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Ti31 on Nb site: A paramagnetic Jahn-Teller center in vacuum-reduced LiNbO3:Mg:Ti
single crystals
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An axial EPR signal observed in vacuum annealed LiNbO3 single crystals doped with 8 mol % Mg and 0.05
mol % Ti has been attributed to Ti31 on Nb site. Theg tensor components (gi51.76060.005 andg'

51.78660.005 forT55 K andgi5g'51.89360.005 forT574 K), resulting in outstandingly low values
of the orbital reduction factor~from k50.16 to 0.13!, can be explained by a dynamic pseudo-Jahn-Teller
effect. The vibronic coupling of the center is much stronger than that reported for othernd1 centers with
similar trigonally distorted octahedral coordination in LiNbO3 like the Ti31 on Li site and trapped Nb41

polarons on both cation sites. Stronger coupling for ions on or near the Nb site is understood as a result of
smaller trigonal splitting of the ground state due to the more central position of the Nb site in the oxygen
octahedron. Electron transfer from the observed Ti31 center to lattice niobiums, resulting in Nb41 trapped
polarons, has been stimulated by illumination in the near UV region. The average energy difference of the
involved Ti41/31 and Nb51/41 donor levels has been estimated to be 70623 meV depending also on the
distance of compensating Mg21 ions on nearby Li sites.@S0163-1829~98!04534-2#
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I. INTRODUCTION

Titanium is a standard dopant used for waveguide prod
tion in LiNbO3 that is just one of the countless applicatio
of this ferroelectric material well known in optoelectronic
nonlinear optics, holography, and acoustics. The Ti31 ions
(3d1 configuration!, obtained by recharging the initially
present Ti41 ions, can be incorporated at cation sites ins
oxygen cages of trigonally distorted octahedral symme
The splitting of theirG5 (2T2g) ground-state multiplet is
expected to result in a nearly degenerate ground-state su
to a possible pseudo-Jahn-Teller~JT! effect. The same is
expected also for Nb41 centers (4d1 configuration! obtained
by recharging the pentavalent niobiums in the crystal.

Such an effect was, in fact, observed for Ti31 substituting
for Li1 in LiNbO3, and was manifested as a decrease of
orbital reduction factork in EPR.1,2 A value of 0.58 has been
observed instead ofk values between 0.7–0.8 valid fo
non-JT 3d ions in Al2O3 , which is a moderately covalen
crystal essentially isostructural with LiNbO3.3,2

The EPR parameters reported for Nb41 centers in LiNbO3
strongly depended upon the presence of the Mg dopant.4–6 It
PRB 580163-1829/98/58~13!/8329~9!/$15.00
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was suggested that in LiNbO3:Mg the rather weak anisot
ropy of the Nb41 EPR spectrum indicating the quenching
the trigonal crystal field5 and the observed tetragonal defo
mation of the recharged NbO6 complex6 might be due to a
Jahn-Teller effect. The corresponding effects were mu
weaker in the absence of the Mg dopant.7,1

Magnesium~which is another standard dopant of LiNbO3

used as a rule in concentrations slightly above a threshol
5–6 mol % to reduce optical damage in laser applications! is
known to eliminate as-grown antisite NbLi

51 defects8 ~the
lower index indicating the substitution site!. Accordingly, in
LiNbO3:Mg the electron irradiation4 or vacuum annealing
treatments,4–6 used for the preparation of the paramagne
Nb41 state, affect the NbNb

51 ions of the normal lattice, in
contrast to undoped LiNbO3 where only antisite NbLi

51 de-
fects are recharged as a result of the same treatments.
ous propositions have been put forward to explain the tr
ping and stabilization of electrons at normal Nb lattice sit
such as the presence of a substitutional Mg21 ion in the
nearest Li coordination sphere4–6 and a polaron effect.5 It
should be pointed out that the annealing treatments use
these references were somewhat different, which is a p
8329 © 1998 The American Physical Society
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8330 PRB 58G. CORRADIet al.
sible explanation for the slightly differentg factors and hy-
perfine constants obtained for NbNb

