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In reduced LiTa03 an axially symmetric EPR signal with g~~
——1.948 + 0.003 and g& ——1.827 6

0.003 has been identified. It is attributed to Ti + (3d') by comparison with the already known EPR
data of Ti + in LiNb03. We are able to explain the g values of this center in LiNb03 as well as in
LiTa03, by a model calculation involving a dynamic pseudo Jahn-TeQer eKect. Spin-orbit coupling,
lattice vibration, pseudo Jahn-Teller interaction, and the Zeeman term are treated on equal footing.
Intervalence transfer from Ti + to Nb +, forming a NbLi polaron, has been identi6ed. This transfer
can be stimulated either by visible light or by thermal activation. By investigating the temperature
dependence of the thermally activated intervalence transfer, we have determined the ionization
energy of Ti + with respect to NbLi to be 0.11 eV 6 0.02 eV.

I. INTRODUCTION II. EXPEMMENT

The optical applications of lithium niobate are deter-
mined to a large extent by intrinsic and extrinsic defects.
For instance, iron plays a key role in sensitizing the ma-
terial for photorefractive applications. Titanium is used
for producing optical waveguides in LiNbOs crystals. By
indifFusion of Ti into the outer layers of the material the
re&active index is increased, allowing to shape the way of
light propagation. The present paper reports a continu-
ation of research into the microscopic properties of Ti in
LiNb03, which we had started with the aim to eventually
explain why Ti doping increases the re&active index.

Previously we identified Ti3+ in chemically reduced
LiNb03 by EPR. ' The resonance is described by an ax-
ial g tensor, g~ ——1.964 and

g~~
——1.840, consistent with

the Cs symmetry expected for isolated Ti on a cation site
of the lattice. The proximity of the g values to 2 points to
a nondegenerate I'q ground state. There are indications,
to be presented below, that the magnetic properties of
this state are inQuenced by vibronic coupling. We shall
show that taking into account pseudo Jahn-Teller inter-
action can qualitatively explain the vibronic eEects on
the ground state Zeeman splitting.

The position of defect energy levels is unknown for
most centers in oxide crystals, especially LiNb03. By
analysis of the temperature dependence of the optical
absorption spectra of NiL+,. and Ti + in LiNb03 we shall
demonstrate that the Ti +f' + level lies slightly below
Nb4+'+

Li
Before treating these issues connected with LiNb03 the

EPR identification of Ti + in the isomorphous LiTa03
will be reported. In the following section we describe the
innuence of vibronic interaction on the ground states of
Ti + in LiNb03 and LiTa03. Finally, the determination
of the ionization energy of Ti + will be reported and
discussed.

The reduction treatment, the EPR measurements and
the optical absorption spectra have been performed with
nominally pure, LiTaOs and Ti-doped LiNbOs. The first
was purchased from Union Carbide Crystal Products,
while the latter, with 1 mol '%%up Ti in the melt, was kindly
supplied by the Siemens Crystal Growth Laboratory in
Munich. The effective distribution coefficient of Ti + in
LiNb03 is given by Rauber to be 0.8. Thus the Ti con-
tent in the crystal should be about 0.8 mo1%

For the reduction treatment we used a horizontally
mounted quartz tube heatable with an oven up to 1400 K.
Both evacuation or the setup of a continuous gas Bow was
possible. In the case of LiTa03 we reduced the sample
at 1300 K for 15 h in a H2 atmosphere. The LiNb03'. Ti
sample was strongly reduced at 1300 K in vacuum of
about 2 x 10 5 mbar for several hours.

The g values of the centers in both samples have been
measured with a conventional Bruker ER 200 D-SRC
spectrometer working in the X band at temperatures
down to 15 K. For the optical absorption measurements
we used a Beckman Acta MVII spectrometer equipped
with a suitable cryostat for low temperatures (10—380
K) and an oven for high ones (293—1073 K). In order to
prevent reoxidation at elevated temperatures, the crystal
was kept in a heatable transmission cell in an argon at-
mosphere during the experiment. We were sure that no
further reduction took place, because no additional col-
oration could be observed by comparing the absorption
before and aRer the heating cycle. For high temperatures
a nonstandard operation mode with the spectrometer be-
tween the sample and the detector was used. This allows
one to block the strong Planck radiation emitted &om a
crystal at elevated temperatures.

