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In BaTiO3 the alkali ions Na and K, replacing Ba, lead to acceptor levels about 50 meV above the valence
band edge. The structure of these defects can be studied by electron spin resonance, after light induced
valence-band holes have been captured at neighboring O22 ions. Hyperfine interaction with Na, Ba, and Sr
impurities, adjacent to the paramagnetic O2, is identified. The holes are trapped stably below;50 K. Their
level position is determined by the temperature dependence of the relaxation rate of the light-induced non-
equilibrium excess hole population. Photostimulated small polaron transfer between O22 sites equivalent with
respect to Na or K leads to a strong optical-absorption band with peak at 1.3 eV, corresponding to a stabili-
zation energy of the bound hole polaron of about 0.65 eV. The Na1-O2 dipoles can be reoriented under
uniaxial stress at 4.2 K; a differential stress coupling coefficient of 1.2331024 m3 is derived. Several O2

centers associated with partly unassigned acceptors on Ti sites are identified. Their properties are compared to
those of the Ba site acceptors. Vibronicg shifts are accounted for by a dynamic Jahn-Teller effect involving the
twofold degenerate O2 p orbitals.

I. INTRODUCTION

BaTiO3 usually contains a sizeable concentration of ex-
trinsic acceptors, strongly influencing the defect chemistry
and the conductivity properties of the material.1 Alkali ions,
e.g., Na or K, incorporated on Ba sites, form an important
subgroup among such acceptors. The structure and hole
binding energies of these defects were not known so far.
Here we report on the determination of these and related
properties using electron spin resonance and complementary
techniques. It is found that the~Na1)8 and ~K1)8 centers,
charged negatively with respect to the lattice, are trans-
formed at low temperatures into their neutral states by cap-
ture of holes, created by optical excitation of valence-band
electrons to deep levels, such as Rh41/31. The holes are
metastably trapped at one of the equivalent O22 ions next to
the alkali acceptor core. The structure of the resulting
Na1-O2 and K1-O2 centers will be described; it will turn
out that these defects are rather shallow, their levels lying
about 50 meV above the valence-band edge. The centers are
connected with strong, wide optical-absorption bands,
caused by light-induced polaronic hole transfer between the
O2 sites equivalent with respect to Na1 or K1. The bands
dominate the low-temperature light-induced coloration of
such crystals. Alkali acceptors have been identified in all
BaTiO3 crystals which we have investigated so far.

Acceptor defects on Ba sites have to be contrasted to
those replacing Ti, such as~AlTi

31)8.2 Comparisons between
the features of these two types of centers will be made
throughout this paper.

A short account of the properties of the alkali centers has
been given previously.3 Here we intend to present a rather
complete overview. These defects turn out to be prototypes

of several related ones, which have been identified in oxide
perovskites.4–8 They have similar ESR signatures as the al-
kali acceptors; in some cases definite submicroscopic models
still are lacking.

The photosensitivity of the alkali acceptors is a feature
shared with many transition metal dopings, which are in-
volved in light-induced charge transfer processes in BaTiO3
and which can be incorporated to stimulate the photorefrac-
tivity of the material. The present investigation is part of a
project devoted to identify defects optimally sensitizing the
photorefractive efficiency of BaTiO3 .

After presenting information on experimental details, the
results of ESR, optical-absorption, and uniaxial stress inves-
tigations will be reported. From these studies the structural
and energetical properties of the centers will be derived. A
final section is devoted to a discussion of the identified facts
within a wider context.

II. EXPERIMENTAL DETAILS

The investigated crystals were grown by Dr. H. Hesse and
co-workers at the Crystal Growth Laboratory of the Univer-
sity of Osnabru¨ck. Unpoled, nominally undoped specimens
with the typical size 23334 mm3 were used as grown. A
Bruker ER 200 D-SRC 9 GHz spectrometer served to take
the ESR spectra, usually at temperatures between 10 and 100
K, i.e., in the rhombohedral phase of BaTiO3 . In order to
measure light-induced absorption changes simultaneously
with corresponding changes of the defect charges, as moni-
tored by ESR, we have built a glassfiber based, fast multi-
channel spectrometer, covering the wavelength range 300 to
1100 nm, which allows us to take 20 ms snapshots of light-
induced absorption spectra covering the full wavelength
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range. The input end of the spectrometer is identical to the
quartz rod holding the specimen in the center of the ESR
cavity. The simultaneous measurement permits to correlate
the ESR and optical phenomena in a simple way.

