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Oxygen vacancies in BaTiG,
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Using electron paramagnetic resonance two types of -Felated centers are identified in BaTjOwhich
are attributed to T"-Vg and to Tf*-V, associated with Na or K, respectively. This assignment is based on
the chemical and illumination conditions leading to the detection of the defects. It is furthermore supported by
the Ti hyperfine structure, resolved for’Ti-Vo-Na(K). The symmetry of the centers is broken in the sense that
an electron is localized near one of the two equivalerit Tions next toV. Also the observed Ti hyperfine
structure points to electron capture at one Ti site. Thetype centers are contrasted to isolated Ti
representing a free small polaron in crystals containing™Nand no oxygen vacancies. The participation of
the Vg centers in photochromic processes in BaJi® studied. In crystals doped with Na or K an optical
absorption precursor of the fundamental absorption is identified and attributed to the creation of an exciton
bound to thevVy-Na(K) complex.[S0163-182806)08645-6

l. INTRODUCTION previously!! Using this information it will be possible to
base additional phenomenological studies on well-
The role of oxygen vacancid&, in oxide perovskites and established atomic-scale entities. This investigation is thus a
especially in BaTiQ has been discussed extensively in thestep towards a complete understanding of the properties of
past. The question of whether the conductivity and nearthe anion vacancies in this material, a situation having been
infrared optical absorption im-type BaTiO; is caused by established long ago for, e.g., the alkali halidesnd the
oxygen vacancies or by free polarons has been investigatealkaline earth oxide¥® It is expected that the experiences
by numerous researchefBerglund and Brauh,Berglund  gathered withVg in BaTiO5 will be sample cases also for
and BaePf Bursian et al,®> Gerthsenetal,* and lhrig).  other oxide perovskites.
Smyttf reported that the presence ™, in BaTiOj; is Because of the dependence of ¥gconcentration on the
strongly determined by the acceptAf concentration. Un- acceptor content of the material, it is useful to compare the
less the material is annealed under elevated oxygen predefect structure of BaTi@crystals with enhanced as well as
sures, the negatively charg@d are compensated by oxygen with deriched acceptor concentrations. In the latter d4se
vacancies o). Additional V5 can be created by reduction. will essentially only appear after a reduction treatment.
The electrons left behind, if neutral oxygen leaves the crysAmong the acceptors generally leading to the presence of
tal, are shared with th¥ initially present before reduction. compensating/o, the alkali ions, replacing Ba, are an im-
All phenomena, especially the dependence of the electriportant subgroup. They are detected by the paramagnetism of
conductivity on oxygen partial pressure, can be expldiifed an O~ ion next to an alkali defect, formed after suitable
it is assumed thaVg is present in its fully ionized state illumination by capture of light induced holes. Recently we
(Vo)™ at T > 600 °C. This is supported by the low ioniza- have published an extended overview on these defécts.
tion energy of ¥g)°, 0.12 eV, as determined by Lewis and  Only the charge state/p)" is paramagnetic. Its EPR con-
Catlow via shell model calculations. Daniels andrHh8 on  sists of TP signals, resulting from an electron captured at
the other hand, postulated that complete ionizatiorvgf  one of the two T#* ions neighboring the oxygen vacancy.
occurred only at higher temperatures. Little is known so farTi®* spectra of similar, but clearly different structure attse
about the electronic and geometrical structurd/gf In this  in BaTiO3 from quasifree conduction electrons, self-trapped
context, Prosandeyev and Osipeflemd Donnerberd have  as small polarons, i.e., as i electrons surrounded by six
recently proposed that an electron capturedvgf)T is local- 0?2~ ions instead of the five being present @i 3"-V,).
ized at one of the two equivalent cation neighbors/gfin  Such quasifree electrons can be produced in acceptor der-
oxide perovskites, in this way breaking the symmetry of theiched crystals, if these contain Rb donors, compensated
oxygen site in such a crystal. by Ti®". Here the electron is self-trapped, essentially by a
Most previous knowledge abolty in BaTiO4 results  T,Xe Jahn-Teller effect® causing a self-induced axiality. In
from theoretical arguments or from phenomenological ex-most cases the polaron is not associated with"N&.com-
perimental studies, i.e., investigations not taking recourse tparison with such free small polarons is certainly also advis-
the identification of the defects actually present in the crysable in order to shed light on the specific properties of the
tals and to their submicroscopic models. In this paper wexygen vacancies. It will be discussed below how such cen-
shall report on the electron paramagnetic resonéBB& of  ters can be discriminated from thé&, defects.
Vg in BaTiOs3, leading to the geometrical and electronic EPR spectra similar to those reported in this paper have
structures of this defect and the centers derived from it. Abeen presented previously by Takeda and Watdfiape by
short account of some of the results has been publisheditkova et al;*’ they were attributed to axia, centers.
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FIG. 1. Dependence of tteevalues for a variation of the magnetic field i{ @01} -type plane(a) Ti®"-Vg-Na(K), (b) Ti**-V,, and(c)
isolated TP In the latter case a slight tilting of the center axes, caused by the influence of the rhombohedral crystal field, was resolved.
Such influences were not detected for the other two centers.

