Xa parameters and atomic positions relevant to a cubic cell parameter d=4 A.

Atomic positions in a.u. '
Ti or Co: clusters without Vp(0,0,0); C4„clusters with a Vp(0,0,0.378)
0; (i=1—6 in cubic clusters): (+3.78,0,0); (0,+3.78,0);(0,0,+3.78)
For axial centers, Vp or F are substituted at the oxygen site (0,0, + 3.78)

Sphere radii in a.u.'
T106s Ti05F Ti05: RT) =2.00 Rp = 1.78 RF = 1.78 R v = 1.78

Co06, Co05F Co05.' R~= 1.96, Rp= 1.82, RF= 1.78, Ry =.1.82

All clusters: Rps ——R~s ——5.6

a parameters
ar; ——0.71698, ap ——0.74447; a~ ——0.73732, aq ——ap

ac,——0.710 18

a~s ——aos ——weighted averaged values on atomic a

Watson sphere (WS) charges iu
~

e
~

units

q(Ti06) =8.5; q(Co +06)= 10.5; q(Co +06)=9.5.
q(Ti05F) =7.5; q(Cp +05F)=9.5; q(Cp +05F)=8.5.
q(Ti05)=6.5; q(Cp +05)=8.5; q(Cp +0 )=7 5

0
'The parameters relevant to SrTi03 (d =3.9 A) are obtained from the preceding ones by multi-

plying by 0.975.
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energy-level pattern of Tanabe and Sugano (hereaf-
ter denoted TS), the LS Co"'+ configuration is ex-
pected for SrTi03..Co(III) (with Dq~B& 2), while the
HS Co + one becomes more probable in
BaTi03.Co(III). Xa transition-state computations of
the term energies of Co(III) in the SrTi03 and Ba-
Ti03 hosts confirm these hypotheses, as will be seen
in Sec. III.

3. Xa parameters

The following spin configurations of Co(II) and
Co(III) species have been investigated: LS Co"+
(de dy' F. ) LS Co'"+ (de 'A ) HS Co +

(de dy T,s},and HS Co + (dF. dy T2s}.
The Xa parameters, given in Table I, have been

chosen as described in earlier works. ' ' ' Let us
summarize. The distances between the center of the
M sphere (M=Co or Ti), and the ones of the 0; ox-
ygen spheres situated at the octahedron's corners
(i = 1—6), are, respectively, of 2 A for BaTi03 and of
1.95 A for SrTiO3. When an oxygen vacancy is
present in the cluster, an empty sphere having the
same radius as the oxygen sphere is centered at the
Vo site; moreover, the M sphere is shifted by a 0.2-
A length towards the Vo site along the C4„symme-
try axis in order to account for the results of Siegel
and Miiller.

The atomic-sphere radii of the cubic centers are
chosen according to the touching-sphere require-
ment and the Norman's procedure. These radii
remain unchanged in the calculations concerning the
C4„clusters. The barium and strontium ions are
treated as ionic charges modifying the electronic lev-
els by means of the total charge of the cluster. The
electronic charge environment of the cluster is simu-
lated by a Watson sphere (WS) with the same radius
as the outer sphere (OS); the WS bears a positive
charge equal to the absolute value of the one of the
cluster, plus one-half unit, which allow us to obtain
bound levels for the whole conduction band.

Calculations are carried out including partial
waves up to 1= 1 for 0 (or F) spheres and l=3 for
M spheres and the extramolecular region. The orbi-
tals relevant to the deeper states 01s, M 1p, M2s,
M2p are treated in the "thawed" core approxima-
tion: They keep their atomic character, but their
charge distribution and energies are varied during
the self-consistency procedure. A +10 Rydberg
convergence criterium is chosen for each energy lev-
el. The statistical-exchange parameters a relevant to
atomic-sphere regions are taken from Schwarz's ta-
bulation, and weighted averages of the atomic
values are used in the interatomic (IS) and OS re-
gions.
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FIG. 1. Ground-state Xo: eigenvalues for cubic and axial Ti + centers: (a) Ti06 cluster (Ti + center, representative of
the undoped cubic BaTiO3 crystal). (b) Ti05F cluster (Ti +-F C4, center). (c) TiO5 cluster (Ti +- Vo C4„center).
(The first allowed transitions and the corresponding Xa eigenvalue differences are pictured by vertical arrows, with energy
values in eV.)
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B. Energy-level diagrams

Ground-state Xa eigenvalues relevant to Co(Ti)
3d and O(F) 2p states are plotted in Figs. 1—3 and
the molecular diagram representative of the undoped
crystal (Ti + center) is given in Fig. 1(a) for the
BaTi03 host. The Ti"+02~ t~g state is chosen as
zero-energy reference level [valence band (VB)],
while the Ti +

tzg one is the conduction-band edge
(CB). For the other clusters, the t&gt (cubic center)
or the a2t (axial center) states have been scaled to
the VB level since they present the same pure oxy-
gen character, independent of the nature of the cen-
tral ion, The weak-spin splitting between the up-
and down-spin t&s (or a2) states allows us to choose
arbitrarily the up-spin level as reference for the VB
top in spin-polarized configurations. A dotted line
shows the CB level in all the diagrams for a better
visualization of the impurity states located inside
the intrinsic gap.