III. EXPERIMENTAL RESULTS AND
THEIR INTERPRETATION

A. Electron spin resonance spectra

In nominally undoped BaTiO3 crystals, ESR signals with
g values in the range 1.99 to 2.11 arise after illumination at
T<25 K, their intensity depending on the photon energy in a
way to be described below. The angular variation of the reso-
nance fields of a prominent one among these centers is given
in Fig. 1. It can be described byH5mBBgS with S51/2,
the principal directions ofg being indicated in Fig. 1 and the
principal values in Table I. Theseg-tensor components are
typical for O2 trapped hole centers.9 Since theg values clos-
est toge , the free electrong value, are expected forB along
the symmetry axis of an O2 p lobe, the model in Fig. 2 is
consistent with the observed angular dependence. Further
support for this model will be given below.

Higher resolution of the spectra leads to information on
the surroundings of O2. In Fig. 3 hyperfine splitting into
four intense strong lines is seen, caused by interaction with a
nucleus withI53/2, 100% abundant. Among the possible
choices~Be, Na, As, Tb, Au! Na is the most likely one, its
presence in the~10–100! ppm range generally being proved
by chemical analysis of nominally undoped BaTiO3 . Table I
also contains the Na hyperfine parameters.

In Fig. 3 further hyperfine lines outside of the Na quartet
are discerned. Their most likely interpretation is based on the
assumption that O2 is surrounded additionally, as expected,
by Ba21 ions ~137Ba, I53/2, 11.2%, gn50.63; 135Ba,
I53/2, 6.6%,gn50.56).

Also interaction with Sr nuclei~87Sr, I59/2, 7.0%!,
present as a background impurity, is identified. The stick
diagrams interpreting the hyperfine structures, using the val-
ues in Table I, are indicated in the lower part of Fig. 3 . It is
seen that each of the four Na lines is accompanied by a set of
further structures. The sum of these sticks, convoluted with
the widths of the Na lines, leads to a rather detailed coinci-
dence between observed and measured spectra.

After K doping ~1000 mol ppm K2O in the melt! new
resonances with topologically identical angular dependences
arise after illumination; their parameters are also listed in
Table I. Representative spectra of O2-Na1 and O2-K1 are
compared in Fig. 4. Since the magnetic moment of K~39K,
I53/2, 93%! is only 0.18 times that of Na, the hyperfine
splitting of K is not resolved. The additional structure beside
the main K line in Fig. 4 can be attributed to further hyper-
fine interaction with three Ba ions next to O2.

Besides these fundamental defects several other ones of
similar structures have been discovered. The parameters of
the most prominent one among them are likewise given in
Table I. A typical spectrum is shown in Fig. 5. In addition to
the outer hyperfine lines, assigned as indicated, there is the
strong central structure, attributed to an element with a mix-
ture of nonmagnetic and magnetic (I51/2) isotopes, the lat-
ter with an abundance between 20% to 40%. There are two
such elements in nature:195Pt (I51/2, 33.8%! and 207Pb
(I51/2, 22.1%!, the remaining isotopes havingI50. It turns
out that the assumption ‘‘Pt’’ leads to a somewhat better fit of
the spectra. Pt is expected and found2 to replace Ti in
BaTiO3 . The ESR analysis demonstrates that O2 next to Pt
also has ap-orbital ground state as shown in Fig. 2, i.e., the

FIG. 1. Angular dependence of the resonance fields of
O2-Na1 in BaTiO3 (n59.14 GHz,T510 K!. The line positions
defining the principal values of theg tensor are indicated at the
right side. The arrow marks the field direction at which uniaxial
stress measurements~Fig. 11! have been performed.

TABLE I. Resonance parameters of the alkali-O2 acceptors and
related defects. All hyperfine parameters in 1024 cm21. x: could
not be determined;* : rotation byt around@001# direction

Bi @001# @11̄0# @110#

Na1-O2

g 2.0962~3! 2.0077~3! 1.9998~3!

uA(23Na)u 1.203~5! 1.284~5! 0.56~1!

uA(135Ba)u 2.5 x x
uA(137Ba)u 2.8 x x
uA(87Sr)u 1.5 x x
K1-O2

g 2.1013~3! 2.0093~3! 1.9993~3!

Ptx1-O2

g 2.0742~3! 2.0275~3! 2.0051~3!

uA(195Pt)u 0.7 ~1! 0.9 ~1! 0.7 ~1!

uA(135Ba)u 2.31 ~5! 2.52 ~5! 2.34 ~5!

uA(137Ba)u 2.58 ~5! 2.87 ~5! 2.62 ~5!

uA(87Sr)u 1.6 ~1! 1.6 ~1! x
I-O2

g 2.0640~3! 2.0280~3! 2.0075~3!

II-O2 @11̄0# 1 t @110# 1 t

t518°*
g 2.0708~3! 2.0275~3! 2.0080~3!

III-O2 @11̄0# 1 t @110# 1 t

t518°*
g 2.0640~3! 2.0270~3! 2.0070~3!
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p lobe of the ground state does not point to the acceptor
defect, PtTi . The charge state of Pt in O2-PtTi is not yet
known.