III. EPR OF Tis+ IN LiTaOs
In the reduced, nominally pure, LiTa03 crystal, we

observed an EPR signal of axial symmetry at a temper-

0163-1829/94/49(9)/5845(7)/$06. 00 49 5845 1994 The American Physical Society



5846 THIEMANN, DONNERBERG, WOHLECKE, AND SCHIRMER 49

ature of about 15 K with
g~~

——1.948 + 0.003 and g~ ——

1.827 6 0.003. The g values are similar to those estab-
lished for Ti + in LiNb03.

g~~
——1.964 and g~ ——1.840.

The almost quantitative agreement suggests the assign-
ment of the newly found signal to Ti + in LiTa03. The
large linewidths, 35 mT and 45 m T for B

~~
c and B 3 c,

respectively, precluded the identification of a hyperfine
interaction due to the low abundant magnetic isotopes

Ti (I = 5/2) and @Ti (I = 7/2).
In contrast to LiNb03 where Ti replaces the Li ion

it is not yet established whether Ti replaces Li or Ta in
LiTa03. Nevertheless the site symmetry of both cations
is Cs. Therefore also in LiTaOs we expect a g tensor of
axial symmetry, which agrees with the experimental data
obtained. Again the g tensor can only be explained by
a nondegenerate I'i orbital ground state (site symmetry
Cs), which is separated by the trigonal field splitting 6
from the excited I'2, I's (Cs) states. Following Abragam
and Bleaney, one obtains

g~~
= g, cos 28 —k(1 —cos 28),

gg = ~2g, (1+ cos28) —~2ksin28~,

using an isotropic orbital reduction factor k =
k~~

——k~.
Before we discuss the parameter 0 we note that such or-
bital reduction factors are commonly used to account for
covalency effects within a static crystal field description.
More accurately, they describe the changes of matrix ele-
ments of the angular momentum operator I, when atom-
like orbitals ~d, ) are used instead of molecular orbitals

(y„/L/y ) = k„(d„[L/d ) .

Spin-orbit interaction is given accordingly by

(P„~A„L.S~P ) = A„k„(d„~L.S~d )
= Apr„k„(d„(L S)d ) . .

Here r„=A„ /Ap takes into account the change of the
&ee-ion spin-orbit coupling constant in a crystalline en-
vironment. The parameter 8 [tan28 = i/2A/(b, + A/2)]
depends on the spin-orbit coupling parameter A and the
trigonal crystal field splitting 6, while g, = 2.0023 is
the free spin value. The evaluation of the experimental

g values of Ti + in LiTa03 and in LiNb03 on the ba-
sis of these expressions leads to unusually low k values,
k ( 0.6 (see Table I). On the other hand in oxides the
lower bound of the orbital reduction factors, due to co-
valent admixture of ligand orbitals to the wave function
of the central ion, is generally expected to be about 0.7.
Since it is known that electron-phonon coupling can lead
to orbital reduction factors smaller than those due to co-
valency only, we studied the infIuence of this interaction
as an additional contribution.

IV. PSEUDO JAHN-TELLER TREATMENT OF
THE ZEEMAN EFFECT OF THE TP+ GROUND

STATE

We obtained axial g tensors for Ti + in both LiNb03
and LiTa03. The site symmetry of Ti + in these com-
pounds is C3, but the deviation from C3 is small. It
consists only in a small rotation of the corners of the
oxygen triangles out of the vertical mirror planes. There-
fore we shall assume C3„site symmetry in the following
treatment, which is based on symmetry arguments. The
ground state of Tis+ in cubic syinmetry is T2s(I' s). Low-
ering the symmetry to C3„results in an orbital singlet
ground state I'q and an excited doublet state I 3.

