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Investigation of the optical-absorption bands of Nb + and Ti + in lithium niobate
using magnetic circular dichroism and optically detected magnetic-resonance

techniques
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The magnetic circular dichroism (MCD} of the absorption of Nb&+,. and TiL+,. centers in LiNbOs
has been selectively measured by applying optically detected magnetic resonance. The attribution
of a well known broad and unstructured absorption band peaking at 1.6 eV to the Nb&+ bound small

polaron is now unambiguously confirmed. In the MCD spectrum of the isoelectronic Ti&+,- center,
bands show up, which closely resemble the MCD bands at 1.6 eV of this bound smaO polaron. This
striking similarity is explained by a cluster model, representing both defects. Either Tii, ; or Nbi, ;
is at the center of this cluster. In both cases, the small polaron is bound to the cluster, and its
MCD bands correspond to intervalence transfer transitions within the constituents of the cluster.
A study of the spin-orbit coupling of the molecular orbitals of the cluster allows one to analyze
the structure of the MCD bands connected with these transitions. WeQ-structured MCD bands at
2.9 eV of Tiz+ have no counterpart in the NbL+,- spectrum. These bands are assigned to transitions
to excited states, which are specific to the impurity and are related to the 10Dq transitions known

for the crystal field states of a d ion.

I. INTRODUCTION

From the very beginning of the research on lithium
niobate numerous contributions appeared in the litera-
ture concerning the optical bands originating &om tran-
sition metal impurities. i 2 The continuing interest in this
topic results &om the aim to reveal the basic mechanisms
underlying the photorefractive and photovoltaic proper-
ties of this material. 3'4 A most valuable help for the in-
terpretation of the photore&active dynamics and related
problems would consist in a,n unambiguous correlation
between the defects and the absorption bands caused by
them, but "all interpretations of the spectra suffer &om
the broad absorption bands observed and &om the over-
lapping of spectra &om ious in different charge states. "i
Consequently, attempts have been made to decompose
the spectra into several components, which then have
been attributed to certain defects. This has been done
by reduction and thermal bleaching experiments for both
pure and doped LiNb03. Especially, the contribution
to the absorption from the intrinsic defect consisting of
a Nb4+ ion on a Li site could be examined in a more
speci6c way, since its electron-paramagnetic-resonance
(EPR) spectrum has been identified in both irradiatedr
and reduced undoped LiNb03. Correlating the optical
absorption with the EPR line intensity ' ' led to the at-
tribution of a broad, asymmetric band peaked at about
1.6 eV to the Nb&+,. bound small polaron.

Although the mentioned experiments yielded impor-
tant information, we have to point out that any attribu-
tion given so far is based on only indirect conclusions. A
simultaneous change in signal intensity of both absorp-
tion and EPR, due to some treatment, does not neces-
sarily mean that both observables result &om the same

defect. In order to correlate EPR with optical absorption
in a more direct way, we have measured the magnetic
circular dichroism (MCD) of the absorption spectra re-
sulting &om NbL+; in LiNbOs. As discussed briefly be-
low, the MCD may be "tagged" to the underlying defect
by electron spin resonance, which in this case is called
optically detected magnetic resonance (ODMR). By this
method, the "EPR fingerprint" is transferred to optical
spectra. Furthermore, MCD bands usually provide addi-
tional information on the nature and the composition of
the observed spectra in comparison with simple absorp-
tion measurements. As a consequence, studies of "tagged
MCD" spectra allow both to separate bands of one defect
&om those of another and to attack the intriguing prob-
lem concerning the nature and symmetry of the excited
states involved in the absorption process. Although, in
general, MCD spectroscopy exceeds ordinary absorption
measurements by increased spectral resolution, the bands
observed in the case of NbL+ in LiNbOs turned out be
very broad and to overlap considerably. Therefore, com-
parative studies of the isoelectronic ion Ti&,. in LiNb03
have also been performed.

II. EXPERIMENTAL METHODS

The MCD is de6ned to be the di8erence of the ab-
sorption coefBcients for left and right hand polarized
light induced by a magnetic 6eld. As is well known in
MCD spectroscopy, 4 there exists a paramagnetic con-
tribution to the MCD for paramagnetic impurity centers
in crystals, which predominates over other, diamagnetic
parts at low temperatures, if the absorption bands are
broad. This condition is very well fulfi11ed in our case.
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To a good approximation, the bands forming the param-
agnetic MCD spectra possess the same shape as those ob-
served in usual zero Geld absorption measurements. The
relative amplitudes, however, need not be the same and
both signs are possible for MCD bands. For systems with
spin 9 = 1/2, like Tis+ or Nb +, one can show, that
the paramagnetic part of the MCD is proportional to the
spin polarization of the ground state. Due to this fact
the spin resonance, affecting this polarization, may be
observed optically (ODMR) as a change (usually a de-
crease) of the MCD signal. It follows that the amplitude
of the ODMR signal yields a measure of that fraction of
the MCD, which originates from the center being at res-
onance. This explains why a spectrum consisting of the
ODMR intensity as a function of photon energy has been
called the "tagged MCD" spectrum.

The selectivity of the method clearly depends on the
existence of an unambiguous ODMR signal; i.e., special
care has to be taken if ODMR lines of several defects
overlap, as is the case for Tis+ and Nb4+. Moreover, sit-
uations have been encountered, in which ODMR sig-
nals from one center could be observed via the MCD
of another impurity, although the resonance lines were
well separated. In view of this, a thorough examination
of the conventional EPR and ODMR spectra has been
performed using samples with different ratios of defect
concentrations.