Table I also collects information on three similar further
defects in BaTiO3 . To this group there belong two types,
‘‘II’’ and ‘‘III,’’ having their g axes tilted away from the
^110& type axes by 18° in both cases, as indicated in Table I.
Except for this rotation theg tensors of these defects are
similar to center ‘‘I’’ and to Pt-O2. The concentration of the
tilted centers increases under reduction. It should be re-
marked that none of the alkali centers~Na1 and K1) has a
tilted counterpart.

In this context we add that spectra now attributed to
Na1-O2 have also been reported by Schwartzet al.10 Hyper-
fine interaction was not resolved and resonances were not

detected for some essential directions of the magnetic field;
therefore the underlying center was erroneously claimed to
be axially symmetric.

B. Analysis of ESR data

We shall show that the observed Zeeman and hyperfine
interactions of Na1-O2 and K1-O2 can be understood on
the basis of the orbital level scheme expected for O2

(2p5,L51), situated on the axis between two Ti41 ions in
BaTiO3 and weakly perturbed by a neighboring NaBa

1 accep-
tor core; see Fig. 2. The symmetry of the unperturbed O2

site is D4h , neglecting minor influences which might be
caused by the slight deviation of the low-temperature rhom-
bohedral phase of BaTiO3 from a cubic structure.

The crystal field Hamiltonian for this situation is

Hc f5DLz
21E~Lx

22Ly
2!1lLS, ~1!

where the orthorhombic perturbation by the Na acceptor and
by spin-orbit interaction is taken into account, and the axes

FIG. 2. Orbital model of O2 next to NaBa
1 ,

with the designations used for further reference.
The ground state, shown dark, is always assumed
to bepx .

FIG. 3. Na, Ba, and Sr superhyperfine interaction of Na1-O2

and their simulation (n59.291 GHz; modulation amplitude:
24 mT; microwave power: 5.1 mW; light intensity: 30 W/m2; light
energy: 2.88 eV!.

FIG. 4. Comparison of the Na1 and K1 resonances obtained
with an as grown and with a Na-deriched, K-enriched sample
(n59.265 GHz, modulation amplitude: 24mT; microwave power:
5.1 mW;T59 K; Bi@100#; light intensity: 30 W/m2; light energy:
2.88 eV!.
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are oriented as given in Fig. 2. An orbital singlet,pz , is
highest in the hole picture, separated byD from a doublet,
which is split by 2(E21l2/4)1/2. In the case of vanishing
spin-orbit coupling the doublet orbitals arepx and py . In
Fig. 2, px has been assumed to be the ground state.

1. g tensors

We can make use of the similarity of the ESR features of
the present centers to those of the O2

2 molecule in the alkali
halides.11 In the latter case a hole moves in an orbitally two-
fold degeneratePg orbital of the strongly axial molecule.
The two components ofPg correspond to thepx and py
states in the present O2 centers. Since the O2

2 axis extends
along a^110& direction in an alkali halide crystal, the sym-
metry of the molecule is orthorhombic and the degeneracy of
thePg orbitals is lifted.

If the spin-orbit mixture of the two lowest levels is ex-
actly taken into account and the admixture of the highest one
up to second order, one arrives at

g1105ge cos2a2gl~l/D !~cos2a112sin2a!2C,

g11̄05ge cos2a2gl~l/D !~cos2a211sin2a!1C,

g0015ge12gl sin2a2C, ~2!

with tan(2a)5l/2E andC5ge(l
2/4D2)(12sin2a).

These expressions are identical to those of Zeller and
Känzig,11 except that here the termsC, being of second or-
der inl/D, are included. It turns out, however, that the latter
are always smaller than 531025, usinglO252150 cm21

~see, for example, Ref. 12! and theD values derived from

the first order terms; see Table II. We assume thatgl51,
since orbital reduction by admixture of orbitals of neighbor-
ing ions can be neglected for the two lowest states~see Fig.
2!, which give the decisive contributions to Eq.~2!.

Using these expressions, theE andD values in Table II
have been determined fromg001 andg11̄0 , as referred to Fig.
2. Theg110 values predicted on this basis coincide with the
experimental ones for O2-Na1 and O2-K1, Table II. For the
remaining centers the experimentalg110 values are always
somewhat larger than predicted. Reasons for these slight dis-
crepancies will be discussed below in Sec. IV.

2. Na hyperfine interaction

Table I contains the parameters of the Na-hyperfine inter-
action. We know from the analysis ofg that the ground state
p orbital points along thex direction; see Fig. 2. Since the
symmetry of the center is orthorhombic, the hyperfine tensor
A has the same principal axes asg. All components of the
hyperfine tensor have the same sign; only under this assump-
tion can the hyperfine structure of the spectra be reproduced
by a theoretical simulation.13 Large differences to the experi-
ment are found especially for directions ofB deviating from
the principal directions ofA, if different signs for the com-
ponents ofA are assumed.