In the similar case of Ti + in A1203 the sign of the
axial crystal field causes the orbital doublet to lie lowest.
Thus a dynamic Jahn- Teller effect could be invoked to ex-
plain the EPR properties of the A1203.Tis+ system. For
Ti + in LiNb03 and LiTa03 the axial crystal field has
the opposite sign, and the ground state is the orbital sin-
glet. Therefore a dynamic pseudo Jahn- Teller mechanism
will be introduced, using a vibronic coupling between the
singlet ground state and the doublet excited state. We
consider vibrational coupling only among the I'z and I'3
orbital states arising from the cubic T2~ ground state of
Ti + because of the large cubic field splitting 10 Dq of
about 20 000 cm . The Hamiltonian is given by

H —IICF (Csv) + IISO + IIvib + IIJT + IIZee (2)

in the total Hamiltonian. These perturbation approaches
allow one to include an infinite number of JT-active
phonons. However, we feel that a perturbation expansion
to second order is not appropriate for Ti + in LiNb03,
LiTa03, and A1203. First- and second-order contribu-
tions to the perturbation matrix are seen to be of the
same order of magnitude. Thus one cannot draw any
proper conclusions regarding the quality and even the ex-
istence of convergence t ~. Similar observations have
been made by Rai. Alternatively Rai suggested a per-

in self-evident notation. In finding the eigenvalues of this
Hamiltonian we shall treat the spin-orbit coupling, the
trigonal crystal field, the vibration, the Jahn-Teller cou-

pling, and the Zeeman term on equal footing. A similar
calculation has first been performed by Ham et al.

Different to our approach Bates et aL and Macfar-
lane et al. used in their corresponding investigation
of A1203.'Ti + a perturbation treatment, where trigonal
crystal field, spin-orbit interaction, and the Zeeman term
are considered as being perturbations with respect to the
leading terms

IIp IICF (Oh) + IIvib + IIJT

TABLE I. EPR parameters of Ti + in LiNb03 and LiTa03.

LiwbOg. Ti +

LjTa03..Tj3+
1.964
1.948

gg
1.840
1.827

0.029K
0.033vr

A/b,

0.14
0.14

0.58
0.52

Ref.

[3uppe (Ref. 1), Miiller (Ref. 2)]
(This work)
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where a = gh/mu and X+, Y+, X, and Y are the up
and down leiteroperators related to Q and Q„, respec-
tively.

From the coupling coeKcients of C3„ the Jahn-Teller
Hamiltonian is deduced:

Hgy = V(E,Qs+ EsQ, ), (4)

where V is the reduced matrix element of the tensorop-
erators E, g, which are operating on the electronic wave
functions ~(), ~g), and ~(). The coupling strength de-
scribed by the reduced matrix element V is considered
to be equal for simplicity for I's I's and I'q I's. The
equidistant energy levels of the E vibration are shown in
Fig. 1. The spin-orbit coupling is treated as being spher-
ically syrnrnetric (Hso L.S) and the orbital reduction
factor k as being isotropic.

The symmetry adapted vibronic basis set is obtained
by coupling the E mode vibration to the spin-orbit states
14, I'5, and I'6, considering phonons up to a quantum
number of n~ ——n, + ne ——2. This yields 36 basis states
having symmetry I'4, I'5, and 1 6. The total Hamiltonian
was expressed in matrix form by this new vibronic basis
set. The energy eigenvalues of this 36 x 36 matrix were
obtained by numerical diagonalzzation.

turbation treatment of parts of the JT efFect (i.e., the
tunneling) assuroing that covalency is negligible. How-

ever, also in this case the validity of perturbation theory
is not obvious, as the results of Rai indicate a dominating
dynamic behavior. Moreover, we refer in this context to
a paper by Pryce, where the importance of covalency
effects has been emphasized.

These few comments may suffice to justify our difFer-
ent approach. However, we should also note that in our
treatment, although avoiding any perturbation calcula-
tions, principally only a limited number of phonons can
be included (otherwise the size of the Hamiltonian ma-
trix is increasing rapidly with each additional phonon).
In conclusion we believe our treatment is necessary to
support the idea of dynamic Jahn-Teller efFects for Tis+
ions embedded in trigonally distorted crystals.