41 centers in these works
These results served as a clear motivation for us to l

for the Ti31 center in overthreshold LiNbO3:Mg crystals,
where Ti is expected to substitute for Nb. As in the case
the Nb41 center, such a change in the substitution site sho
lead, despite the unchanged trigonal point symmetry and
nearly identical octahedral oxygen coordination, to an
hancement of the Jahn-Teller effect. Earlier attempts to p
pare the Ti31 state in LiNbO3:Mg:Ti by low-temperatureg
irradiation failed,6 in contrast to the case of LiNbO3:Ti
where such a treatment was successful.9,10 Therefore, in the
present work vacuum annealing has been applied, resul
in fact, in a reduction of the initial Ti41 state. The param
eters of the center attributed to TiNb

31 are compared to those o
TiLi

31 and NbLi
41 centers in LiNbO3 and NbNb

41 centers in
LiNbO3:Mg. The possible reason for the enhancement of

FIG. 1. First derivative EPR spectrum in vacuum annea
LiNbO3:Mg:Ti at T514 K for the magnetic field oriented paralle
and perpendicular to the crystalc axis. The feature with a questio
mark is an unidentified signal, possibly TiLi

31 , the signal nearg
52.0 is due to the resonator. For a detailed description of
hyperfine-broadened NbNb

41 signal, see Ref. 6.
k
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Jahn-Teller coupling and the effect of temperature is d
cussed. We also report on light-induced electron trans
from Ti31 to Nb51 ions, resulting in Ti41 and Nb41 centers.

II. EXPERIMENT

Double-doped LiNbO3 samples have been grown i
Budapest from Merck suprapure and Grade I Johns
Matthey starting materials using a balance-controlled C
chralski method and melts with a congruent Li/Nb ratio co
taining 8 mol % Mg and 0.05 mol % Ti. Single-dope
crystals were also prepared for comparison. The portion
dopants incorporated into the crystals has been investig
by atomic absorption analysis.11 The distribution coefficient
for single doping with Ti was found, in accordance wi
previous results,12 to be somewhat smaller than 1, howeve
the presence of the Mg codopant was seen to increase
built-in amount of Ti by roughly 100%.11 The concentration
of Ti in the double-doped samples used has been estim
to be 0.0660.02 mol %. Samples of typically 233
38 mm3 size were reduced by annealing during one hou
920 °C in a vacuum of 531025 torr, with subsequent slow
cooling to room temperature. As a result of annealing,
originally transparent and colorless samples assume
slightly smoky tint. Before annealing, the LiNbO3:Mg:Ti
samples showed no EPR signals in accordance with ea
measurements.6

The EPR measurements in the 4–80 K temperature ra
have been carried out in theX band (;9.25 GHz) using an
ESP-300 Bruker spectrometer equipped with an Oxford
struments helium gas-flow cryogenic system. A 150 W x
non lamp either without filter or together with UV filter
having cutoff wavelengths in the 300 to 350 nm regi
~comparable with the wavelength;320 nm characterizing
the band gap13!, was used forin situ low-temperature illumi-
nations.

III. EXPERIMENTAL RESULTS

The EPR signal recorded in the LiNbO3:Mg:Ti samples
after vacuum annealing is shown in Fig. 1 forT514 K and

d

e

nt
TABLE I. ESR and Jahn-Teller parameters of Ti31 and Nb41 centers in LiNbO3:Mg ~centers on Nb site!
and LiNbO3 ~centers on Li site!. The values of the spin orbit constantl(Ti31)5123 cm21 andl(Nb41)
5600 cm21 are taken from Ref.14. The measurement errors are 0.005 forg values, 0.5 mT for linewidths,
and 2 K for temperature.

Center T gi g' DBi DB' u l/D D k k1 WJT Ref.
K mT mT cm21 cm21

TiNb
31 5 1.760 1.786 41 ;40 13.7° 0.45 270 0.16 0.21 270 the

20 1.857 1.860 13.5 12.0 10.3° 0.31 400 0.14 0.19 290 prese
74 1.893 1.893 10.0 12.0 9.2° 0.26 470 0.13 0.17 300 work

TiLi
31 20 1.961 1.840 3.0 5.2 5.2° 0.14 880 0.58 0.77 45 ~1!

77 1.966 1.862 7.0 13.0 4.7° 0.12 990 0.54 0.72 56 ~10!

NbNb
41 20 1.85 1.84 10.0 10.0 10.7° 0.32 1865 0.17 0.23 255 ~5!

77 1.87 1.82 11.0 11.0 9.8° 0.28 2100 0.26 0.35 180 ~6!

NbLi
41 20 1.90 1.72 6.0 8.0 7.9° 0.22 2700 0.63 0.84 30~1! and ~7!