DecomposingA into its isotropic (a), axial (b), and
orthorhombic (e), parts

A1105a12b,

A11̄05a2b2e,

A0015a2b1e,

one arrives at uau51.02(1), ubu50.23(1), and
ueu50.04(1)31024 cm21, the axis pointing along@110#; see
Fig. 2. SinceuA110u,uA11̄0u, uA001u, sign(a) Þ sign(b). Be-
cause thepx ground state lies in the region, where the axial
hyperfine interaction,b}^pxu(3 cos2q21)/R3upx& is positive
(q: polar angle with respect to the Na1-O2 direction!, the
isotropic hyperfine interaction,a, must be negative.
Since in a multielectron system all isotropic hyperfine
interactions with electron spins are proportional to
„( i↑uc i

↑(r)u22( j↓uc j
↓(r)u2…, where r means the site of the

nucleus whose hyperfine coupling is probed, where↑ is the
spin direction of the main unpaired electron and where the
sums are over all orbitals having finite amplitude atr, a,0
means that the spin density at the Na nucleus is opposite to
that of O2 px . This is astonishing, sincepx has finite over-
lap with Na1. The situation differs from that where the in-
teracting nucleus lies on a nodal plane of the ground state

FIG. 5. Superhyperfine structure of O2 assumed to be associ-
ated with PtTi

x1. The assignments of the components are indicated. A
simulation of the experimental spectrum is given (n59.258 GHz;
modulation amplitude: 24mT; microwave power: 5.1 mW; light
intensity: 30 W/m2; light energy: 2.88 eV!.

TABLE II. Crystal field parametersD andE ~in cm21), derived
from g001 andg11̄0 ~Table I!, and comparison of experimental and
predicted valuesg110.

D E g110~exp! g110~pre!

Na1-O2 39000 1600 1.9998 2.0003
K2-O2 30500 1500 1.9993 1.9999
Pt-O2 11000 2100 2.0051 2.0013
I-O2 11100 2400 2.0075 2.0016
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orbital, populated by the main unpaired electron. It is well
known that in this case, exchange core polarization of paired
electrons in innershell orbitals having nonzero density at the
relevant nucleus can lead toa,0.14,15

In the present geometry we encounter the fact that the
strong overlap of the O2 px orbital with the Na nucleus
would produce a large positivea . For a similar situation,
O2-Li1 in MgO, CaO, SrO,16 we have demonstrated
earlier17 that the density of the main unpaired electron at the
Li nucleus, corresponding to the Na nucleus in the present
situation, can be strongly reduced by destructive interference
between the electron amplitudes along path 1 in Fig. 6, de-
scribing the direct overlap of thepx orbital with the Nas
shells, and along paths 2 and 3, taking account of indirect
overlap. In this way a situation is produced similar to the
case of a nucleus lying on a nodal plane. Exchange core
polarization of the Nas orbitals can then lead toa,0. This
has been demonstrated in the case treated earlier,17 and not
only the sign,a,0, but also the amount ofa has been pre-
dicted in almost quantitative agreement with observation.

The size of the axial hyperfine interaction parameter,b,
contains information on the distance,R, between nucleus
and O2 site. Considering, as a boundary case, the situation
that the O2 orbital shrinks to a point, we have
b(R)5(m0/4p)gemBgnmK^R23&. Comparison with the ex-
perimentalb yields R50.312 pm,;10% longer than the
distance expected for an undistorted lattice, 0.285 pm. The
elongation of the O2-Na1 distance can be understood as
follows: The O2 ion is attracted more strongly by its twofold
positive neighbors, Ba21 ~or Sr21) than by the onefold posi-
tive Na1. It must be added that corrections for the finite size
of the O2 px orbitals will not change this result decisively.

C. Thermal stability of the neutral state of the alkali acceptors

Using the method of isochronal annneal, i.e., heating to a
given temperature, holding this for 2 minutes and fast cool-

FIG. 6. Orbital scheme used to illustrate direct and indirect
O2-Na1 overlap. The ground state orbital 2px transfers↑ to the Na
nucleus by direct overlap, path 1. The shown O22 2p orbitals rep-
resent two out of a total of four such ions pairwise lying above and
below the (11̄0) plan containing~O2-Na1). The indirect overlap of
O2 2px along paths 2 and 3 decreases the↑ density at the Na
nucleus.17 Exchange polarization of the↑ and↓ Na s orbitals then
leads to a↓ majority at the Na nucleus.