The trigonal field splitting is described by the parame-
ter A. The spin-orbit term removes the orbital degener-
acy of I'3, which results in the irreducible representations
I'4, I'5, I'6 of the C3 double group, using the notation
of Koster et aL For admixing the electronic excited or-
bital state I'3 to the ground state I'z by pseudo Jahn-
Teller coupling, phonons of E symmetry (in Cs„) have to
be used. In Cs„ there exist the two (degenerate) normal
vibrations Q and Q„having E symmetry. The vibra-
tional basis functions Q, and Qs, which transform like
—S+ and S in the notation of Koster et al. , do not
represent normal vibrations. The operators correspond-
ing to Q, and Qs are not Hermitian, but can be expressed
by a linear combination of the Hermitian operators Q
and Q„:

Q, = (Q —iQ„) = (X++Y),

Qs = (Q +iQw) = (X+Y+)

I

I

I

I

I

I
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l
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FIG. l. Energy level scheme resulting from the I's ( Tzs)
ground state of Ti + in cubic symmetry. For detai1s refer to
the discussion in the text.

Using this procedure, reasonable parameter values re-
producing the experimental g tensor components can be
chosen; these parameters are the covalent orbital reduc-
tion factor k, the parameter b = A/b, (where A describes
the reduced spin-orbit coupling constant in the crys-
talline environment), the Jahn-Teller energy E~~ (Eg~
= V2/2mur2), and the phonon energy hu of the coupled
vibration mode. Such choices are not possible if electron-
phonon interaction is not taken into account. In the
moderately covalent A1~03, which has the same crystallo-
graphic structure as LiNb03, the orbital reduction factor
k for transition-metal ions has typically values between
0.7 and 0.8. For LiNb03 we therefore choose k = 0.75.
The spin-orbit coupling parameter A is taken to be 123
cm ~, which is 80% of the free-ion value. This accounts
for a reasonable expansion of the 3d radial function in
the solid. The wave number of the interacting phonon
was assumed to be v = 258 cm, which is the weighted
mean of the LiNbOs phonon density of states, as mea-
sured by Raman scattering. By fitting the g values with
the given parameters we obtained a Jahn-Teller energy
of Egg ——319 cm and a trigonal crystal field splitting
of 4 = 820 cm . It was not yet possible to check this
value of the crystal field splitting by optical absorption.
In A1203 for comparison the trigonal crystal field split-
ting for several trivalent 3d" ions is in the range 700—1000
cm . The numbers listed above for the parameters k,
b, E~~, and v are only representative values. Agreement
can also be found within a wider range of parameter val-
ues. For a systematic investigation we varied k and v.
The results are plotted in the parameter space b vs Eg~
in Fig. 2. For three difFerent k values (0.7, 0.75, and 0.8)
the obtained pairs of b and Eg~ are shown, which repro-
duce the experimental g values. In Fig. 2 also the effect
of varying v by + 50 cm is indicated.

The obtained exact fit of the measured g values with
the indicated model calculation can only be taken as
a qualitative indication that vibronic interaction in the
form of a pseudo Jahn-Teller efFect can explain the puz-
zling observation that the effective k values for Ti + in
LiNb03 are considerably smaller than the covalent re-
ductions generally found for 3d ions in oxide materials.
In this approach the number of phonons coupling to the
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LiNb03. Ti
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FIG. 2. Results of the pseudo Jahn-Teller calculation of
the Zeeman effect of the Ti + ground state in LiNb03. The
experimental g values can be reproduced by the pairs of Ezz
and b' = A/6, which are represented by the given symbols.
The symbols denote different assumed phonon energies. The
range of the expected k values is indicated.

spin-orbit states had to be limited to two for technical
reasons. In order to get an idea of the inHuence of the
number of coupled phonons, the calculation was done for
0, 1, and 2 coupled phonons with the other parameters
fixed. We found a decrease of the separation between the
g-value pairs (gii, g~) by increasing the phonon number.
We cannot decide, however, whether the convergence ob-
tained is sufBcient to warrant more than a qualitative
statement about the applicability of the model.

With the same procedure we were also able to explain
the experimental g values of Ti + in LiTa03 using similar
parameters. This is not surprising because of the related
crystallographic and phonon structure.

V. OPTICAL AND THERMAL INTERVALENCE
TRANSFER: Tis+ + Nbs+ ~ Ti4+ + Nb4+

FIG. 3. The EPR spectra of Ti + and Nb&+,. in LiNb03. Ti
indicating an optically induced intervalence transfer from
Ti + to Nb&+ (a) before illumination, (b) after illumination.