77 1.95 1.79 7.0 14.0 5.5° 0.15 4050 0.70 0.93 12 ~10!
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two orientations of the magnetic fieldB with respect to the
crystalc axis. The spectrum is essentially a superposition
a broad, nearly structureless NbNb

41 signal6 better visible for
Bic, and a single-line signal having axial symmetry and
slightly asymmetric line shape, and attributed, for reas
discussed later, to TiNb

31 . The weak unidentified signal fo
Bic at g51.962~peak-to-peak widthDBpp54 mT) has pa-
rameters comparable to those of the TiLi

31 center observed1 in
LiNbO3:Ti ~see Table I!. The EPR and other parameters
the TiNb

31 center derived by using a simple axialS5 1
2 Zee-

man spin-HamiltonianH5mBBgS are shown in Table I, to-
gether with those of othernd1 centers.

A. Temperature dependence of the EPR signal

The temperature dependences of the peak-to-peak in
sity I pp and the peak-to-peak widthDBpp of the first deriva-
tive of the EPR signal are shown in Fig. 2. Both have
anomalous character. The signal intensity has a sharp pe
T514 K, and decreases for both higher and lower tempe
tures. The linewidth shows a monotonous broadening
wards lower temperatures, the change becoming rather r
below 10 K, making the signal practically unobservable
the lowest temperatures. The signal was not saturated
temperatures as low as 5 K up to amicrowave power of 0.3
mW. For temperatures above 80 K the signal again beco
too weak to be observed, this time despite narrowing. T
temperature dependence of the integral intensity~given by
double integration of the first derivative signal! does not fol-
low a Curie law. The deviation is conspicuous forT
.20 K where the peak-to-peak intensity decreases m
sharper than 1/T involving a still sharper decrease of th
integral intensity due to line narrowing with risingT. A de-
tailed analysis shows that even a Curie-Weiss behavior
be excluded.

The temperature dependence of theg tensor components
gi and g' is shown in Fig. 3. ForT.15 K the difference
between both components is smaller than the measure
error 0.005, i.e., the signal is practically isotropic. It shou
be pointed out that forT,15 K the relationgi,g' holds.
This situation is very unusual fornd1 ions with a triplet

FIG. 2. Temperature dependence of the peak-to-peak inten
and peak-to-peak linewidth of the first derivative EPR signal of
TiNb

31 center forBic, the lines only serving as guides for the eye
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ground state1,2,14,7 ~see also Table I!. The steep critical-like
temperature dependence ofgi andg' in the low-temperature
region is another peculiarity of the system.

B. Photoexcitation effects

The optical excitation of the crystal in the near UV at lo
temperatures~5–30 K! resulted in a ‘‘momentary’’ decreas
of the TiNb

31 signal and a simultaneous increase of the NbNb
41

EPR signal. The spectra are shown in Fig. 4 forT514 K
and show a roughly 60% decrease in the numbers of TNb

31

centers and a corresponding increase for NbNb
41 . The TiNb

31

signal also becomes slightly narrower, e.g., atT514 K the
linewidth decreases from 15 to 12.5 mT. These numb
were essentially the same with or without UV filters.

Partial recovery can be observed if the light is switch
off, as shown schematically in Fig. 5 for the integral inte
sities of the signals. Some 18% and 35% of the light-induc
change in the Ti31 and Nb41 center numbers, respectively
is recovered. The rest of the changes is stable at tempera
below 30 K but disappears if the sample is heated to hig
temperatures. AtT574 K, 83% and 112% of the Ti31 and
Nb41 center numbers observed before illumination can
seen, respectively, and above 90–120 K recovery is c
plete. The kinetics of the partial dark recovery process

ity
e

FIG. 3. Temperature dependence of theg tensor components o
the TiNb

31 center, the lines only serving as guides for the eye.

FIG. 4. The effect of illumination on the EPR spectrum atT
514 K; for additional features see caption of Fig. 1.
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8332 PRB 58G. CORRADIet al.
Ti31 together with its temperature dependence have b
investigated in detail forT512–30 K. The results for a
given temperature can be described by the exponential
proximation

DI pp~ t !.DI pp~0!e2t/t, ~1!

where DI pp~t! is the recoverable part of the light-induce
intensity change for timet after switch-off. The values of the
time constantt derived from our experiments are shown
Fig. 6 and can be approximated by the temperature de
dence

t~T!.t0eDEd /kBT, ~2!