The diagrams associated with the 3.9-A SrTi03
parameter do not differ appreciably from those re-
ported in Figs. 1—3. This allows a common descrip-

tion of the electronic behavior of impurity centers in
cubic BaTi03 and SrTi03 hosts.

1. Cubic centers

The importance of the spin configurations for a
given ionicity of Co ion is clearly depicted by. the
differences between the diagrams of Figs. 2(a) and
2(b) for Co(II) and of Figs. 3(a) and 3(b) for Co(III).
For instance, the LS Co"'+ center can not have a
charge-transfer band at energies less than the band

gap value as the only empty dyeg level is localized
near CB, while Co + has a partly filled t2sl state in
the middle of the gap, allowing t&„t(t2„t)~t2s&
transitions to begin at about 2 eV. The Figs. 2(a)
and 3(a) (LS) or 2(b) and 3(b) (HS) show that Co3d
levels lower inside the gap as the nominal ionicity of
Co ion increases. The downwards shifts of the im-
purity states according to the valencies have already
been noticed for the Fe centers' but they depend
also on the change of the spin configuration from
one ionicity to the other.
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FIG. 2. Ground-state Xa eigenvalues for Co(II) centers: (a) Co06' cluster associated to the LS cubic Co"+(de dy')
center. (b) Co06' cluster associated to the HS cubic Co +(de'dy ) center. (c) and (d) CoOP and CoOq' clusters as-
sociated to the HS Co +-F and the HS Co +-Vo centers. (The small arrows on t2g and eg states picture the occupation of
Co 3d states. )
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2. Axial centers

The preceding observations hold for axial centers,
but additional effects due to the presence of fluorine
ions or of a vacancy site are observed. The compar-
ison of the electronic structures associated to the ax-
ial M-X and to the cubic M centers (M=—Ti~+,
Co(II), Co(III), X—=F,Vo) allows us to discuss more
specifically the effects of charge-compensation
mechanisms.

a. Centers involving fluorine ions (Figs 1(b). and
2(c)J. The cubic M 3d states are both shifted and
split in MO~F clusters. The t2s~(e, bz) and

es +(a ~—,b ~ ) splittings are similar but slightly
stronger than in a cubic-to-tetragonal phase transi-
tion in an MO6 cluster. When the point-group sym-
metry lowers, it induces additional spin-splitting ef-
fects in spin-polarized configurations: The C4„oc-
cupied (t spin) levels are pulled down while the
empty or partly filled ( l spin) ones are slightly shift-
ed upwards relative to the O~ corresponding states
[see Figs. 2(b) and 2(c) for instance]. The case of
two fluorine iona in the next vicinity of the central
atom are not reported here. When the two F ions
are substituted for oxygens along a.C4 axis (F-M-F
center with D4» symmetry), the resulting orbital-

energy pattern is almost similar to the M one.
When the two M-F axes are perpendicular, the local
symmetry becomes D2~, and the energy diagram is
expected to be near the MOSF one.

b Centers with an oxygen Uacancy [Figs. 1(c),
2(d), 3(c), and 3(d)J. The Xa ground-state energy
diagrams relevant to some oxygen vacancy
transition-metal pair defects in cubic perovskite
hosts have been given elsewhere. ' The behaviors of
Co- Vo centers are quite similar and we recall briefly
the main conclusions of Ref. 17.

First, the 3d impurity states are shifted down-
wards as the metal ion moves towards the vacancy
site. Simultaneously, the electronic distributions of
the a~ dy state show appreciable contributions of
the vacancy-atomic sphere, responsible for the
strong splitting (around 1 eV) between b, and a ~ d y
levels. New impurity states can appear inside the
band gap. This is particularly striking for Co"'+-
Vo and Co +-Vo centers [Figs. 3(c) and 3(d)].
Indeed, in the cubic Co06 clusters, the d y t(Co +

)

and dy(Co"'+) levels lie around the CB edge, while
the corresponding dya& states are localized in the
middle of the gap.