Even taking account of the rather large limits of error givencubic symmetry in this phase, the structure can be considered
by these author¥, their values ofg;, however, are clearly to have the latter symmetry for most practical purposes. Re-
lower than those determined by us. From the comparison aducing treatments of the samples were performed at 850 °C
the chemical, optical, and electronic properties of the variousn 10° Pa flowing H, gas. The specimens were cooled fast
Ti®"-related defects which we identified we shall deduce(within 30 9 to 450 °C after treatment.
that the assignment of our spectrafg centers is consistent Figure 1a shows the angular dependence of the reso-
with all observations. nance fields of the signals, assigned below t&'Tiobserved

We shall start by presenting the experimental details leadat low temperatures with crystals of type 1 in their “as-
ing to the EPR results. In order to obtain a reliable foundagrown” state after illumination with light of energies higher
tion for the following additional experiments and their inter- than 2.5 eV. Clearly the responsible defects have only ortho-
pretation, the EPR data will be discussed first. Then furtherhombic or lower symmetry. The branches designated by K
experimental evidence, as related to the charge change of tlie Na were especially strong in spectra taken with crystals
Vo centers by illumination and the stability of th&/{) " enriched with the respective ions. These crystals also led to a
state will be given. A joint discussion of the data will con-
clude the paper.

T=40K |
Il. EXPERIMENTAL DETAILS L v=9.2GHz
AND EPR-RELATED RESULTS

Multidomain crystals of typical size 22x3 mm?® were
used. They had been grown from a Ti@nriched BaTiQ
melt by the top seeded solution growfhiSSG method in ‘

“Ti (1=5/2)

the crystal growth laboratory at the University of Osnatiu
Three types of specimens, pulled from the following melts, I -
were investigated(1) BaTiO; having an enhanced acceptor |
concentration800 ppm Na or 1000 ppm K The as-grown
crystals of this type looked clear and transparéf. Pure
BaTiO,, deriched from acceptors, especially from alkali ions
and from donors(such as, e.g., Nb Those crystals were I
water clear(3) Acceptor-deriched BaTi@ containing traces I
of Nb; this element was introduced as a background impurity ‘ ‘ . }
with the starting material. Such crystals were bluish. 330 335 340 345 350

ESR spectra were taken at temperatures between 10 and B (mT)
80 K with a Bruker 200 D SRCX-band spectrometer. At
these temperatures BaTi(has the structure of the rhombo-  FIG. 2. 47#°ri hyperfine structure, bracketing the ESR of the
hedral phase. Since there are only very slight deviations from=0 isotopes of Ti.

“Ti (1=7/2)
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TABLE I. g-tensor principal values and internal energy levels of defects in Ba€idtaining TF+.

Axial centers g ' g, T Ey E, Ref.
(10 cm™1)
1 Free small polaron 1.98%) 1.9072) 1.9072) 4(1)? 1.815 0.3236) 15
2 Vg center 1.937) 1.9201) 1.92Q1) 0 1.893) 0.3744) this paper
3 V-related center 1.930 1.911 1.911 0 1.70 0.337 16
4 V-related center 1.930) 1.9166) 1.9166) 0 1.708) 0.362) 17
Nonaxial centers
(@ (110 mirror plane  Qjoonj+- G110 ITo)+ -

5 Vo associated with K 1.937) 1.93%1) 1.8991) 12(1) 1.8943) 0.3654)° 11
6 Vo associated with Na 1.989 1.9341) 1.90%1) 12(1) 1.913) 0.3784)° 11

(b) (100 mirror plane Qoo+~  OGpo10]  9[100)+~
7 Vg associated with acceptor 1.938 1.9261) 1.9141) 26(2) 1.943) 0.3764) b this paper
on Ti site?

aSmall deviation from axial symmetry by influence of rhombohedral crystal field resolved for this center.