By the strong reduction of the LiNb03'. Ti sample
0.3 mo1% were changed into Tis+ as monitored by EPR.
After illuminating this reduced crystal only Nb4+ was ob-
served by EPR beside the decreased Ti + signal. In the
as-grown crystal no paramagnetic defects could be de-
tected in EPR. Figure 4 shows the optical absorption of
this crystal for E

~~
c and its temperature dependence. At

low temperatures a broad nearly unstructured band with
peak at about 580 nm is extending over the whole visible
and much of the near IR spectral range. This absorption
decreases upon heating. Instead an additional absorp-
tion band with maximum around 760 nm rises. We note
that the position of this maximum can be inferred with-
out doubt by inspection of the corresponding absorption
spectra at T = 1073 K (see inset of Fig. 4). The de-
crease of the initial absorption band at 580 nm must be
due to an electronic transfer diminishing the concentra-
tion of the absorbing centers and cannot be ascribed to
vibronic broadening because of two reasons: the zeroth

Illumination of a strongly reduced Ti-doped LiNb03
crystal at low temperatures gives rise to an intervalence
transfer &om Ti + to Nb + Ti + + Nb + E-+ Ti + +
Nb4+. Here and in the following Nb is meant to designate
a Nbg; antisite defect; an electron bound at this site,
Nb4+, is stabilized to a large extent by lattice distortion
and can thus be called a bound small polaron. Figure 3
shows the decrease of the Ti + and increase of the Nb +
EPR signal after illumination with the unfiltered light of
a 150 W xenon arc lamp at 20 K. At this low temperature
Nb + is metastable. The indicated transfer is a special
example of the photoionization of a 3d ion in LiNb03,
initiating the photorefractive effect. The details of the
EPR spectrum are discussed elsewhere.

We have also monitored the thermal ionization of Ti +.
Since the EPR of Ti + and Nb + can only be detected
up to about 100 K because of too short spin lattice relax-
ation times, we measured instead the temperature depen-
dence of the intensities of the optical absorption bands of
Ti + and Nb +. Similar investigations of the thermal dis-
sociation of Nbl+,. -Nb&& bipolarons have been published
previously.

50—

40—

o 30

20—

10—

603
551
448

300 400 500 600 700 800 900
X (nm)

FIG. 4. Temperature dependence of the optical absorption
of Ti-doped LiNbOs for a polarization E II c. A strong ab-
sorption peaked at 760 nm grows with rising temperature,
while the main absorption at 580 nm is decreasing. We
explain this process as the thermally activated intervalence
transfer Ti + + Nb + ~ Ti + + Nb +. Inset: unpolarized
optical absorption for a temperature of 1073 K.
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moment of this absorption is really decreasing (this can
directly be seen for temperatures below 250 K) and its
first xnoment is nearly constant. At high temperatures
(T = 1073 K) the band at 580 nm still exists beside the
second one peaked at 760 ~m.

The line shape of the total absorption is character-
istic for each temperature and does not depend on the
way the temperature is reached. This ascertains the in-
creasing and decreasing absorption to be in a stationary
equilibrium.

The absorption band at low temperatures with peak
at 580 nm consists of six unresolved bands from which
at least four are definitely assigned to Ti +. This was
proved by ODMR (optically detected magnetic reso-
nance) via MCD (magnetic circular dichroism, for a re-
view see, e.g. , Spaeth et al. ~s) as has been reported
elsewhere (Thiemann et al. 2P) The absorption peaked at
760 nm, which rises for T & 250 K, is attributed to the
isolated NbL+,- polaron by comparing its position and line
shape with that of the band first reported by Sweeney
et al. , and correlated to Nb&+; by Dutt et al. It is
obvious that the optical behavior mirrors the thermal
intervalence transfer from the Ti +~ + energy level to
the Nbs+~ + level. It should be noted that the Ti ions
are known to produce the highest energy levels within
the gap of LiNb03 as compared with most other 3d ions
(Thiemann et al.2s).