FIG. 5. Schematic representation of integral intensity change
the TiNb

31 and NbNb
41 EPR signals during and after illumination atT

514 K.

FIG. 6. Arrhenius plot of the time constant characterizing
partial recovery of the TiNb

31 EPR signal in the dark after illumina
tion.
en

p-

n-

with the valueDEd /kB5(763) K, which can be consid-
ered as the activation energy of recovery in the dark. For
parametert0 , we obtain the value 40610 s.

IV. DISCUSSION

The EPR signal observed nearg51.86 must be due to
titanium, as in similar crystals but doped only with Mg o
grown without dopants no such signals could be produ
~see also Refs. 6 and 9!. The signal is appreciably shifte
with respect to Juppe and Schirmer’s1 Ti31 EPR line~which
could be reproduced also in our LiNbO3:Ti crystals9,10! so
there must be a distinct change in Ti incorporation due to
presence of Mg.

In the absence of Mg, the substitution site of Ti cou
be identified as the Li site if Ti concentrations of 1 mol
or below were used. These results have been obta
by extended x-ray-absorption fine structure,15 proton
induced x-ray emission, or Rutherford backscatter
spectroscopy/channeling16 and perturbed angular correlatio
methods.17 For Mg-codoped~over the 5–6 mol % threshold!
crystals, an at least partial change of the substitution
from the Li1 to the Nb51 site has been predicted for dopa
cations with larger valences.18,8 This has been experimen
tally verified for the Hf dopant19,20 that is isoelectronic with
Ti, and also for Cr31 ions21–23and Fe31 ions.24,25Therefore,
we tentatively attribute the observed EPR signal to Ti31 on
the Nb site. This model is supported by our EPR data, es
cially if the trends for Ti31 and Nb41 ions in LiNbO3 and
LiNbO3:Mg, to be discussed in the next section, are tak
into account.

We do not think that the signal comes from a perturb
variant of the TiLi

31 center, as the latter is already a perturb
center inevitably having charge compensation in nearby
ion spheres~in its stable TiLi

41 charge state the center by itse
would have a threefold surplus positive charge!. In our opin-
ion, changes in the details of cationic charge compensa
would have smaller effects on the center properties. So
indirect support for the TiNb

31 model comes from a strongly
asymmetric EPR signal at similarg values seen in heavily
Ti-doped and reduced LiNbO3 waveguide material and ten
tatively attributed to two unspecified Ti31 centers with over-
lapping spectra.8,2 For the large concentrations in questio
various substitution sites may be expected including the
site as a most straightforward possibility.

A. Discussion and comparison of EPR
and Jahn-Teller parameters

Both for Li and Nb substitution the Ti31 ions are incor-
porated inside octahedral oxygen complexes distorted a
the trigonalc axis of the crystal with a site symmetryC3 .
Due to the cubic component of the crystal field the orbi
quintetD term of the 3d1 ground state splits into a lowerG5
triplet and a higherG3 doublet with a splitting of 10 Dq. As
10 Dq is of the order of 20 000 cm21, the doublet excited
state has practically no effect on the triplet ground state
only this G5 (T2) triplet has to be further considered~see
Fig. 7!. Due to the trigonal component of the crystal field t
triplet is split into a singletG1 ground state and an excitedG3
doublet separated by the trigonal splittingD. The spin-

of
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orbital coupling splits the excited doublet, which leaves
with three Kramers doublets having the energies~still in the
static field approximation without the JT effect!:

WA.D1l/2, WB.0, WC.D2l/2, ~3!

wherel is the spin orbital coupling constant. Theg tensor
components in the ground stateB are given by Abragam and
Bleaney14 as

gi5~21k!cos 2u2k,

g'5u11cos 2u2A2 k sin 2uu, ~4!

where tan 2u5A2 l/(D1l/2) andk5kpp is the factor of
orbital reduction due to the formation of covalentp bonds
with ligands.

Now, if the experimentally determinedg factors in con-
junction with Eq.~4! lead to ak value appreciably lower than
0.7–0.8, this has to be considered as a proof for additio
vibronic reduction due to a dynamic JT effect.14,1,2 The val-
ues ofk derived for the TiNb

31 center are considerably smalle
than those of the relatednd1 ions in LiNbO3 systems~see
Table I!, and correspond to the rangek!1 wheregi,g'

holds, meaning that the vibronic reduction is exceptiona
strong. The extension of the well-knowngi versusg' plot14,1

for parameter valuesk,0.3 has been calculated using E
~4! and is shown in Fig. 8. Values ofu derived together with
those ofk can be used for finding the ratiol/D. To proceed
towards separate values ofl andD, together with Ref. 2, we
chose, still in a static non-JT approximation,l.0.8l0
5123 cm21 wherel05154 cm21 is the free ion value of
the Ti31 spin-orbit constant.14 A similar choice14 for Nb41 is
l.0.8l05600 cm21.