The most relevant properties of the crystals used are
listed in Table I. All specimens were prepared from con-
gruent LiNb03 and have been chemically reduced by
some treatment mentioned in the table in order to ob-
tain the paramagnetic charge states Ti + and Nb +.

Our experimental setup consists of an optical helium
cryostat with a 3 T superconducting magnet. Measure-
ments are typically performed at 2 K. The MCD signal
is measured dynamically using the lock-in technique and
an elasto-optical modulator, which switches between left
and right circularly polarized light at a rate of 40 kHz.
As only broadbands are observed, we limit the spectral
resolution of the light source (lamp and monochromator)
to about 3 nm. Magnetic resonance may be performed at
microwave frequencies of 35 GHz (klystron) and 70 GHz
(Gunn diode). No cavity is used, the crystals simply be-
ing Gxed below the end of the waveguide leading into the
cryostat.

The sign of the experimental MCD has been checked
by a 4 plate (with known direction of the slow axis) in
combination with a polarizer acting as an absorber for

left circular light. A compass was used to determine the
direction of the magnetic Geld. This check was further
confirmed by the observation of the MCD of Bii2Ge020
at about 600 nm, which is characteristic for all crystals
of this type and which we found to be negative in accor-
dance with the measurements of Briat et a/. Briat et al.
have checked their apparatus by a number of substances
with known sign, including I centers in alkali halides.
In the following, the sign of the MCD is according to
the standard deGnition MCDoc o.+ —a, where o.+/
are the absorption coeScients for left and right circular
light, respectively.

III. RESULTS

A. EPR and ODMR

In sample 1 only the (conventional) EPR and the
ODMR lines of Ti + could be detected. Since Nb +

shows a very characteristic resonance spectrum (Fig. 1),
it can be concluded that with this crystal only MCD
bands tagged to Ti3+ will be obtained.

Crystal 2 is a typical representative of intentionally un-

doped, reduced I iNbOs crystals examined in our group:
The EPR lines of both Tis+ and Nb4+ can be seen si-
multaneously at low temperatures and after illumination
with visible light. Light irradiation results in an increase
of the Nb + signal, while the Ti + line decreases to some
extent. Typical spectra obtained at 34 0Hz are shown
in Fig. 1. Since light illumination is inherently connected
with the ODMR method, both types of centers might be
expected to contribute to ODMR signals of crystal 2.

Finally, sample 3 exhibits a strong EPR signal due to
Nb + even before illumination. A possible contribution
from Ti + could not be resolved in conventional EPR,
because the Nb + pattern is rather complicated and
a unique decomposition of the observed spectrum is not
possible for low Ti concentrations [Ti]. In any case, how-

ever, the ratio [Tis+]/[Nb4+] is much smaller in sample
3 than in specimen 2. No further paramagnetic centers
could be detected in all three samples by EPR.

Figure 2 shows an ODMR spectrum of crystal 2 ob-
tained at 70 0Hz. Within the experimental error, the g
value and the total width agree with the data of Nb +

from conventional EPR. As often observed, the hyperfine
structure is not resolved in ODMR in contrast with EPR
(Fig. 1). To our knowledge, the reason for the differ-

TABLE I. Sample properties. The last column indicates the EPR-line intensity for the corresponding center.

Sample Doping

Tl) 1.4 IDOl. %
in the crystal

nominally
undoped
nominally
undoped

Reduction
treatment

27 h, 900 K, in vacuum,
in LiqCO3 powder

6h, 1370K,
ln vacuum
2h, 1270K,
in vacuum

Source

central research laboratories
Siemens AG Munchen

Institut fur Angewandte
Festkorperphysik, Freiburg
central research laboratories
Siemens AG Munchen

EPR lines

Ti'+ only

Ti+ and Nb+

Nb'+ && Ti'+
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illumination

Te3+

/

EPR, sample 2
34 GHz

Rmthermore, as for 70 GHz, the ODMR spectra are iden-
tical for specimens 2 and 3. Again, this finding could not
be understood if Tia+ would contribute significantly to
the observed ODMR lines. In summary, we conclude that
the MCD spectra to be presented in the following section
are selectively tagged to either niobium (sample 2 and 3)
or titanium (sample 1).

Nb B. Tagged MCD and absorption spectra

(
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FIG. l. EPR of sample 2 containing both Ti + and Nb +

centers. The signal marked by "cavity" arises from some para-
magnetic perturbation in the microwave cavity.

ent resolution of the two methods is not yet understood.
However, the most important fact for the subsequent ar-
gumentation consists in the lack of a Ti + related sig-
nal, which should be positioned near the thick arrow in
Fig. 2. Consequently, the sensitivity of ODMR is consid-
erably lower than that of conventional EPR in the case
of Ti in LiNbOs. In comparison with sample 2, crystal 3
shows an ODMR line of similar strength and practically
identical shape. As the latter specimen was characterized
by EPR to have a much lower ratio [Tia+]j[Nb4+], it is
not surprising that Ti is absent in the ODMR spectrum
of sample 3, too. Hence, all these observations lead to
the statement that tagged MCD spectra obtained &om
sample 2 or 3 must be attributed exclusively to Nb4+.