bMean value of two lowest-energy splittings indicated. All energy values are baskg, eri54 cm L.

second type of T related resonances of low symmetry; the “°Ti, 1=7/2, g,= —0.3155, 5.4% was resolved(Fig. 2.
representative branches are indicated by dashes in f&g. 1 Since both values o, differ by less than 10°%, the hyper-
As-grown specimens of type 2 showed very little*Tire-  fine pattern of*’Ti coincides with that of**Ti. Of the latter
lated spectra under the same illumination conditions. Muclonly the outer lines ), = +=7/2) stand isolated. The depen-
larger signals, now related to axial symmefRig. 1(b)] of  dence of the Ti hyperfine structure on the direction of the
the underlying centers, were observed after reduction treatagnetic field(Fig. 3) can be described by the hyperfine
ment, and no additional illumination was then necessary. Fotensor given in Table Il. In evaluating this data, use has been
comparison, also the axial angular dependence of isolateshade of the program package-Rpectr.8

Ti®" small polarons, identified in crystals of type 3, is

shown[Fig. 1(c)]. They too are observed without prior illu-

mination. Table | lists the principal values and the directions

of the principal axes of the tensor of all the observed IIl. DISCUSSION OF EPR RESULTS

3+
Ti®"-related resonances. The hyperfine structure proves the presence of Ti,

For the low-symmetry centers observed with crystals Ofhereas the-tensor components identify the charge state of
type 1, the hyperfine interaction caused by the Ti isotopeg; 54 Ti®*: see Ref. 19. The spectra can be reproduced with
with magnetic nuclei {'Ti, 1=5/2, g,=—0.3154, 7.4%;

the Hamiltonian H= ugBgS+IAS+g,ugBl with S=1/2
and|1=5/2 or1=7/2. The lines in Figs. @), 1(b), and 1c)
are fits to the experimental line positions, leading to the en-
tries in Table I. As far as the hyperfine interaction could be

. ),' /‘}("I/x\"(‘\(‘\t resolved, it is consistent with the data in Table II. Models

so| ’/é/ ';‘.‘%';"’\\\. taking into account all the experimental information are pre-
/ ,N‘b{ \\i sented in Figs. @), 4(b), and 4c).

70F p

The following facts point to association ofy with
Ti®* as the responsible defects: Crystals of type 1, contain-
ing alkali acceptor$? which are known to be compensated
by Vo, show the Tf* resonancessee Fig. 1 and Table),|
centers 5 and 6, after near band-gap illumination. The depen-
dence of the spectra on the Na or K content, in the case of
type-1 crystals, leads to assume that the electron, forming
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TABLE II. Ti hyperfine tensor principal values. Hyperfine in-
teraction resolved for Fit-Vo-Na(K) only. Energy values in
10~4 cm™ L. Within the limits of error, the hyperfine parameters are
identical for #’Ti and “°Ti. The signs of the hyperfine tensor com-

B (mT) ponents cannot be deduced from the experimental data.
| Ao+ |Ar0] | A 7o)+ T
FIG. 3. Angular dependence of tH&*°Ti hyperfine structure. 20.41 6.14 8.13 5°

The line position of thé =0 isotopes are shown dashed.
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FIG. 4. Models derived from the data in Fig. ® Ti%*-Vo-Na(K), (b) Ti®*-V,, and(c) isolated TF*.

Ti3", is captured close to ¥q-alkali complex[Fig. 2@)].  lines would be expected fof'Ti having the intensities
The presence of an alkali ion in the center also explains why 2 :3:4:5:6:5:4:3:2: 1, andorrespondingly for
the symmetry is lower than axial. It is on@; the {110 i. The observed number of hyperfine lin€sig. 2) and

mirror plane, shown in Fig. 5, contains i, V, and Na(or their intensities relative to the large lines resulting from

K). The observed tilting of thg-tensor axes by 12° occurs (I=0) isotopes point to interaction W|th_ one Ti nucl_eus. One

in such planes. The other low-symmetry*Tidefects, center €XPects that the influence of the alkali partner, midway be-

7 in Table I, have{100-type mirror planes. No definite as- Ween both possible Ti positions, on the localization of the
. L : . . . i3+ ; ; ;

signment is possible so far. Probably & TiV,, pair associ- 11~ €lectron is weak, since the distance betweer(dizK)

ated with an acceptor on a Ti site is involved. and TP* is rather large compared to Yi-V, (Fig. 5).