The solution of theT3e vibronic problem~taking into
account the interaction of the electronicT term with the te-
tragonal vibrations of the octahedral complex! yields three
equilibrium configurations of the complex, each wi
ground-state energies lowered byWJT ~see Fig. 7!. In this
case the EPR spectra can still be described by Eq.~4!, how-

FIG. 7. Splitting of theG5 (2T2g) ground state for annd1 ion in
trigonally distorted octahedral coordination and first-order Ja
Teller reduction of the splitting.
s

al

y

ever, the spin-orbit interaction, the trigonal splitting, and t
orbital moment have to be reduced by the factor14

k15e23WJT /2\v, ~5!

with respect to values received in the static approximati
Here WJT is the JT energy andv is the frequency of the
tetragonal vibrations. This reduction is indicated in Fig. 7
the parametersl and D. The values of these paramete
given in Table I are the ones of the static approximation. F
an estimate ofWJT, one may use the relation

k15k/kpp , ~6!

with kpp50.75 and\v5258 cm21 ~see Ref. 2!.
The above treatment of the JT effect is a first-order

proximation. For Nb41 centers, estimates of the secon
order term in the energy expression14,3,26 are appreciably
smaller than the first-order term, but for Ti31 the terms are
almost comparable~see also Ref. 2!. As the perturbation se
ries proceeds with alternating signs there is a fair chance
our semiempirical first-order estimates included in Tabl
are qualitatively correct for predicting some trends. A no
perturbative calculation of all interactions relevant for t
ground state of Ti31, including the vibronic coupling of the
G1 and G3 states, has been performed by Thiemannet al.2

For the parameter valuel/D50.1560.2, valid for the TiLi
31

center, they obtained the JT energy 3197100 cm21. This is
larger than the estimate for TiLi

31 in Table I, WJT

.45 cm21, but is comparable to the estimates for TiNb
31 .

The approach of Ref. 2 is presently limited by a number
simplifying assumptions including the small number~up to
two! of JT-active phonons that can be taken into accou
Increasing the number of phonons seems to be importan
describing a nearly isotropicg tensor,2 which is the case for
TiNb

31 .
For the discussion of data on Ti31 centers, it is useful to

also include literature data on related Nb41 centers having
well-established substitution sites.8,5,6,10 Such a comparison

-
FIG. 8. Parametric plot of theg components for small values o

the reduction factork, calculated using Eq.~4!. Experimental values
for TiNb

31 and literature data for NbNb
41 , both given forT520 K, are

indicated by crosses.
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8334 PRB 58G. CORRADIet al.
is made in Table I. For NbNb
41 centers, we included EPR da

obtained in LiNbO3:Mg ~6 mol % Mg! at the temperature
20 K ~Ref. 5! and 77 K~Ref. 6! neglecting small deviations
from axiality. It should be pointed out that data reported
the same center in LiNbO3 single doped with 7.25 mol % Zn
or 1.5 mol % In or double-doped with 6.5 mol % Zn and 1
mol % In also exhibit strong vibronic coupling5 fulfilling, in
particular, the relationgi,g' .

Now we proceed by comparing dopant ions and subst
tion sites. For a given site and temperature the Ti31 centers
always have several times smaller trigonal splittings a
clearly larger JT energies than the Nb41 centers. This seem
to be related to the smaller positive charge of Ti31 resulting
in larger ligand distances. Due also to the smaller spin-o
constant of Ti31, for the TiNb

31 center the JT coupling be
comes a large and probably even a dominant interac
among those relevant for the ground-state splitting. On
other hand, for a givennd1 ion the values of the trigona
splitting are significantly smaller for Nb substitution than f
Li substitution ~see Table I!. This holds both in the static
approximation (D) and in the first-order JT approximatio
(k1D). Such a difference is of key interest for the discuss
of the JT effect at different sites and originates from t
structure of LiNbO3 in its ferroelectric phase~see, e.g., Ref.
8!: lattice Nb’s are situated closer to the center of their o
gen cage than lattice Li’s~the latter being appreciably dis
placed along theC3 axis towards three oxygens! a feature at
least partly shared by substituents. Consequently, the trig
component of the crystal field is expected to be weaker
nd1 ions on the Nb site, resulting in a ground state tha
closer to degeneracy, meaning a larger pseudo-JT ef
This is reflected by increasedWJT energies and strongly re
duced values ofk and k1 ~see Table I!. These quantities
indicate increasing JT coupling in the order NbLi