At 35 GHz, where all tagged MCD measurements have
been performed because of experimental reasons, the res-
onances of both defects do overlap. However, it is plausi-
ble to assume that the relative sensitivities for Ti and Nb
are left unchanged at 35 GHz with respect to 70 GHz.

Parts (a) and (b) of Fig. 3 show the MCD spectra
tagged to Nb4+ and Tia+, respectively. The correspond-
ing absorption curves, to be discussed later, are depicted
below in parts (n) and (P) to allow convenient compari-
SOIl.

Before discussing the possible nature of the observed
bands, we want to report some further experimental
tests, which show that the MCD bands presented above
are really selective. This is even more important, be-
cause the striking similarity of the two oppositely di-
rected bands below 2.2 eV in Figs. 3(a) and 3(b) might
still be suggested to result from cross-talk effects.

According to the definition of the tagged MCD, the or-
dinate in Fig. 3(a) represents the amplitude of the ODMR
signal (in arbitrary units) of Nb4+. The depicted spec-
trum has been taken with the magnetic field at some
value BI in the lower part of the ODMR line, where also
the Ti resonance is located at 35 GHz [compare Figs. 1
and 2 (Ref. 19)]. At BI,;zh, in the upper regime of the
ODMR curve, an identical shape of the tagged MCD is
detected. If the ODMR signal would contain a substan-
tial contribution &om Tis+, this &action, being difFerent
for BI and Bh;zi„would lead to different MCD spec-
tra when tagged at these two magnetic fields. Suffice to
say that also both the MCD spectra for sample 2 and 3,
containing a difFerent amount of Ti, are the same. We
therefore definitely exclude that an artifact is at the ori-
gin of the similarity of the low energetic MCD bands of
Tis+ and Nb4+ in LiNbOs and will interpret this feature
in the next section by a physical model.
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FIG. 2. ODMR of the Nb + small polaron in LiNb03 at
70 GHz. The thick arrow marks the position, where the reso-
nance of Ti + is expected. Bh;Nh and B~ correspond to posi-
tions within the ODMR line, where the tagged MCD spectra
have been ineasured at 35 GHz (see end of Sec. III B).
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photon energy (eY)

FIG. 3. Tagged MCD spectra of (a) LiNbOs. Nb + and (b)
LiNbOs. Ti + at 35 GHz. The lower parts (o.) and (P) show
the corresponding absorption spectra for cr and m light.
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IV. DISCUSSION

In the following sections we will first construct a model
representing the investigated isoelectronic centers. Prom
this model we then decide upon the MCD bands to be
expected. By comparison with the experimental spec-
tra, we finally arrive at an interpretation of the observed
MCD bands. In particular, this interpretation accounts
for the structure of the MCD observed at low energies,
common to both defect ions. In the case of NbL+, , the
corresponding absorption band at 1.6 eV is identical to
the bound small polaron band of Ref. 2. Polaronic or re-
laxation related aspects are not considered in this paper.

A. Defect model

'E P, , P,

10Dq

P„,P,

free
ion

1

cubic trigonal SO
field coupllllg

FIG. 4. I eel scheme of a d ion in a cubic, trigonal crys-
tal field and under the in8uence of spin-orbit coupling. The
labeLs indicate the irreducible representations of the states
(according to Ref. 14). The spin-orbit splitting A of the E
state at looq is zero to Srst order. The ratio of 10Dq to the
trigonal splitting of the Tz state is typically 20—30 (Ref. 20).

A calculation of MCD bands requires in principle the
knowledge of the structure of the initial and 6nal states
taking part in the optical transitions. In the present case,
the ground state is rather well known from EPR analysis
for both ions. ' It may be described by a crystal-6eld
state transforming according to the representation Aq of
the group C3 . For ease of further argumentation the
level splitting diagram for a d system in the sequence
of decreasing strength of interaction (cubic crystal field,
trigonal field, and spin-orbit coupling) is shown in Fig. 4.
Such a scheme is known to be useful for a character-
ization of optical bands as long as the involved states
are within the band gap and are localized predominantly
at the impurity ion. However, the energetic position of
the Nb +~ + level was determined by conductivity and
thermopower measurements to be only about 0.4 eV be-
low the conduction band. The Ti +~ + level, on the
other hand, is placed about 0.1 eV below Nb +~ + ac-
cording to thermal activation studies of EPR signals.
Consequently, all the observed MCD bands, being lo-

cated above 1 eV, correspond to transitions, whose final
states are energetically degenerate with conduction band
states or simply are of that type. That is, a description
in terms of crystal-field states becomes doubtful.

The example of the AsG antisite in GaAs (Ref. 22)
shows that the MCD line shape can be calculated for a
transition kom a localized state to band states almost
from 6rst principles, if the band structure is known. Un-

fortunately, this is not the case for LiNb03 and a different
description of the excited states has therefore been cho-
sen: Symmetry-adapted molecular orbitals (MO's) of the
linear combination of atomic orbitals (LCAO) type are
constructed using ground state atomic orbitals ~dt2ai)
located at the central impurity ion and the next-nearest
niobium neighbors (NNN's). The atomic orbitals (AO's)
are labeled in a "chain" notation (free ion, cubic, trigo-
nal representation), 4 whose meaning becomes clear from
Fig. 4. The limitation on the region enclosed by the
NNN means that the molecular states, considered here,
are much more localized than the Bloch states used in the
case of GaAs. This assumption may be justified by the
"more ionic" character of LiNb03. There is also another
argument why the applied method should be appropriate
to describe intervalence transfer transitions from the deep
impurity level to the Nb ions of the host lattice: In some
sense, it represents an adoption of the methods used in
such MCD studies, where the AO's of the nearest neigh-
bors, i. e., the ligands, are considered. Corresponding
calculations have been successfully used to explain MCD
spectra of charge transfer transitions, where the optical
excitation transfers electrons or holes between ligandlike
and impuritylike states. Most recently, the MO approach
has been applied successfully to the MCD spectrum of
the Zn vacancy Vz„in ZnSe. 2 There, the relevant MO
states are built from hole type AO's entirely localized on
the four Se atoms surrounding the vacancy. As this study
is closely related to the present work, we will discuss the
similarities and differences in more detail in Sec. V.