An axial configurationC,, (center 2 in Table)lis ob- Therefore it is likely that this symmetry breaking also pre-
served in alkali-deriched crystalype 2 after reduction and vails in the axial, alkali-free centers. In this case EPR cannot
without illumination. Evidently, a reducing treatment is nec- decide whether the electron is localized at one Tiiteken
essary to introduce these defects, since there are no accept§)nMetry or shared between twiull symmetry), because
requiring Vo for compensation. After reduction the Fermi the Symmetry is axial around the -V, axis in both situ-
level apparently lies ato)""" or at (V)" (Fig. 6), because ations.(Unfortunately, hyperfine interaction could not yet be

the EPR of /o) " is here observed without additional illumi- resolved for the axial Ti*-V centers. We are thus led to
nation. Figure &) exhibits the model of the resulting cen- assume thav, centers in the oxide perovskites show broken

ters. Crystals of type 3, containing isolated Symmetry in the sense that one of the equivalefit Tions is
Ti%* [see Fig. 4c) and Table I, center]L show the related singled out by electron capture. This supports the relevant
resonances without prior illumination or reduction treatmentPrediction made by Prosandeyev and OsipehBuich sym-

because the Nb traces in such specimens are compensatedB§try Preaking occurs also for the antimorphs of th)(
Tidt. centers in oxide materials, i.e., for cation vacancies, when

It should be noted that the tilting angle of the-alkali ~ Noles are captured at one ofljhéOnext to thent? and also
centers, 5 and 6 in Table I, would be zero, if the electrorfOr Other acceptor dOp'”Efé_'- On the other hand, electron
was shared between the two“Ti ions below and above Capture near sixfold-coordinatéd,, e.g., (Vo)* in MgO or

Vo in Fig. 5. Evidently the symmetry resulting from C20, does not break the cubic symmefheither is the
the equivalence of the two Ti ions neighboringV,  SYmmetry broken in the familigf centers in alkali halide¥.

is broken. The same conclusion is drawn from the Considering the shiftsAg; between the measured
Ti hyperfine interaction: If two Ti were equally coupled, 11 9-tensor components in Table | agd, the value of the free
electron, we shall now demonstrate the followiritj) The
energy levels of axialcenter 2 in Table)land low-symmetry
centers(5, 6, and 7 in Table)lare nearly identical, as ex-
pected on account of the proposed modéts.The levels of
T these centers are different from those of the isolatet! Ti
(001)

™ (110)