41 , TiLi
31 ,

NbNb
41 , TiNb

31 , which is strongly correlated with the net un
compensated charges of these centers (13,12,21,22). As
shown for the 3d9 JT ions NiLi

1 and CuLi
21 in LiNbO3, a

surplus charge may have radical consequences also fo
tetragonal deformation of the oxygen octahedron in the
complex.27

It is more difficult to discuss the temperature variations
the parameters in Table I. For all four centers the values
the trigonal splittingD show an increase for higher temper
ture possibly indicating for Nb41 centers a relaxation awa
from the center of the octahedron~a similar argument for
Ti31 centers is less reliable due to stronger vibronic c
pling!. This Nb41 displacement should be compared with t
relaxation of a normal lattice Nb51 ion towards the center o
the octahedron while approaching the paraelectric phase,
an opposite behavior for lattice Li1 ions.12,8

The steeper than Curie-like decrease of the EPR inten
of TiNb

31 with increasing temperature~see Fig. 2! may be
related to a partial thermal depopulation of the ground st
Even without vibronic reduction, the energy difference b
tween the ground and first excited levelsDW5D2l/2 is
rather small. In fact, using the data in Table I for TiNb

31 at T
520 K one hasDW5339 cm21. If there is a substantia
additional vibronic reduction forDW, the excited state be
comes thermally accessible.~Note that the excited stat
yields no EPR absorption in theg52 region.14! In this case,
r
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however, one should also have an Orbach-type broade
that is not observed below 74 K. In the comparable case
Ti31 in yttrium aluminoborate, where Ti31 occupies a octa-
hedrally coordinated Al31 site with trigonal distortion
~though withG3 as the lower level!, Orbach broadening set
in abruptly above 35 K, and from its temperature depende
an energy differenceDW5258 cm21 has been estimated,28

however a linewidth of 10 mT corresponding to our case
attained only near the disappearance temperature;45 K. In
the similar Al2O3:Ti31 case there is a smaller splittingDW
538 cm21, leading to broadening and disappearance of
signal already near 12 K.3,29 Another example for Ti31 with
Orbach broadening is in yttrium aluminum perovskite30

where Ti31 substitutes for an orthorhombic Al31 site with
DW5170 cm21 and Tdis555 K. These comparisons sug
gest that in our case the vibronic reduction derived using
first-order approximation is somewhat overestimated. A
cordingly, there must be further reasons for the thermal
havior of the EPR intensity, required anyway by the rath
unusual temperature dependence of the linewidth.

As shown previously10 for TiLi
31 and NbLi

41, the linewidth
is partly due to inhomogeneous broadening resulting from
distribution of g values. Such a distribution is ultimatel
caused by the sensitivity of the centers to random ela
stresses in the crystal that is characteristic for ferroelect
like LiNbO3, especially in the presence of intrinsic defec
and aliovalent dopants. It is a straightforward assumption
expect stronger sensitivity in the case of enhanced vibro
coupling that explains the larger linewidths observed at l
temperatures for Nb substitution~compare the values forT
520 K in Table I!. The larger linewidths towards lowe
temperatures for TiNb

31 are apparently interrelated to th
steeper temperature dependence of theg values in this region
~see Fig. 3!. These low-temperature anomalies might
caused by small displacements of the equilibrium positio
of the potential minima for the adiabatic potential and/or
a transition from the dynamic to the static JT effect. F
higher temperatures motional effects may counteract bro
ening due to spin relaxation.10 Motional narrowing may be
related to spin-conserving intervalence transfer to lattice n
biums, which is another possible cause of partial therm
depopulation to be further discussed in the next section.

Concluding this section, we can only repeat the warn
of the authors of Ref. 2 not to take the derived JT parame
at their face value. However, we believe our compariso
made for various centers and substitution sites to be qua
tively correct. As an independent approach for all four s
tems, simultaneous multiphonon calculations of the JT en
gies and the positions of the potential minima of theT3e
adiabatic potential would be helpful.