The construction of MO's from AO's ~dt2ai) alone is
a very crude approach. Especially, it will be shown in
the Appendix that the restriction on AO's of that type
necessarily leads to zero spin-orbit coupling in any of the
resulting MO's. The simple AO basis used below is there-
fore actually not sufBcient to describe MCD properties.
Nevertheless, even in the rudimentary present form the
model will well be able to show what will happen if also
~dt2e) AO's (see Fig. 4) will be included in a more elabo-
rate work. This point and also the neglect of the excited
~dee) states will be discussed below. This will be done
more easily after presenting the results of a model calcu-
lation including only the ~dtzai) states.

Figure 5 shows the cluster of ions which are considered
in the model calculation. The central ion 0, either Nb +

or Ti +, is placed on a Li site, in accordance with shell
model calculations 4 and extended x-ray-absorption fine-
structure (EXAFS) measurements, respectively.

The next-nearest NbNg ions 1—6 are shown as well as
those oxygen ions forming bonds between them. Because
the six NbNg ions reside on the corners of two triangles,
rotated against each other by 60, the point symmetry
of the cluster is Cz . A slight distortion of the oxygen
triangles, leading to C3, is ignored.

Except for the central one, there are no lithium po-
sitions inside the cluster. The AO s ~i) of type ~dt2ai)
are located on the metal constituents, numbered by i in
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FIG. 5. Pragment of Liwb03 consisting of a central ion 0
(Ti + or Nb +) on a Li site and the next-nearest NbNh ions
(1—6). The oxygen ions forming bonds between the cations
are shown with a lighter texture. The dashed sticks have been
added to illustrate the trianglelike symmetry of the cluster. If
ion 0 is ignored, ions 1—6 form a molecule, which has similar
symmetry properties as benzene.

Fig. 5, and are coupled via the matrix elements of an
appropriate Hamiltonian h, (i~h~ j) = h;z. Dealing with a
model calculation to describe the qualitative features of
the MCD, we do not investigate the nature of h or want
to give quantitative estimates for the values of the par-
ticular h;~, which are also determined by oxygen states
acting as "intermediaries. " The Hamiltonian matrix 6;~
was chosen as follows:

ol &12I 3
0 K K K

0 0
0

C.C.

4f 5[ 6
L L L 0

—J 0 —J i
—J —J 0 2

0 —J —J 3
0 0 4

0 5
e 6

Values for the parameters J, K, and L, representing
the off-diagonal elements, have been chosen in the se-
quence J = K & L, according to the number of oxygen
bridges between the respective Nb ions. Matrix elements,
which account for coupling via more than one interme-
diary, are simply set to zero. Those between ions of the
two Nb triangles read as —J, because with that sign a
benzenelike sequence of states is obtained, if ion 0 is
omitted. In this case one may formally set K = L = 0
in the Hamiltonian and both Nb triangles become equiv-
alent. The cluster then topologically corresponds to the
benzene xaolecule.

The diagonal matrix elements e were chosen to be much
larger than L, since they account for the energy di8'er-
ence between placing an electron on NbNg rather than
on Nbr„. (or TiL;) in the fully localized limit, i.e., when
J, K, and L are neglected. That is, e roughly describes
the position of the Nb&+ level (or TiL+,. level) relative
to NbNg states, which form the conduction band, if the
whole crystal is considered. The off-diagonal elements
J determine the splitting within the NbNg-related or
conduction-band-like states, while K and L cause mutual
admixtures of NbN~ and Nbg; or Tip; orbitals to ground
and excited states, respectively. It should be pointed out

that e must be larger than the value of 0.4 eV obtained
from conductivity and thermopower measurements2~ (see
above). The latter experiments use therma/ instead of
optical excitation of the electron to conduction-band-like
states. Optical transitions occur to excited NbNg states
before lattice relaxation, whereas the thermal activation
is via NbNg orbitals imbedded in a somewhat relaxed
surrounding. In contrast with Ref. 23 nearest-neighbor
states are not included in the basis, because hole states
are not involved in the transitions considered here. Co-
valency with oxygen is neglected as the corresponding
valence-band-like states are too low in energy.

We investigate the properties of the MO's of the cluster
according to the general procedures outlined in Ref. 26:
The eigenvalues and eigenvectors of the above matrix are
calculated numerically for convenient values of the pa-
rameters. Inspection of the symmetry of the eigenvec-
tors shows that two E states result and four states of
type Aq, one of which being the ground state with pre-
dominant NbL; or TiL; character, i.e., containing a large
fraction of state ~0). However, one must point out that
this state still has nonzero admixtures (of the order +)
of orbitals ~i g 0). These admixtures will become rel-
evant below, when the intensity of the transitions will
be considered. The specific values used for the matrix
elements need no further discussion, since we want to re-
strict the discussion on those features of the results which
only weakly depend on that particular choice. Also, only
excited states of symmetry E will be considered because
of the selection rules appropriate for MCD measurements
(see the next section).