Second, two levels of e and a ~ symmetries, associ-
ated to the upper 02& t» cubic state, are missing in
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FIG. 3. Ground-state Xa eigenvalues for Co(III) centers: (a) Co06 cluster associated to the LS cubic Co'"+(de )

center. (b) Co06 cluster associated to the HS cubic Co +(de dy ) center. (c) and (d) CoOq cluster associated to LS
Co'"+-Vo and HS Co +- Vo axial centers.
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the valence band. The t&g level is split into a2 and e
states, and the cubic forbidden transition t&g ~t2g is
then allowed in C4, symmetry through e~e and
e ~b2, a2 ~e transitions, respectively, polarized
parallel and perpendicular to the C4 axis, with ener-
gies weaker than the first-allowed t&„~t2g cubic
transition.

Third, the virtual Co4s levels (not represented
here), strongly delocalized in the extramolecular re-
gion in cubic centers, become more localized in the
atomic spheres associated to the metal ion and to the
vacancy in Co05 complexes. They lie near the emp-
ty de states and can act as electron traps to create
Vo+e(+i ) and Vo+2e(F2) centers.

pl =&e

—= (E( Tis)+E( Tis)) E—('Ais) .

Configuration t2g, t2g, eg, of d:
p2=4

—= —,[(E('T s)+E('T s))

+(E('Ti )+E('Ti ))] E('A—] ) .

Configuration res, res, ez, of d':

(2)

III. OPTICAL ABSORPTION
AND THEORETICAL

EXCITATION ENERGIES

A. Ground-state configurations
and crystal-field transitions

Configuration t2, t2a, es&e&i of d:
10Dq=E, , —E.. .=E( Es)—E( Tis) .

(3)

(4)

The optical-absorption spectra of d" transition-
metal ions usually allows one to determine the term
energies and to deduce parameters like the crystal-
field parameter 10Dq and the Racah's terms B and
C by solving the electrostatic matrice relevant to the
d" configuration (see for instance Refs. 20 or 30).
Some considerations on the TS energy diagrams or
the use of approximate analytical relations as report-
ed in Ref. 31 allow the estimation of these parame-
ters from the knowledge of only few term energies.

In the present work, excitation energies are calcu-
lated through the transition-state procedure ap-
plied to configurations suitable to obtain transitions
between terms in the d and d configurations. The
method, described by Ziegler et al. allow us for in-
stance to obtain the singlet-triplet and triplet-quintet
splittings. We have studied the de ('A is),
de dy('Tis, 'T2s, Tis, Tzs), de dy ( T2s}, and
de dy ( E ) configurations (terms) for Co(III), and
the de dy ( Tis) and dc dy( Es) configurations for
Co(II). As it is not possible to separately calculate
the energies of T,s and Tis terms inside the de'dy
configuration, we obtain averaged energies of the
singlets and of the triplets, respectively, denoted
(E('Tis)+E('T2s)) and (E( Tis)+E( T2s)).

In the following, 2'+'I and E( '+'I") stand for
the term and its energy while e; denotes the Xu
eigenvalue of a given level i. Four parameters p~,
p2 p3 and p4 are introduced in order to simplify
further discussions. The appropriate relations be-
tween the Xa eigenvalues, the term energies, and the
p parameters are reported below for each
transition-state configuration.

Configuration tis, t2s, ez,
' of d:

For the d configuration, we have investigated the
term splitting of T~z and Es using the transition-
state configuration t2gf t2gp egf, we obtain

p4=e, —e, =E( Tis)
—E( Es) . —

s~ 2m~

Equations (1)—(4) provide the ordering of the d
terms relative to 'A ~g.

For Co(III) trapped in BaTiOs, we obtain

p~ ——0.26 eV, p2 ——1.71 eV, p3 ———0.3 eV, 10Dq= 1.9
eV. These values bring out the following con-
clusions: (i) The ground term is Tzz, but the energy
difference

E( Tis) E('A is), —

given by pi+.p&, is extremely weak (0.06 eV). This
corresponds to the left neighborhood of the cross-
over region Dq

~

B=2 in the d TS energy pattern.
Consequently, the calculated 8 is around 0.095 eV.
(ii) The comparison of pi and p, i show the singlets
located well above the triplets, in qualitative agree-
ment with the TS diagram. (iii) The Dq reported
above is very near of the value 1.71 eV obtained for
another ferroelectric: LaCo03.

The situation is somewhat different for Co(III)
em.bedded in SrTi03. The ground term becomes
'A~g and the 'A&g~ T2g splitting increases to 1.38
eV. T2g is located 0.53 eV above the averaged trip-
let and the singlet lies well above the quintet. This
corresponds to the region around Dq

~

B=3 in TS.
The calculated 10Dq=2. 1 eV implies that 8 is about
0.07 eV. The theoretical data can be compared to
the values estimated from the absorption of
SrTiOi..Co(III}. The two absorption bands have
been ascribed to the transitions 'A ~s~'T&s (1.77 eV)
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and 'A is~'T2s (2.47 eV). This gives an experimen-
tal splitting

of 2.12 eV, slightly lower than the calculated one,
2pz —p ~

——2.93 eV. Nevertheless, the parameters
10Dq = 1.93 eV and 8=0.08 eV estimated by
Miiller are of the same order as our calculated
values.