N
Vo [:l (\/ /‘ 02 C /
B VO-/x Vo-
T
T)
\_/
™ v

FIG. 5. The mirror plane of Hi'-Vo-Na(K). FIG. 6. The two energy levels expected féy centers.
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FIG. 8. Optical transition leading from an alkali acceptor to a
nearby TF*-V, creating an exciton bound to the complex shown
FIG. 7. Energy levels of the ¥ -related centers; see also Table in Fig. 5.
I. The EPR results do not depend on the energy of th#{3?)
level. It is possible that this lies much lower than indicated.
from KF flux, whereas in our case a pure BaTi@nelt,
enriched in TiQ,, and Czochralski growth was used. Néu
small polaron(center 1. (3) The levels of centers 3 and 4, et al? attribute these centers to an axial®TiV,, further
reported by Takeda and Watan&band by Zitkovaet al,'”  associated with an acceptor ion on a Ti position at the other
differ from those presented here. side of Vg in Fig. 3. The angular dependence of centers 5
The ground-state J orbital triplet of Ti®* in cubic sym-  and 6 turns out to be qualitatively similar to the behavior of
metry is split by theV, axial field in such a way that an spectra also reported by Takeda and Watartf&bi assign-
orbital singlet lies lowestFig. 7). Otherwise, the orbital an- ment was given for these signals by the authors.
gular momentum would not be quenched, and the values of For the axialV Ti®* center the ratio of the two energies
g; would strongly differ fromg.. The sequencag,>Ag, listed above has been used to derive information on the lat-
points to anxy ground state. For this situation theg; are tice distortion around Ti". This ratio is independent of the
given by?? Agj=—8\/Ej andAg, = —2\/E, , whereX is  reduction of the spin-orbit coupling, occurring if i is
the spin-orbit coupling constant of the free3Tiion, 154  incorporated in its crystalline surroundings. In the evaluation
cm™ 1. The corresponding value might be different for Ti it has been assumed that movements of the indicated ions
3% inits crystalline environment. But since we are interestedake place only along the axis of the shown model. On the
only in the relationships of the energy denominatBfsand  basis of a point ion crystal field calculation, adopting the
E, in the different centers, we shall adopt the above valudiartree-Fock valuegr?)=1.89 a.u. and(r*y=7.07 a.u.
and find then the energy distances indicated in Fig. 7 an@Ref. 24 for the Ti®* d orbital, one derives the distortion
listed in Table I. For the low-symmetry, centers, the ex- scheme presented in Fig(b It is seen that the Fi" ion
pression forA g is not changed, wheredsy, is replaced by relaxes away fronVo by 0.35 A, into the cage of the remain-
Ag,;=—2\/E, for the B|| mirror plane andAg,=—2\/E, ing five 0%~ ions. A countermovement of the four equatorial
for theBLL mirror plane. For these low-symmetry centers theO?~ ions by 0.11 A supports this tendency. This relaxation
mean values oF,; andE, are listed in Table I(1) Itis seen around TF* is expected because it increases the chemical
that the energie€, , about 0.3k 10" cm™* for the axial  binding of Ti®* to its neighbors. Of course it should be
defect(center 2 and also for the nonaxial onésenters 5, 6, considered that the derived distances are rather crude esti-
and 7, are nearly identical within the limits of error. Also, mates.
the high energiek, about 1.9 10* cm™*, coincide. This The Ti hyperfine interaction is nearly axially symmetric
supports the close relationship between these centers and @sound a direction tilted by 5° in the same serisee
signs them, on the basis of the previous arguments, to varkFig. 4(@] as the correspondingg-tensor principal
ants of the oxygen vacanc{2) The respective energy values axis. Adopting an axial approximation we have
for isolated TP (center 1, the free small polaron, are A, =7.13<10* cm™' and A=20.41x10* cm™!
0.323x10* cm ™! and 1.81x 10 cm™ 1, distinctly lower than  from Table Il. For anxy ground state we have the re-
for the Vo centers. This is evidence that indeed anothetations* Aj=a+P(Ag—4/7),A =a+P(Ag, +2/7),
structure is present3) The level energies of centers 3 and 4, where P=(uo/4m)geusdimr 3y and a=(2/3)(uo/
attributed in Refs. 16 and 17 to oxygen vacancies, are differ4m)geuggime|#(0)|%, the contact interaction. Evaluating
ent from those identified here fory-related defects: Even the data in Table Il under the assumption that all hyperfine
taking account of the large limits of error, listed only in the tensor components have negative sign, we find
work of Zitkova et al,”” it is seen that especially thE; ~ P=15.8<10"* cm~* and a=—10.3x10 * cm™%. The
energies of centers 3 and 4, which ard.70<10* cm™1,  value of P corresponds t¢r 3)=1.6 a.u., 63% of the free
are smaller than those of thé, centers(2, 5, 6, and 7, ion value (r 3)=2.55 a..?* This reduction is certainly
which are~1.9x10* cm™1. The structure of the centers 3 caused by the larger delocalisation of thé Tivalence elec-
and 4 is unknown so far. It should be noted, however, thatron in the crystal. Another possible choice of signs,
both of these were obsernd” with BaTiOj; crystals grown  Aj<0,A, >0, predicts(r ~%)=3.2 a.u., a physically unreal-
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istic value, since it is larger than the free ion value. Neither isance between Fi* and O, 0.6 nm(Fig. 3).

the adoption of the opposite signs gy andA, a reasonable Although illumination is not necessary to create the para-

choice; while still reproducing the experimental spectra, suchnagnetic(Ti3*-V,) in reduced crystals, grown from a melt

values lead tam>0, inconsistent with the core polarization deriched of alkali ions, the concentration of )" is again

origin of the hyperfine interaction af orbitals. _ enhanced in such material by illumination. As a result, also
Axial Ti 3*-V centers are not observed after reduction of0 ~-type centers are observed. These, however, have a lower

alkali containing crystals, although nevp, expected to be  ¢concentration and consist mainly in a so-far unidentified spe-

isolated, are produced by this treatment. This is proved bY:ies, probably containing Pt in an unknown charge sthte.
the observation that the EPR of the alkali-associatet! Ti

Vo is now observed without illumination. Apparently the
Fermi levelEg has been raised by a reduction in such a way
that Er lies at (Vo)". A recent embedded cluster modefifg

of (Vo-Ti®") and (Vo-Ti 3" -Na) indicates that an electron is

trapped more stabely at the latter species. This might explain W€ have identified the structure of3l““|_-vo-type centers
why in this case no axialTi3*-V,) is found. in BaTiO4 and compared it to that of the isolated®Tismall