FIG. 7. Temperature dependence of the ESR intensity of the
O2 and Fe31 centers, determined by isochronal anneal, after pump-
ing by near bandgap illumination at 25 K.

FIG. 8. Decay ratese(T) of nonequilibrium hole populations,
introduced by near bandgap illumination at low temperatures for
various O2 centers. The designations are related to those given in
Table I. A corresponding plot including a correction byT2 ~see text!
is not shown.

FIG. 9. Parallel rise of O2-Na1 ESR and optical absorption,
simultaneously measured at 15 K under illuminations with light of
increasing energies, starting at 0.5 eV. The deviation between both
curves, being guides to the eye, near 2.3 eV is caused by an over-
lapping band decreasing in intensity under illumination with light of
this energy. The inset shows the O2 band along with its theoretical
reproduction.
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ing to 25 K, where ESR is measured, the signal heights given
in Fig. 7 were obtained. Holes captured near the alkali ac-
ceptors are thermally ionized already at 50 K; the Pt-O2

acceptor is more stable, losing its hole only near 85 K. Also
the temperature dependence of the Fe31 signal, present as a
further impurity in the crystal, is shown. A close correlation
to the intensity of Na1-O2 is seen. Apparently the holes
thermally ionized from Na1-O2 are captured at Fe31, form-
ing Fe41. This may be caused by a spatial proximity be-
tween Na1 and Fe31. It is not known why such a correlation
is not observed for K1-O2. Also the centers I, II, and III in
Table I have a high thermal stability, comparable with that of
O2-Pt. This might indicate that these defects likewise con-
tain acceptor ions on the Ti site. In this context it should be
remarked that also Al31-O2 is thermally ionized near
100 K. This ion certainly replaces Ti; its structure, however,
is somewhat different, the hole being shared by two O2

ions.2 Because of the shorter distance between O2 and an
acceptor ion on a Ti site, such defects are expected to be
more stable than O2-NaBa

1 and similar centers.

D. Energy levels

The low temperatures at which the acceptors are ther-
mally ionized ~Fig. 7! suggest that their energy levels are
close to the valence-band edge. They were determined by
monitoring their hole emission rates,e(T), as depending on
temperature. This was possible since it was noticed that dur-
ing high intensity illumination of the crystals the hole popu-
lation of the acceptors was higher than in the equibrium situ-
ation, attained at long times after illumination. Apparently
these acceptors have rather large capture cross sections. The
rates of the return of the excess population to equilibrium,
e(T), are plotted in Fig. 8. Exponential decays ofe(T) are
observed. This is predicted by the following arguments. De-
tailed balance requires18 that

e~T!5gc~T!exp~2Eb /kT!, ~3!

whereg is the ratio of the degeneracies of the valence-band
edge and the acceptor, andc(T) represents the capture rate.

The right-hand side of Eq.~3! is dominated by the exponen-
tial, since the productgc(T) can be estimated to be at most
proportional toT2: In simple cases the valence-band effec-
tive density of states is}T3/2. The root mean square velocity
with which the valence-band holes can be assumed to arrive
at the acceptor site, having a temperature independent cap-
ture cross section, scales asT1/2. Because it is uncertain
whether these estimates are applicable also for BaTiO3 ,
where strong hole phonon coupling is expected, we have
evaluated the slopes in Fig. 8 by alternatively including and
neglecting theT2 correction; see Table III. The depths of the
Na1 and K1 acceptors,;45 meV and;34 meV, do not
depend significantly on this extra factor. Both levels are very
close to the valence-band edge. Shell model calculations19

predict for the K1 acceptor in BaTiO3 a level energy of 120
meV, for Na1 60 meV.

E. Optical absorption

Under the illuminations which create the O2 ESR also a
strong optical-absorption band with maximum near 1.3 eV
appears; see inset in Fig. 9. Its intensity is correlated to that
of the Na1-O2 ESR in Fig. 9.

The features of the absorption band—large width, high
intensity, peak in the visible or near infrared, correlation with
O2 ESR—are characteristic for light-induced hole transfer
between O22 ions equivalent with respect to the acceptor
core, Na1 in the present case. In the past this model20,21,18

has successfully explained O2-related absorptions in many
materials@e.g., MgO:V2 and similar defects,21 SiO2:Al

31

~smoky quartz!,22 light-induced absorption in YAlO3 ,
4 Zn

vacancy in ZnSe23#.
The hole can be self-trapped at each of the equivalent

O22 sites, and optical transfer to a neighboring site then
occurs under Franck-Condon conditions. Therefore the en-
ergy of the band maximum is identical to the Franck-Condon
shift, initial and final ground state energies being identical.
Because of this fact there is also a correlation between band
position and width: No phonon-broadened absorption band
can be wider relative to its peak position. These features are
characteristic for small polaron optical absorption.