The ground term of Co(II) is found to be Es
in SrTiO3 and BaTi03 cubic hosts, but the
Es~4T,s transition energy increases from 0.07 to

0.2 eV, from barium to strontium titanates. The
preceding transition-state computations show that
the terms associated to the LS and HS configura-
tions of Co(II) and Co(III) ions have nearly
equivalent energies in the BaTiO3 cubic host. They
point out the changes in the ground-state configura-
tions induced by a cell-parameter variation. This is
a possible explanation of the existence of LS and HS
configurations in LaCo03 crystals in function of
temperature.

l. Optical absorption ofReimeika BaTi03.'Co

samp/es

The absorption spectra of such crystals have been
reported elsewhere. Two structures are present in
the doped material. The first one, centered at 2.4
eV, is a broad band with an intensity increasing with
the impurity percentage. The second one appears
like a band-gap narrowing, with a lower limit of 2.8
eV for high Co concentration. The 2.4-eV structure
disappears after reduction treatments in a hydrogen
atmosphere.

The 2.4-eV structure can be ascribed to charge-
transfer transitions in the Co'+ or Co +-VQ centers
[Figs. 3(b) and 3(d)]: This band is centered around
the 02~ t2„,~Co3d t&g, transition in cubic Co +
center with an Xa excitation energy of 3 eV, which
has to be compared to the 4.25-eV calculated gap for
the Ti + center. Three other possibilities must be
discarded. (i) According to the preceding section,
the crystal-field transitions are around 2 eV in
BaTi03 and this is too low to account for the 2.4-eV
band. (ii) It is not possible to ascribe this band to
the ionization process Co(II)—+Co(III) by removing
one electron from a Co state towards the conduction
band, as it had been stated previously. In fact, all
clusters of Figs. 2(a)—2(d) present highest partly oc-
cupied levels below the CB state in the 0.2—0.6 eV
range. Moreover, this interpretation would be in-
compatible with the behavior of the 2.4-eV peak
under reduction. (iii) The highest occupied levels
(es, or t2s, in Co +, es in Co"'+, bi, in Co +-Vo)
lie about 1.5 eV below the CB state. This provides a
rough estimation of the energy necessary to ionize

Co(III) into Co(IV) by releasing one Co3d electron
towards the Ti conduction band; this value appears
too weak to account for the 2.4-eV band.

The band-gap narrowing can be related to Ti +-
VQ centers and to all others including divalent Co
ions since they exhibit partly filled or empty 3d
states near the CB edge (see Figs. 1 and 2).

The charge-transfer transitions in all these centers
induce a small amount of absorption in the blue end
of the visible region. This amount increases with
the Co(II) concentration, and appears in the spectra
as a gap displacement towards lower energies.

2. Photochromic bands ofSrTi03.Co crystals

The uv irradiation induces photochromic (PC) ab-
sorption bands identical to the ones obtained by oxi-
dation, implying the photo-oxidation process
Co(III)~Co(IV). Simultaneously, Co(II) cubic
centers are created. The PC absorption bands given
in Ref. 6 show two peaks centered around 1.6 and
2.6 eV. The Xa eigenvalues of Co(IV) centers have
been calculated in the HS Co + de dy ( Ais) and
LS Co'v+ det3 de&2( T2s) configurations. The en-

ergy diagrams (not reported here) show that the det
and dye states are shifted downwards by about 1

and 0.5 eV, respectively, as one goes from Co + to
Co +. Quite similar energy lowerings are observed
in the LS cases. Moreover, the Co(IV) deb level is
partly filled. Consequently, the Xa calculations
predict two charge-transfer bands, due to
02p~Co(IV) de and 02p-~Co(IV) dy transitions
with energies compatible with the 1.6- and 2.6-eV
experimental structures.

IV. SUMMARY

The Xa calculations of the electronic structures of
Co impurities embedded in a perovskite host give
evidence for the effects of spin configurations on the
molecular-orbital patterns. The theoretical investi-
gations of the various multiplets show the possible
changes of the ground term in function of the cell
parameter of the crystal host.

The two structures present in the experimental-
absorption spectra of Reimeika BaTi03.Co crystals
are ascribed to charge-transfer transitions towards
3d levels of Co(III) and Co(II) cubic centers, with
possible contributions of the centers arising from
charge-compensation mechanisms. The optical ab-
sorption of SrTi03:Co is related to crystal-field tran-
sitions from the diamagnetic 'A&g ground term of
Co(III) cubic center while the photochromic
behavior of SrTi03.Co agrees with charge-transfer
transitions implying the presence of Co(IV) cubic
centers.
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