We shall now discuss the determination of the energy
difFerence between the levels Ti4+~s+ and Nbs+~4+ as
derived from the temperature dependence of the Nb +

and Tis+ absorption bands. The law of mass action of
the considered intervalence transfer is given by

[Ti4+] [Nb4+] = exp( b,E/k~T) ex—p( b, S/k~) —. (5)

Since the degeneracies of the ground states of both Tis+
and Nb4+ are identical, the entropy change of the transfer
is zero: exp( —b, S/k~) = 1. The total initial Ti concen-
tration, [Ti]p, is assumed to be 0.8 mol '%%uo, see above. This
includes both stable charge states of Ti, Ti +, and Ti +.
For [Nb]p we take the concentration of the isolated Nbr, ;
antisite defects, 1.2 mo1%,24 including both Nb + and
Nb4+; the latter is responsible for the ten-line EPR in
Fig. 3 and the optical absorption peaked at 760 nm,
Fig. 4. Assuming that Ti replaces the Nbr, ; antisite, the
effective initial [Nb)p may be lowered to 0.4 mol'%%uo (1.2
mo1%, [Ti]p). The initial concentrations of Nb4+ and
Ti + are [Nb +]p ——0 and [Ti +)p ——0.3 mo1%, as de-
termined by EPR. Using these quantities Eq. (5) can be
transcribed into

([Ti]p [Tl +]p + [Nb +])([Nb +])
([Tis+]p —[Nb4+]) ([Nb]p —[Nb4+])

Here [Nb4+] means the actual Nb&+, concentration, de-
pending on temperature. [Nb4+] is created entirely from
[Ti +] and thus ie equal to the vanished [Tis+] or, alter-
natively, to the created [Ti4+]. From Eq. (6) [Nb4+) can
be calculated as depending on AE/kgyT.

In Fig. 5 the logarithm of [Nb +] is plotted vs the

3.5—
0
0

3.0—
C
O
C0~ 2.5-
C0
L0
o 2.0-
CL

reciprocal temperature 1/T. [Nb +] was determined
from the absorption at 870 nm. The Ti3+ absorp-
tion at this wavelength is about 20'%%uo of the peak ab-
sorption at 580 nm. The total absorption is given by
C(v, T) = A(v)c(T) + B(v)b(T). Here A(v) and B(v)
mean the Tis+ and Nb4+ line shapes and a(T), b(T) are
temperature dependent factors. In the following the tem-
perature dependence of the width and the temperature
shift of the maxixnum of the line shapes will be neglected.
This is a good approximation as seen in Fig. 4.

The nearly linear range of the plot in Fig. 5 can be
simulated very well by our simple model, using the above
concentrations, with an ionization energy AE = 0.11 eV
(full line in Fig. 5). For low temperatures deviations from
this linear behavior occur, which must be treated by a
more complicated model. It should be noted that the
obtained ionization energy, 0.11 eV, is rather insensitive
to the assumed initial concentrations. Also [Nb]p = 1.2
rno1%, valid if Ti does not replace NbL;, and a range of
values for [Tis+]p, all lead to hE = 0.11 6 0.02 eV, see
Table II.

In reduced undoped I iNb03 generally a wide absorp-
tion band peaked near 500 nm is found which is at-
tributed to Nb&+-NbN+b bipolarons. ~s Also this band de-
creases by heating and again the absorption at 760 nm,
due to Nb&+, rises. The underlying process was explained
to be the thermal dissociation of bipolarons, leading to
isolated Nb&+;, the dissociation energy being 0.27 + 0.02
eV; i.e., the bipolaron stabilization energy per electron
is sixnilar to the ionization energy of Ti +. The overlap

TABLE II. Ionization energy AE for difFerent initial pa-
rameters ([Ti]p = 0.8 mo1%; [Nb +]p ——0 mol'%%).