Finally, additional arguments supporting the discrimina-Polaron. Although both types of centers have axial or nearly
tion between the isolated ¥i polaron and T3* associated axial symmetry, they show distinctly different properties: un-
with Vg, are forwarded: The observability of isolated3Ti like internal excitation energies, a changed behavior under
requires neither reduction nor illumination, consistent withillumination and redox treatment and different responses to
the fact that here Fi* is present as a compensator of the uniaxial stress. Whereas the *Ti-Vo-Na(K) variant of the
Nb®* donor. As expected, the concentration of thé’'Ti 0xygen vacancy is a rather stable defect, observed in many
polaron is also not decreased by oxidation. Furthermore, therystals, the simple center, -V, is detected only after
response of both centers to uniaxial stress is different: Whilspecifically reducing rather pure, especially acceptor-free
the axis of isolated ' aligns itself along the direction of crystals, and has the tendency to decay, if kept in normal
[100] stress,P, already forP<5x 10’ Pa, TP"-Vo shows atmosphere. This elusiveness may be caused by the follow-
no such response. This softness of isolatet! Tiesults from  ing circumstances: Oxygen vacancies have the tendency to
the fact that here an electronic rearrangement takes placg@ssociate with the Na and K acceptors, which are frequently
Stress favors amy-orbital ground state, corresponding to a met in BaTiO, crystals. In specimens containing transition
prolate symmetry of the center and its surroundings. Thus ghetal acceptors, also associations with such defects are
rearrangement of electrons initially in other orbitats; or  known to form, such as Bé-V,. For an overview see Ref.
zy, to xy takes place. In theTi®"-Vo) centers an ionic g f Ti4*.v, and Ti**-Vo-Na(K) coexist in the same crys-
reorientation would have to occur. tal, an added electron will have a lower energy at the latter

defect, and T9"-Vg will then not be observet’. Also, the
IV. LIGHT-INDUCED RECHARGING OF Vo CENTERS (Ti®*-Vy) center appears to incorporate oxygen with a
lower reaction enthalpy thaTi3*-Vo-Na(K)].

V. CONCLUSION

The illumination of acceptor containing crystals with light | dditional . ; h
of energyE>2.5 eV populates Fi" -V-type centers, as just mportant additional properties of th&, centers, such as

mentioned, but also O holes trapped near alkali acceptors tN€ir optical absorption and their energy levels with respect
are formed at low temperaturésThe dependence of the to the conduction band edge, could_not yet be .|dent|f|ed. In
creation efficiencies of both species on light energy are par@rder to base these data on established atomic-scale struc-
allel to each othe(Fig. 8). This observation could be attrib- tures, we plan to identify optical absorption bands and en-
uted to valence band electrons being excitel getype cen-  €rgy levels by measurements simultaneously performed with
ters. The holes created in this way can subsequently bESR. )

trapped near acceptor sites. However, the rise of paramag- Note added in proof We remark that most recent em-
netism at 2.5 eV, already 0.7 eV below the band gap, i®edded cluster calculatiofishave identified d3z°—r?) or-
inconsistent with the trap level of o, being expected to be bital to be the ground state of isolated Ti- V. Only if this
about 0.2 to 0.3 eV® Also, the excitation of an electron defect is associated —axially or nonaxially—with an accep-
from an O?~ ion next to an alkali acceptor to the conduction for type defect, arixy) type orbital is predicted to be lowest.
band, accompanied by subsequent trapping of the electrorherefore, the axial centers labelled Ti-V, in the present
nearV,, will occur only at higher energies, since the respec-Paper might still be adjacent to an unidentified acceptor ion.
tive acceptor level again is very shallow, about 0.05%&V.

An explanation of the difference between the threshold for

the rise of paramagnetism and the band gap probably neces- ACKNOWLEDGMENTS

sitates the assumption that the responsible electron excitation

takes place from & within a cluster as shown in Fig. 5 to We thank T. W. Kool and S. Kane for reporting results
the Ti®* site. Then electron and hole attract each otherpf the uniaxial stress measurements. V. G. Grachev and H.
forming an exciton bound to th¥g-alkali complex. The Reyher gave important hints to the evaluation of the hyper-
exchange interaction between electron and hole is not olfine data and H. Donnerberg contributed useful remarks on
served, however, neither in the resulting” Qhor in the the manuscript. The work reported here was performed
(Ti®*-Vo-Na) EPR spectra. Both can be described by iso-within Sonderforschungsbereich 225 “Oxide crystals for
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