B. Discussion of photoexcitation effects

The photoinduced effects observed by us for the TiNb
31 and

NbNb
41 centers in LiNbO3:Mg:Ti ~Figs. 4 and 5! are very

similar to those reported for the corresponding Li substit
ing centers in LiNbO3:Ti,1,2,8 and can be attributed to elec
tron transfer from Ti31 to Nb51, resulting in Ti41 and Nb41

centers. An important difference is the partial low
temperature recovery of the EPR signals seen after switc
off the illumination~see Fig. 5! that was not reported for the
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Li substituting centers. There is also a somewhat larger f
tion of residual Ti31 centers probably due to fast recomb
nation during illumination. In our opinion these differenc
are due to smaller spatial distances between
Ti41/31 –Nb51/41 pair constituents in the Nb substitutio
case. Some overlap of the involved potential wells and
respective electronic states may facilitate the reverse ch
transfer without the participation of the conduction-ba
states.

Such a vicinity in our case may have the simple rea
that the location of a NbNb

41 center produced by illumination
may be a more or less normal Nb site next to the giv
TiNb

41/31 ion, while for the corresponding Li substitution ca
there is no reason to assume the presence of an antisiteLi

defect next to a TiLi center. An important role is played ap
parently by the distribution of the codopant Mg present in
surplus concentration in our samples. The presence of ne
Mg21 ions was assumed earlier for the stabilization of intr
sic NbNb

41 polarons4–6 and O2 defects31 in LiNbO3:Mg. In
our double-doped crystals at least part of the TiNb

41/31 centers
may be charge compensated by one or even two ne
MgLi

21 compensators. Such complexes are neutral either
the as-grown TiNb

41 state~1 compensator! or for the reduced
TiNb

31 state~2 compensators! and singly charged in their othe
state. Illumination apparently results in a short distance e
tron transfer from the titanium to a niobium situated close
a charge compensator. Evidently, there may be a numbe
possible geometries for the involved TiNb-NbNb-MgLi and
possible TiNb-NbNb-(MgLi)2 complexes, explaining their dif
fering recovery properties, the slightly asymmetric EPR l
shapes and the narrowing of the line upon illumination.

Part of the Ti31 centers recovers in the dark on the minu
scale with an extremely small activation energy ofDEd /kB
5(763) K, or even faster during illumination. These ma
be stable, well-compensated centers~possibly with a second
nearby Mg21). Another part remains destroyed after low
temperature illumination and is apparently more wea
compensated. A further fraction, the fraction of uncomp
sated Ti41 centers not responding to the reduction treatm
can be assumed to be rather small due to the large numb
available charge compensators in the crystal.

The large initial intensity of the TiNb
31 signal compared to

that of the NbNb
41 signal and also the photoexcitation an

recovery effects~see Figs. 1 and 5! are clear indications for
the lower position of the TiNb

41/31 energetic level compared t
NbNb

51/41 . This is similar to the situation found for the co
responding centers on Li site having levels near the cond
tion band edge.1,2,8 In our case apparently both levels a
even closer to the band edge. The NbLi

51/41 level is expected
to be deeper than the NbNb

51/41 polaron level formed essen
tially from Nb 4d states of the conduction band,8 even if a
substantial part of the difference may be made off by int
action with nearby defects.

The average energy differenceDE between the TiNb
41/31

and NbNb
51/41 levels participating in the charge-transfer pr

cesses can be derived by estimating concentration data
temperature where the system is in thermal equilibrium,
the concentrations are independent both of previous illu
nation treatments and the way of reaching this temperat
c-
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n

n
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Such a temperature may be the recovery temperature
615 K after photoexcitation. From the mass action law,
have for the equilibrium center concentrations

@TiNb
41#3@NbNb

41#

@TiNb
31#3@NbNb

51#
5e2DE/kBT, ~7!

as there is no entropy change for charge transfer betw
states of identical degeneracy. The@NbNb

41#/@TiNb
31# ratio can

be estimated as the ratio of integral intensities of the E
signals, but only at lower temperatures. Still, we can der
lower and upper limits for the equilibrium ratio valid at 10
K: by quenching the crystal from the recovery temperat
and measuring atT514 K, we obtain a lower limit, while
measuring the ratio atT574 K during the thermal recovery
process in a crystal previously illuminated at low tempe
tures we get an upper limit of the ratio. The correspond
experimental results are 0.55 and 0.74. For an upper limi
@TiNb