The energy of these excited E states does not depend
on K or L, and the corresponding eigenvectors do not
contain the orbital of the central ion ~i = 0). This re-
sult clearly originates &om the symmetry of the AO's
used as a basis, because a molecular state of symmetry
E must not have an atomic orbital ~dt2aq) at the center
of symmetry. This is no longer valid if the ~dt2e) orbitals
(Fig. 5) of the central ion, ~i = 0)„areadded to the
basis. However, the admixture of the orbitals ~i = 0), to
the excited molecular state ~E) will be of the order ~,
which is assumed to be a small number. Also, the AO's of
type ~dt2e) located at NbNg, Ii g 0)„should be included
into the basis in a more realistic model. These states are
energetically close to ~i g 0), with energies h;~ —e, and
thus must not be regarded as small admixtures. A full
incorporation of these states ~i g 0), is beyond the scope
of this paper. However, from the comparison with the
similar case of benzene, it is clear that additional excited
molecular states transforming as E will arise. Some of
these additional molecular E states may be purely com-
posed of ~i g 0), or will at least contain significant frac-
tions of these AO's. As only these AO's show zero order
spin-orbit coupling (see the Appendix), the paramagnetic
MCD properties of Aq-E transitions will be determined
by them. Schematically, we may write the ground states
as (Aq) = Ii = 0)~, + bq (i g 0), + h2~i g 0), and the ex-
cited states as (E) = n[i g 0), + P(i g 0), + bs[i = 0),.
Here, P is assumed to be a substantial fraction, while
the b~ are small numbers of the order ~, as mentioned
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above.
If the orbitals read like above, the strength of electric

dipole transitions from ~Aq) to ~E) will finally be deter-
rnined by matrix elements of the type (i~r~ j). Since the
AO's are well localized, one may assume that (i~r~ j) = 0
for i g j. In addition, taking into account the selection
rules (see below) for the polarization used experimentally,
we arrive at the conclusion that the transition probabil-
ities are determined by the admixtures b~ and P. With-
out a complete quantitative calculation these parameters
remain unknown, but we will see that they merely ac-
count for the strength of the MCD. The shapes of the
MCD bands may be predicted from the symmetry of the
molecular states alone, as will be done in the following
section. There, the coefficients b~ and P will be "hid-
den" in reduced matrix elements, which are of secondary
interest in this paper.

In summary, we conclude Rom the above model calcu-
lation and the subsequent argumentation that the excited
states of an intervalence transfer transition from either
Nb&+,. or Ti&+,. may be described as MO's based on AO's

~dtqaq) and ~dt2e) of the central ion and the surrounding
NbNb ions. Several of these molecular states will belong
to representation E, which may contribute to the MCD
(see next section). The splitting between these excited
states is mainly determined by exchange integrals similar
to the parameter J of the simple calculation above, using

~dt2aq) only. As J accounts for the interaction between
NbNb ions only, this splitting is approximately indepen-
dent of the impurity ion and the excited E states may
be considered as hostlike. The latter point will no longer
be valid if the excited crystal field states ~dee) (Fig. 4)
of the central ion 0 have comparable energy, that, is, if
10Dq e. In this case also impuritylike excited E states
may result.

These 6ndings are the basis for the interpretation of
the observed MCD spectra, to be given below, because
they allow us to explain, at the same time, the striking
similarities at low and the pronounced di6'erences at high
energies, visible in parts (a) and (b) of Fig. 3. In order to
explain this in more detail, one 6rst has to study, which
MCD band shape one has to expect for Aq Etransition-s
&om group theory.

B. Shape of MCD bands

As already mentioned, the point symmetry of the clus-
ter is Cp„. In this group, for 0 light the only allowed

electric dipole transition from an Aq state is to E states,
because the operators for both o+ and 0. polarization
transform like E. That is why emphasis was put on E-
type molecular states in the above section. Taking into
account the spin and the spin-orbit coupling represented
by the equivalent operator H, = ALS, the E states
split into spin orbitals E' ("1/2-like" ) and Pq, P2 ("3/2-
like" ), with energy difference ~A~. Situations in which
the 3/2-hke states are below the 1/2-like states are usu-
ally described by A being negative. This case has been.
observed for, e.g. , the 6rst excited state of I' centers in
alkali halides, but also for the above-mentioned Vz„in
ZnSe. 2 The negative sign is also valid for ~dt2e) states of
d systems. This situation is depicted in Fig. 4, where
the ~dt2epq, p2) states (3/2-like) are drawn below ~dtqee').
In the excited ~dee) spin orbitals an opposite sign has
been chosen, arbitrarily. There is no 6rst order splitting
through the spin orbit coupling in these states and the
actual sign of A depend on the parameters in the Hamil-
tonian appropriate to the problem under consideration.
The question, which sign and magnitude of A one may
expect for the MO states of the Nb4+ cluster, will be
discussed in the Appendix.

To determine the sign of A experimentally, one first has
to calculate the selection rules for transitions between the
various substates of the 1/2- and 3/2-like spin orbitals by
applying the Wigner-Eckart theorem (with the aid of the
tables in Ref. 14). Taking also advantage of time reversal
symmetry (Ref. 14, Chap. 14), we arrive at the values
given in Table II. It has to be pointed out that Table II
does not depend on the type of the orbital part of the
states.