[Ti +]p (mo1%) [Nb] p (mol %)
0.1 1.2 -0.8
0.3 1.2 —0.8
0.5 1.2 —0.8
0.1 1.2
0.3 1.2
0.5 1.2

b,E (eV)
0.105
0.110
0.117
0.110
0.118
0.125

I I I

2.0 2.5 3.0
temperature (10 ~K ')

FIG. 5. Arrhenius plot of the polaron concentration. The
ionization energy of AE = 0.11 eV 6 0.02 eV for Ti + is given

by the simulation (full line) of the high temperature range.
The experimental values are indicated by X.
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of the bipolaron and Ti + absorption bands might have
infIuenced the evaluation of the Ti + ionization energy.
It has to be noted, however, that in the case of bipolaron
dissociation an increase of the 760 nm absorption was
observed at 122 K already, as compared to 250 K
in the present case. Furthermore the decrease of the 580
nm Ti + band was found to be much weaker than that
found previously for the 500 nm bipolaron absorption.
With these arguments the presence of bipolarons can be
excluded in the present case. This might be caused by
the fact that the Ti + levels are somewhat lower than
those of the bipolarons. The error limits of both electron
stabilization energies allow for this possibility.

A slight temperature induced decrease of the Ti + ab-
sorption already starts at 10 K, but an accompanying
increase of Nb + cannot be surely ascertained. If this is
not the case, energy levels of other states between those
of Ti +~ + and Nb +f' + have to be postulated. Such
intermediate states will not, however, affect the determi-
nation of the Ti + ionization energy.

VI. SUMMARY AND OUTLOOK

We have investigated electron paramagnetic resonance
of Ti + centers in reduced LiTa03 crystals. This new
axial-symmetric defect center is analogous to the corre-
sponding one in LiNb03 which was reported a few years
ago. If interpreted on the basis of the theory of Abragam
and Bleaney, both centers show unusually small orbital
reduction parameters k ( 0.6. We introduced a dynamic
pseudo Jahn- Teller mechanism in order to explain the ob-
served EPR signals, since covalency alone cannot account
for such small k values. Different kom related investiga-
tions of Bates et al. and Macfarlane et at. we avoid a
perturbation treatment, because the relevant contribu-
tions to the Hamiltonian (i.e., spin-orbit coupling, trigo-
nal crystal field, vibrational, and Jahn-Teller terms) are
essentially of the same order of magnitude. Since a corre-
spondingly full treatment, on the other hand, allows one
to include only a finite number of interacting phonons,
our results should be interpreted as a qualitative indica-
tion for essential vibronic couplings.

The second part of our investigations concerned the
optical absorption of reduced Ti-doped LiNbOq crystals.
At low temperatures the absorption spectrum shows a
broadband peaked at 580 nm. Previously, ODMR in-

dicated that this band is related to Ti + ions. Upon
heating this 580 nm band decreases in favor of a new
absorption band at 760 nm which may be ascribed to
Nb&+,. small bound polarons. The corresponding inter-
valence transfer has been further studied by monitoring
changes in the optical absorption intensities as a function
of temperature. This allowed us to determine the energy
separation between the Ti +f' + and Nb +f' + levels. The
corresponding value of 0.11 eV turned out to be rather
insensitive to the assumed initial defect concentrations.
The existence of bipolarons which can principally affect
our results could be excluded in our crystals on the basis
of their qualitative different dissociation behavior.

Up to now we have investigated only moderately Ti-
doped crystal samples. In order to get some further in-
formation concerning waveguides it is useful to consider
reduced highly Ti-doped LiNb03. Here, we only report
some preliminary results: First, we observe a change of
the bulk Ti + EPR. The signal becomes more asymmet-
rical at the low field side and shifts to larger g values.
This outcome may be caused by an overlap of two Ti +

centers having slightly different g tensors. Second, we
have identified a further Ti + EPR signal in reduced
LiNb03 waveguides produced by indiffusion of Ti. This
new EPR spectrum is related to a milky surface layer due
to an unfinished indiffusion process. Indeed, the EPR
signal decreases upon grinding away the surface layer.
The symmetry of the new center is orthorhombic. For
B

~~
c we have measured

g~~
= 1.975 6 0.002; for B J c

g varies between the extreme values g~ q
——1.974+ 0.002

and g~2 ——1.939 6 0.002 along directions perpendicular
to each other. By comparison with g values identified
for Ti + in Ti02, we are sure that we have identified
Ti + possibly in a rutilelike environment. Rice et at.
suggested a corresponding intermediate crystal phase to
occur during the Ti diffusion process.