41#, we take the upper limit of the total titanium conce
tration incorporated into the crystal@Ti#max50.08 mol %.
For a lower limit of @TiNb

41#, we take the difference@Ti#min

2@Ti31#max. Here@Ti#min50.04 mol %, and the maxima
Ti31 concentration reconcilable with low-temperature EP
measurements is 0.016 mol %, so we have 0.024 mol %
lower limit of @TiNb

41#. For @NbNb
51#, which should be in our

case the concentration of lattice niobiums capable to trap
stabilize an electron, we may choose values between 24
100 mol % corresponding to only three nearest Nb sites
each Mg compensator or all Nb sites, respectively, as we
not know how far the charge compensator has to be. Tak
into account these uncertainties we obtain the averageDE
570623 meV, which is smaller or comparable than t
value DE5110620 meV reported2 for the energy differ-
ence of the respective levels of the same ions on Li si
This indicates that in the Nb substitution case also, the a
age Ti41/31 level is closer to the band edge than for
substitution.

However, the above average neglects the interacti
within the Ti-Nb-Mgn complexes~wheren is a small integer!
present in appreciable though relatively small numbers co
pared to the values taken for@NbNb

51#. For charge transfer
within such complexes, the energetic difference may be e
smaller than the above value. This provides an effect
mechanism for appreciable thermal depopulation of the T31

ground state, explaining the observed steeper than Curie
temperature dependence of the EPR intensity, without
suming thermal excitation within the Ti31 ion.

As shown by the slightly different ratio of intensit
changes during photoexcitation and partial recovery~see Fig.
5!, the presence of other traps than Ti and Nb centers ca
be fully excluded in our reduced crystals, though such c
ters could not be identified. The presence of other identifi
electron traps, i.e., OH2 centers have been the cause of t
failure of producing Ti31 centers by low-temperatureg irra-
diation in as-grown LiNbO3:Mg:Ti crystals.6 These ions
have deep OH12/22 donor levels in the gap that are mo
efficient electron traps than Ti41 and Nb51. In fact, in
LiNbO3:Mg:Ti, similarly to LiNbO3:Mg crystals,32,31g irra-
diation produces only OH22 trapped electron centers alon
with O2(Mg) trapped-hole centers. During high-temperatu
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vacuum reduction there is an outdiffusion of hydrogen fro
the crystal with a simultaneous rise of the Fermi level res
ing in the formation of only TiNb

31 and NbNb
41 centers.

V. CONCLUSION

We reported on the creation of an axial paramagnetic c
ter in vacuum annealed LiNbO3:Mg:Ti and described it as a
Ti31 ion on a Nb site. The unprecedentedly low value of t
orbital reduction factor and the unusualgi<g' relation ob-
tained cannot be explained by usual covalency effects
require additional strong vibronic coupling leading to a d
namic pseudo-Jahn-Teller effect. The results indicate
nearly isotropic center with a nearly degenerate ground s
where the JT coupling becomes a large interaction am
those relevant for the ground state. Comparing the res
with literature data on other Ti31 and Nb41 centers on octa-
hedrally coordinated sites in LiNbO3, we find the vibronic
coupling to be stronger for Ti31 than for Nb41, and stronger
for the Nb than for the Li substitution site. The strength
the coupling appears to be anticorrelated to the posi
charge misfit. The qualitative difference between the e
mated value of the trigonal ground-state splitting of a giv
ion on the Nb site and the respective value for the Li sub
tution site can be understood as resulting from structural c
straints: ions substituted for Li are confined to more d
placed sites than those on Nb sites. The data and
established trends have been used for the tentative predi
i

,

.
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of thermal displacements of Nb41 ions away from the octa-
hedron center.

Using low-temperature photoexcitation we showed t
unpaired electrons on the Ti31 centers can be transferred
the matrix forming Nb41 centers on Nb sites. The observe
recombination effects, partly at low temperature in the d
and the rest upon annealing, indicate the existence of slig
different Ti31 centers as suggested also by line shape pr
erties. The findings can be explained by the existence
Ti-Mg and possibly also Mg-Ti-Mg complexes with variou
interatomic distances. Mg21 ions on Li sites apparently play
the role of charge compensators for both the TiNb

31 and the
NbNb

41 centers. The average energetic difference betw
these two types of donor states is estimated to be sm
than for the respective Li substituting centers in the abse
of Mg.
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