Since the intensity of the optical transfer transition de-
pends on the square of the energy overlap integral,20 J,
which is a function exponentially decreasing with distance,
only the nearest neighbors of an initial O2 ion are eligible as
final sites. Among these there are the four O22 ions indicated
in Fig. 10, which are characterized by their equivalence with
respect to Na1. Since the~O2-Ti41) distance is shorter than
~O2-Na1), the former bond can be assumed to be more de-

FIG. 10. The twelve oxygen ions surrounding NaBa
1 one of the

O22 has been transformed to O2 ~dark! by capturing a hole. Light-
induced polaronic hole transfer can take place to the nearest O22

neighbors~grey!. The tetragonal distortion,Q1 , can be assumed to
lead to a stronger decrease of energy thanQ2; the latter affects only
the rather long and therefore weak Na1-O22 bond.

TABLE III. Binding energiesEb , in meV, of holes at shallow
acceptors in BaTiO3 .

Acceptor Eb/meV Eb/meV

~incl. T2 corr.!
K1 36 ~4! 32 ~4!

Na1 46 ~4! 41 ~4!

Ptx1 60 ~5! 53 ~5!

I 150 ~30! 150 ~30!
II 230 ~30! 230 ~30!
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cisively influenced by capture of a hole at O2. Therefore the
self-trapping energy will be mainly determined by the axially
symmetric distortionQ1 along the~O2-Ti41) direction. For
this situation it has been demonstrated earlier,21 that the
maximum of the optical-absorption band, resulting from the
light-induced polaronic hole transfer between both sites, is at
2EJT, whereEJT is the decrease in energy by coupling the
hole to the axial~O2-Ti41) distortionQ1 . It can be shown
that the absorption band would be peaked atEJT8 , if the
~Na1-O2) distortion,Q2 , was decisive,EJT8 being the corre-
sponding stabilization energy. The shape of the absorption
band is given by a}exp@2w(E22EJT)

2# with w21

5(4EJT\v0), where\v0 is the energy of the interacting
lattice vibration. It is seen in the inset of Fig. 9 that the band
is well reproduced withEJT50.65 eV and\v050.12 eV.
The latter value is of the order of magnitude of the highest
lattice vibration energies in BaTiO3 . EJT is comparable to
the values found21 for MgO:V2 ~0.97 eV! and MgO:Na1

~0.67 eV!. In contrast to the present situation, where the hole
is in ap - orbital, in these cases it is localized in as bond,
more strongly affecting the bond strength.

Figure 9 compares the changes of the intensity of the
O2 band with those of the Na1-O2 ESR under illumination
with a series of increasing light energies. These measure-
ments were made simultaneously, using the setup described
in Sec. II. It is seen that both phenomena are correlated to
each other, supporting the assignment of the absorption band
at 1.3 eV to Na1-O2. The slight discrepancy between both
curves in Fig. 9 near 2.3 eV is caused by the decrease of a
strong and wide band, peaked at 2.3 eV, overlapping with the
O2 band. This absorption at 2.3 eV is connected with the
decrease of the ESR of Rh41. The creation of the holes
leading to Na1-O2 can be attributed in this crystal to the

excitation of valence band electrons to the Rh41/31 level.24

In some specimens the corresponding hole photoionization
of Fe41 is dominant.

F. Reorientation of the Na1-O2 axes under uniaxial stress

Upon application of uniaxial stress at 4.2 K along a
pseudocubic@001# axis, with the magnetic field perpendicu-
lar to the stress direction, relative intensity changes of the
Na1-O2 hole ESR lines are observed; see Fig. 11. The lines
do not shift or become wider under stress. The experimental
results can be explained by assuming that the sixfold orien-
tational degeneracy of the Na1-O2 axes is partly lifted, ac-
cording to Fig. 11~b!, into a twofold degenerate set of lower
energy and a fourfold set with higher energy levels. As ex-
pected, sites with theirpx orbitals perpendicular to the stress
direction are favored. This stress dependence is analogous to
that found for the Fe21-O2 hole center in SrTiO3 .

5 In Fig.
11~c! ln@2(I11I2)/(I31I4)# is plotted as a function of the@001#
stress, where the intensities have been labeled according to
Fig. 11~a!. In making these measurements the Na hyperfine
structure was wiped out by using overmodulation. For
stresses higher than 23108 Pa a deviation from the linear
dependence is found. Also small hysteresis effects, due to
residual strains, were observable after applying stress.