We keep in mind that in strong magnetic fields and at
low temperatures only the spin-down state E'P' of the
ground state is populated substantially. Thus, one reads
kom the last row of Table II opposite MCD signs for tran-
sitions to E' and Pq, P2 irrespective of the relative mag-
nitude of real and imaginary parts of the reduced matrix
element p2. More precisely, P~, P2 give rise to a negative
MCD band, whereas E' leads to a positive one. Conse-
quently, the MCD spectrum connected with the excited
pair of states E' and P~, P2 is composed of two oppositely
directed bands, which lie close together, since ~A~ will
be shown to be very small compared with the observed
bandwidth (see below). In addition, as the spin-orbit
coupling is weak, the orbital part of the states may be
assumed to be either purely Az or E; that is, any mutual
admixtures between these two orbital states via the spin-
orbit coupling is neglected here (in contrast with Ref. 23).

TABLE II. Selection rules for a+ and cr transitions E'(Aq) -+ E'(E) and E'(Aq) —+ Pq, P2(E)
in group C3 . pq, reduced matrix element (E'

~( E (~
E'); pq, (Pq ~[

E
[~

E') At low temperature. s

only E'P'(Az) is populated and a positive MCD results for E'(Az) m E'(E) and a negative one for
E'(Ag) m Pg, Pg(E).

Ground

state A~

Spin orbitals
@I I

EIPl

Excited orbital states 8
E' '(+-.') E'P'(--.')

~

P J (+-', )

(«p )'(~')
pi(~+) O

~
(™p)()

Pgpg (—2)

(1m~ )'(~')
(Repg) (o )
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In this case, one may write the spin orbitals as products
of orbital and spin function using vector coupling coefri-
cients [see Eq. (Al) in the Appendix as an example) and
calculate the spin matrix elements directly. This amounts
to a further reduction of p2 and one finds that Imp2 ——

0 and Rep2 ——pi, with now pi oc (E ~i
E ii Ai) . The

latter reduced matrix element is only determined by the
orbital part of the molecular spin orbitals. A calculation
of (E ii E ii Ai) would require one to set in the electric
dipole operator and the MO's explicitly; i.e., one would
have to solve the molecular problem and to determine
the coefficients like b~ and P, mentioned in the last sec-
tion. However, irrespective of the size of (E ii E [i Ai)
(assumed to be unequal to zero), we find that the op-
positely directed MCD bands belonging to E' and Pi,
P2 will have equal magnitude. In the sense of perturba-
tion theory, also vibronic effects must be treated before
spin-orbit coupling and, as a consequence, both bands
should also show nearly the same width. Strongly over-
lapping MCD bands of identical shape, yet with opposite
sign, are known to add to derivativelike bands (pseudo-A
bands ). We therefore want to analyze the MCD spectra
using pseudo-A bands.

C. Assignment of bands

Obviously, in the region from 1 to 2.2 eV, a derivative
like structure is to be seen in the MCD of both Nb + and
Ti + [Figs. 3(a) and 3(b)]. A fit, assuining one pseudo-A
term composed of two opposite Gaussians, shows marked
systematic deviations from the experimental data, but
otherwise yields as an estimate for the separation be-
tween these two Gaussians of about 0.5 eV for both ions.
This figure would correspond to iA~ if these bands would
be ascribed to final states E' and Pi, P2. One would like

to interpret these states as molecular states of the cluster,
because according to the arguments given above, states
of this type are nearly independent of the nature of cen-
tral ion, being either Ti + or Nb +. However, 0.5 eV is
not a reasonable value for A of the corresponding MO's,
as we will show in the Appendix. There we find instead
that about 90 meV, i.e., the value for the kee Nb ion,
must be regarded as an upper limit for that parameter.
Now, even with such a small value, or smaller ones, for
the separation between the E' and Pq, P2 bands, one still
obtains pseudo-A bands in a simulation. However, at
least boo of these pseudo-A terms are now needed to ob-
tain a satisfactory fit of the data. %e want to point out
that a free fit using two pseudo-A terms does not give
reliable results for ~Ai, since the measured bands are not
structured enough. iA~ is therefore used as an input pa-
rameter. The curves and parameters used in the fit are
sketched in Fig. 6 for the sake of clarity. From this fig-
ure and from Table II one may see that both excited E
states should have a negative signed A. Although there
are simple arguments for negative contributions to the
spin-orbit coupling parameters in our case (see the Ap-
pendix), one should keep in mind mind that Fig. 6 depicts
only one possible way (the simplest one) to explain the
data. More complicated superpositions are conceivable,

opposite gaussians derivative-like

(fixed) tion

two derivatives fit curve

FIG. 6. Sketch of the curves used for a Bt to the MCD
bands. While A is kept Sxed, height, width, and position are
free 6t parameters for each derivative.

TABLE III. Positions and widths of pseudo-A bands in
eV. The 6t was to MCD spectra like those shown in Figs.
3(a) and 3(b) in the range 1—2.2 eV, which is assumed to be
dominated by intervalence transfer transitions described by
the cluster model.

Nb'+
T.3+

Position 1

1.52(1)
1.56(1)

Width 1

0.35(3)
0.35(3)

Position 2

1.73(2)
1.83(2)

Width 2

0.50(5)
0.55(5)

because a number of excited E states will be available
if one increases the number of AO basis states (see the
Appendix).