ACKNOW'LEDGMENTS

We wish to thank Dr. B. C. Grabmaier for kindly

putting Ti-doped LiNb03 crystals at our disposal and T.
Dollinger and W. Koslowski for expert assistance. We are
grateful to H. Miiller, who has performed the EPR mea-
surement of LiTaO: Ti +. The research was supported by
DFG, Sonderforschungsbereich 225.

S. Juppe and O. F. Schirmer, Phys. Lett. A 117, 150
(1986).
H. Muller and O. F. Schirmer, Radiat. EK and Defects
Solids 119-121,693 (1991).
A. Rauber, in Current Topics in Material Science, edited
by E. Kaldis (North-Holland, Amsterdam, 1978), Vol. 1, p.
481.
C. Zaldo, C. Prieto, H. Dexpert, and P. Fessler, J. Phys.
Condens. Matter 8, 4135 (1991).
A. Abragam and B. Bleaney, Electron Paramagnetic Res-
onance of Transition Ions (Oxford University Press, New
York, 1970), p. 417.

K. W. Blazey and K. A. Miiller, J. Phys. C 1B, 5491
(1983).
R. M. Macfarlane, J. Y. Wong, and M. D. Sturge Phys.
Rev. 166, 250 (1968).
F. S. Ham, W. M. Schwarz, and M. C. M. O' Brien, Phys.
Rev. 185, 548 (1969).
C. A. Bates and J. P. Bentley, J. Phys. C 2, 1947 (1969).
T. Kato, Prog. Theor. Phys. 4, 514 (1949).' T. Kato, Prog. Theor. Phys. 5, 95 (1950).
Although it is possible to prove, by additional considera-
tions using Kato's perturbation theory (Refs. 10 and 11),
that the above-mentioned perturbation problem belongs to



49 VIBRONIC STRUCTURE, ENERGY LEVEL, AND. . . 5851

the analytic branch of perturbation theory (i.e., the H0
boundedness of the perturbations yields the energy as well

as the state vector as analytic functions of the coupling
coefficient), the coupling coeKcients for Ti + in LiNbOq,
LiTa03, and A1203 turn out to be close to the limits of the
convergence circle. Thus, convergence of a perturbation se-
ries might be poor.
R. Rai, Phys. Status Solidi. B 52, 671 (1972).
M. H. L. Pryce, K. P. Sinka, and Y. Tanabe, Mol. Phys. 9,
33 (1965).
G. F. Koster, J. O. Dimmock, R. G. %'heeler, and H. Statz,
Properties of the Thi ty Two -Point Groups (M.I.T. Press,
Cambridge, MA, 1963).
M. Nippus, Ph.D. thesis, University of Munchen, 1977.
H. Muller and O. F. Schirmer, Ferroelectrics, 125, 319
(1992).
J.Koppitz, O. F. Schirmer, and A. I. Kuznetsov, Europhys.
Lett. 4, 1055 (1987).
J. M. Spaeth and F. Lohse, J. Phys. Chem. Solids 51, 861

(1990).
O. Thiemann, H. J. Reyher, and O. F. Schirmer, Radiat.
Eff. Defects Solids. 119-121,571 (1991).
K. L. Sweeney and L. E. Halliburton, Appl. Phys. Lett. 43,
336 (1983).
D. A. Dutt, F. J. Feigl, and G. G. DeLeo, J. Phys. Chem.
Solids 51, 407 (1990).
O. Thiemann and O. F. Schirmer, SPIE 1018, 18 (1988).
S. C. Abrahams and P. Marsh, Acta Crystallogr. B 42, 61
(1986).
O. F. Schirmer, O. Thiemann, and M. Wohlecke, J. Phys.
Chem. Solids 52, 185 (1991).
H. Donnerberg, S. M. Tomlinson, C. R. A. Catlow, and
O. F. Schirmer, Phys. Rev. B 40, 11909 (1989).
W. Low and E. L. OKenbacher, in Advances in Research
and Applications, edited by F. Seits and D. Turnbull (Aca-
demic Press, New York, 1965), Vol. 17, p. 135.
C. E. Rice and R. J. Holmes, J. Appl. Phys. BO, 3836
(1986).