The stress-split levels are populated according to Boltz-
mann’s distribution. Their energy difference is described by
means of an elastic dipole.25 The dipole energy is26

DU5V0lp[bp, whereb is the linear stress coupling tensor
~with the dimension of a volume! andp is the stress tensor.
The anisotropic part of thel tensor,l8, has zero trace.27 For
a uniaxial stress along the@001# direction, the differential
stress coupling coefficientb@001# of an orthorhombic defect is
given by27 b@001#5V0@

1
2(l181l28)2l38], wherel18 , l28 , and

FIG. 11. Change of O2 ESR under~100!
uniaxial stress~a!, B being directed as indicated
in Fig. 1. ~b! Relative orientations of the O2

ground state orbitals, indicated by arrows, and the
stress direction.~c! Relation between relative
O2 intensities and stress.
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l38 are the principal values of thel8 tensor. At thermal equi-
librium the ESR line intensity ratio becomes 2
(I 11I 2)/(I 31I 4)5exp(b@001#p/kT). From the slope of the
least square fit line we findb@001#51.23310230 m3 at 4.2 K.
This value is of the same order as that found for the Fe21

-O2 center in SrTiO3 (b@001#53.48310230m3 at 30 K).5

IV. DISCUSSION

The detailed information on the alkali-O2 centers, which
is available now, invites their comparison with other O2 hole
centers in oxide perovskites and in related compounds, such
as the cuprate superconductors. Also in these materials the
holes introduced into the CuO2 planes by doping with accep-
tors situated outside of these planes, have their highest den-
sity at the O22 sites, forming O2. However, because of the
high Cu21-O2 covalency, holes are found ins-type orbitals,
connecting Cu21 and O2, whereas in the O2 centers in the
perovskites the hole is inp-type orbitals, avoiding the neigh-
boring Ti41 sites. In stabilizing this orbital the attraction be-
tween the alkali ion on the Ba site and the O2 hole does not
seem to be decisive. In fact, there are also acceptors on the Ti
site, in principle attracting the hole, for which the ground
state is still ap orbital. This has been shown previously, e.g.,
for Al31 and Mg21 ~Ref. 8! as well as Fe21 ~Ref. 5! in
SrTiO3 . Also the centers attributed here to Pt-O2, and to I,
II, and III ~Table III!, although not yet definitely identified,
can be assigned to acceptors on Ti sites, as will be discussed
shortly. They also havep ground states. Apparently this or-
bital is mainly stabilized by the charge of Ti41, being at least
one of the O2 neighbors, and by its lacking hole covalency
with Ti41. In this context it should be remarked that a recent

embedded cluster calculation of Fe41 in BaTiO3 ~Ref. 28!
indicates that the ground state of this system rather is FeTi

31

1 O2, where the O2 hole is in ap orbital.
As expected, thep orbital, however, is somewhat less

favorable energetically for acceptors on the Ti site. This is
seen from theD values of these defects in Table III, which
are lower than those of the alkali acceptors replacing Ba. A
further distinguishing feature of the acceptors on the Ti site
is the sizeable discrepancy between predicted and measured
g110 shifts ~Table II!. For these centers there is no symmetry
breaking charge in the plane of thep- orbitals, andpx and
py will be essentially degenerate. These levels are then ex-
pected to be split apart by a Jahn-Teller effect~see Appen-
dix!. If this is dynamic, there will be strong vibronic devia-
tions of the ground state orbital from the@110# direction.
Because of the resulting finite root mean square excursions
of the px lobe from this direction, there will be a sizeableg
shift measured forB along @110#. According to the evalua-
tion given in the Appendix, vibronic excursion angles of up
to 20° are likely.

The comparison of the several O2 centers in the oxide
perovskites demonstrates the great flexibility of the corre-
sponding structures. The holes can be inp-type orbitals, as
reported here. They can be shared by two such orbitals,
forming an O2

32 bond between two O2 ions neighboring
each other along@110# directions, as for BaTiO3:AlTi

31 .2

Such a bond can also accommodate two holes, forming a
hole bipolaron.29

The Ba vacancy has often been invoked as an intrinsic
acceptor in BaTiO3 . The present investigation allows us to
predict the ESR signature of the Ba vacancy. This defect
results from picking out the Na ion from the center shown in

FIG. 12. ~a! Asymmetric vibration modes
coupling with the orbitally degeneratepx , py or-
bitals. ~b! Lower energy surface~for E1,0) re-
sulting from the coupling described in the text.
Parameters used: v351, v450.5, K352,
K451; Q3 andQ4 vary between61.2.
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Fig. 2. The angular dependence of the corresponding ESR
spectra should thus be similar to those of the alkali defects,
with g values closer toge . No such spectra have been iden-
tified. O2 centers in SrTiO3 have lower maximalg shifts
than those in BaTiO3 . This can possibly be attributed to the
lower ionic radius of Sr21 as compared to Ba21. Stabilizing
relaxations after hole capture can thus be stronger in
SrTiO3 , leading to larger energy splittings and thus lower g
shifts.