Table III lists the results of a fit of the data in the range
1—2.2 eV using two pseudo-A bands, each built from two
opposite Gaussians with equal height and width. Here,
"position" indicates the mean position of the two oppo-
site curves and "width" is the full width at half max-
imum (FWHM) of a single Gaussian. No attempt has
been made to use more than two pseudo-A bands in a
fit, because this would be an overinterpretation of the
data.

Despite the fact that the bands above 2.2 eV may in-
fiuence the results, Table III refiects the similarity of
the spectra of both centers below that energy. Since
this resemblance is consistent with the properties of
the molecular states of the cluster model, as explained
at the end of Sec. IVA, we attribute both low-energy
bands to intervalence transfer transitions to at least two
molecular E states. Each state E is split into kz-like
(E') and k2-like (Pi,Pz) states, which together yield
derivativelike MCD bands. From Table III we observe
that the Ti bands are somewhat shifted to higher ener-
gies. According to the cluster model, this shift simply
corresponds to a lower position of the ground state for
the latter ion with respect to the excited states common
to both ions (see Sec. IV A).

The just given attribution of MCD bands also agrees
with the fact, that the absorption is mainly o polarized
in that region [Figs. 3(a) and 3(P)]. One may wonder,
however, why the obvious similarity of the MCD spectra
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below 2.2 eV is not re8ected in the 0 absorption: Also
in the Nb4+ absorption spectrum a pronounced band at
1.6 eV should be visible, the "small polaron band" known
&om the literature. The seeming absence of this band
in Fig. 3(a) results &om the fact that additional diamag-
netic centers, Nb~;-Nbwb bipolarons, 2 are present in used
LiNb03 crystals. These centers possess a wide absorption
band peaked at 2.5 eV, which is superposed on the small
polaron band. Illumination by light converts bipolarons
to Nb&+ polarons and the 1.6 eV band increases consider-
ably by this treatment and becomes clearly visible. The
relative height of the bipolaron versus the polaron band
depends on the relative number of both centers, which in
general is modified by the illumination process. In the
case of the crystals used here, however, the number of
bipolarons could not be decreased substantially. Presum-
ably, this comes &om the fact that the samples were re-
duced so heavily that not enough free traps were present
to accommodate the electrons &om the bipolarons bro-
ken by light. However, in view of the selectivity of the
tagged MCD method, the presence of a strong bipolaron
band is of minor importance in this work.

Again following the argumentation of Sec. IVA, one

may conclude that the MCD bands above 2.2 eV, be-

ing different for both centers, are due to impuritylike ex-
cited orbitals. Good candidates for MO's at still higher
energies are those which contain large fractions of the
excited crystal field states ~dec) of the central impurity
ion. The difference between Ti + and Nb + comes from
the fact that one expects 10Dq(Ti +) (10Dq(Nb4+). 2

Hence, the ~dee) related bands may show up in the Ti
spectrum, while they are out of range for Nb. In sum-

mary, we interpret the pronounced MCD bands above
2.2 eV of Ti + as to arise &om transitions to ~dee)-like

states. A corresponding band is also clearly visible in the
absorption spectrum for a polarization [Fig. 3(P)]. As for

the other molecular states of symmetry E, the same argu-
ments concerning the prediction of MCD shapes are valid

here, and, of course, the data may also be represented

by some superposition of pseudo-A bands. Since we are
dealing with a qualitative interpretation of the spectra,
however, it is not useful to actually perform such a fit.

The weak and very broad band observed above 2.2 eV
in the case of Nb + [Fig 3(a)] m.ay either be ascribed to
the low-energy wing of ~dec)-related bands, being shifted
to higher energies compared to Ti3+. Or it may be at-
tributed to transitions to some other molecular states,
which emerge if the orbitals ~dt2e) of the surrounding

Nb~b are incorporated into the calculation. In this case,
the corresponding band for Ti + would be hidden by the
strong ~dec)-like bands existing there. In view of the very
qualitative discussion of the molecular properties of the
cluster, no definite attribution of this band can be given
in this work.

V. SUMMARY AND CONCLUSION

Although the absorption spectra of the isoelectronic
ions NbL+,. (4d ) and Ti&+,. (3d ) in LiNbOs are rather
weakly structured, the corresponding bands could unam-

biguously be correlated with these ions by the method
of "tagged MCD." The attempt to assign the observed
bands to specific transitions is based on the comparison
of the spectra of both ions.

Above 2.2 eV, only a weak MCD signal is observed
for Nb, while Ti shows rather strong bands. The bands
observed for Ti are interpreted as due to transitions to
delocalized molecular states with large admixtures of the
Ti orbitals ~dec). In the case of pure crystal field states
(Fig. 4), the corresponding bands would yield 10Dq di-

rectly. From the data, we may find about 2.9 eV as an
estimate for this parameter. It is true that this figure is
within the range of 1.5—3 eV, which is found for 10Dq
of sixfold coordinated Ti + in Ref. 33, but this may be
accidental: The energy of this state should be modified
by the interaction with NbNb-like states &om the con-
duction band, because 10Dq is larger than the distance
of the ground state to the conduction band. In this case,
the position of the MCD bands is no longer determined
by the cubic crystal field alone and 10Dq cannot be read
directly from the spectrum. Despite this complication it
is clear, however, that the corresponding bands for Nb&+,.