Finally, we want to point out that one of the most impor-
tant features of the alkali centers in BaTiO3 is their low
acceptor level. Doping with such acceptors should allow one
to lower the Fermi level to a position close to the valence-
band edge. It should be noted that in spite of their levels
lying very near to the valence band the alkali acceptors can
be treated in the localized hole picture and not with an ef-
fective mass model. This, of course, is caused by the strong
hole-lattice coupling, favoring localization.
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APPENDIX: JAHN-TELLER EFFECT
OF THE O2p ORBITALS

The O22 site in ideal perovskites is axially symmetric,
local group D4h . The hole ground state is twofold degener-
ate, if spin-orbit splitting is neglected. This is the basis for a
simple Jahn-Teller situation. A structurally equivalent case
has been treated by Estle30 in a lecture introducing to the
Jahn-Teller effect. Among the vibrational modes of the pla-
nar ‘‘five-ion’’ molecule, O2 surrounded by four Ba21 ions
@Fig. 12 ~a!#, there are two low symmetry oscillations which
can couple31 to the twofold degenerate orbital ground state
G5

2(D4h). These vibrations haveG3
1 andG4

1 symmetry, re-
spectively. They are visualized in Fig. 12~a!. Quantifying the
heuristic arguments used by Estle30 we arrive at the JT
Hamiltonian:

HJT5v3E3Q31v4E4Q41
1

2
K3Q3

21
1

2
K4Q4

2 . ~A1!

Operating on thepx , py base~Fig. 2!, the electronic opera-
torsE3 andE4 have the structure

E35S 1 0

0 21D , E45S 0 1

1 0D . ~A2!

The eigenstates ofE3 arepx andpy , respectively; those of
E4 , (px6py)/A2. The eigenvalues ofHJT are

E1,256~v3
2Q3

21v4
2Q4

2!1/21
1

2
K3Q3

21
1

2
K4Q4

2 ~A3!

and its eigenvectors

Cg5px cosw1py sinw, ~A4!

with tan(2w)5(v4Q4)/(v3Q3). The energy surface de-
scribed by Eq.~7! is demonstrated forE1,0 in Fig. 12~b!.
The minima along theQ3 direction, stabilizing eitherpx or
py , cause the orthorhombic splitting, parameterE in Eq. ~1!.
For O2 in BaTiO3 the JT minima are expected to be rather
flat, as indicated in Fig. 12~b!, because the Ba21 ions, lim-
iting the angular excursions of thep lobes are rather distant
from O2. Outside of theQ3 axis the eigenstates are mixtures
of px and py . This observation will be used to explain the
observedg values forB along thex axis. We think that the
deviation between predicted and observedg110 values in
Table II is caused by the vibronic nature of the ground state
Eq. ~8!, allowing admixtures betweenpx and py . In an
analogous wayg shifts resulting from a vibronic mixture
between the (3z22r 2) and (x22y2) orbitals of, e.g., Cu21

in an octahedral crystal field have been derived by O’Brien.32

For the vibronic ground stateCg the expectation value of
the Zeeman operatorHz5mBBgS, is given by

^CguHzuCg&5^coswpx1sinwpyuHzucoswpx1sinwpy&.

Since the vibration of the lattice surrounding the O2 ion,
causing the finite angular excursions, is fast compared to the
Larmor frequency, the time average of^Hz& is observed:

^Hz&5cos2w~ t !^pxuHzupx&1sin2w~ t !^pyuHzupy&.

The mixed term,cosw(t)sinw(t) , is zero, cosw(t) and
sinw(t) being even and odd functions of the anglew(t). The
latter can be assumed to vary sinusoidally around zero, thus
being an uneven function of time.

In order to arrive at an estimate of sin2w(t), ^pxuHzupy&
and ^pyuHzupy& must be known. The former can be identi-
fied with g110mBB110, whereg110 is the calculated value for
g110 in Table II. An estimate for̂ pyuHz(B110)upy& can be
obtained, if it is considered that this is—by symmetry~see
Fig. 2!—roughly equivalent tô pxuHz(B11̄0)upx&. We thus
have Dg110,exp'cos2w(t)Dg110,calc1sin2w(t)Dg11̄0 . Here
it is considered that the vibronic correction toDg11̄0 will be
small compared toDg11̄0 ~Table I!, whereas it is essentially
the only contribution toDg110.

Using cos2w(t)512sin2w(t) we obtain

Dg110,exp'Dg110,calc1~Dg11̄02Dg110,calc!sin
2w~ t !

or

Dg110,exp2Dg110,calc
Dg11̄02Dg110,calc

'sin2w~ t !.

The experimentally determined differenceDg110,exp
2Dg110,calccorresponds toAw̄2'20° for O2-Pt, which ap-
pears to be reasonable.
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