will be positioned at higher energies, since 10Dq is ex-
pected to be larger for this ion. Therefore the "10Dq
bands" are not found in the experimentally accessible re-

gion for this ion.
Below 2.2 eV, the MCD spectra are nearly identical

for both ions. This fact suggests that the corresponding
transitions lead to almost the same final states, which
only weakly depend on the ion at the center of the defect,
i.e., which may be called "host- or conduction-band-like. "
We modeled them as MO states of LCAO type. The
MO's are built &om orbitals located mainly on the next-
nearest NbNb neighbors, which are coupled by the super-
exchange interaction via oxygen ions. For states of this
type and of symmetry E, the model allowed to predict
derivativelike or pseudo-A shaped MCD bands. These
are composed of two opposite bands of equal strength,
separated by only some ten meV. Using two pseudo-A
bands with these characteristics, w'e were able to satis-
factorily fit the experimental MCD data below 2.2 eV.
The fit data are nearly identical for Ti and Nb, except
for the positions of the curves, which are shifted to higher
energies in the case of Ti by 0.04—0.1 eV. According to
the model, this shift should be ascribed to a higher en-
ergetic position of the Nb ground state level &Nb with
respect to eT;. This finding agrees well with eNb-E'T; =
0.1 eV &om independent experiments. 2

The above summary shows that the basic features of
the MCD spectra of the investigated d ions in I.iNbOg
may in principle be explained by the cluster model. It
remains to be seen to what extent the given arguments
may be developed to explain further optical or even pho-
torefractive properties, possibly related to NbL+,

As already mentioned in Sec. IV A, the interpretation
of the low-energetic MCD bands of Nb + and Ti + in
LiNb03 and that of the MCD spectrum of V2; in ZnSe
(Ref. 23) have some common aspects: In both cases, the
point symmetry of the defect center is C3„,Aq-E transi-
tions are inspected, and the analyses are based on MO-

type orbitals. Experimentally, the MCD spectra show
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a similar feature (although with different absolute sign):
Two overlapping, yet well separated bands with opposite
sign are observed for both centers. To ascribe this feature
to a single E state, split into +3/2- and +1/2-like states
(modified F-center case), is ruled out in both works. The
6nal explanation of the just mentioned MCD structure
is different however: Jeon et aLzs found by detailed and
quantitative considerations of the transition probabilities
that those Vz„centers are responsible for the MCD struc-
ture in question, which have their threefold axis perpen-
dicular to the optical axis. For this orientation, Ai-Ai
transitions have to be taken into account, too, and the
mentioned MCD structure is interpreted as the sum of
boo cbsorptiaelike MCD bands. As the directions of the
trigonal distortion of the Vz„centers are distributed ran-
domly in cubic ZnSe, the case of perpendicularly oriented
centers necessarily occurs there He. re, with LiNbOs this
situation does not apply, since the host crystal is trigonal
and all Nb4+ centers are supposed to have approximately
parallel threefold axes, which coincide with the crystal's c
axis. With light perpendicular to c, the MCD cannot be
measured, because the circular polarization is completely
destroyed by the strong linear bire&ingence of LiNb03.
In the present case, the mentioned MCD feature is alter-
natively explained as the sum of hso deriiiatiiielike bands,
belonging to two difFerent excited E states. Also, the sign
of the spin-orbit coupling constant, used to interpret the
MCD, is negative in both analyses. Whereas there seems
to be no simple mechanism yielding that sign in the case
of Vz„,negative contributions to A are easily found in our
case (see the Appendix).

Finally, it should be mentioned that the present MCD
analysis, being of qualitative nature, does not allow one
to decide the often discussed question, whether the cen-
tral ion (Nb or Ti) is on a Nb or Li site. This is so
because the symmetry of the cluster would be the same
in both cases; merely the strength of the interaction be-
tween the NbNi, ions had to be modified accordingly. The
consequences of these modifications may only be esti-
mated by quantitative calculations. Prom the experi-
mental side, valuable information on this question will
be obtained from MCD and ODMR measurements with
reduced LiNbOs crystals codoped with Mg, Zn, or In,
in which presumably the free polaron Nbw+& has recently
been observed optically and by EPR.s4
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APPENDIX

In the discussion it was stated that a value of some
ten meV should be a good estimate for the upper bound

of the spin-orbit (s.o.) coupling constant A in the ex-
cited E states, to which the intervalence transfer occurs.
The parameter A has been chosen to describe the energy
difference between E' ("1/2-like" ) and Pi,P2 ("3/2-like" )
(Ref. 14) MO states resulting &om s.o. coupling. Usually,
A is inferred by writing the s.o. Hamiltonian in the form
H, = AI S, which represents an operator equivalent to
a "true" one, h, (see below). Using H, , one obtains
a splitting of the size of A between those states E' and
Pi,P2, which result from single ion orbital states ldtze)
(in the chain notation for full rotation and cubic and
trigonal groups, respectivelyi4). Hence, sign and mag-
nitude of A are determined by both the proportionality
constant between the equivalent operators H. . and h,
and the wave functions representing the E state. H, ,
is supposed to act within E states only and the result-
ing spin orbitals do not contain Ai molecular orbitals,
in contrast with Ref. 23. Thinking in terms of AO or-
bitals, this means the following: It is supposed that the
molecular interactions are much stronger than the s.o.
coupling, and that consequently the molecular problem
may be solved first, ignoring h, , If the MO lE) states
contain AO's of the type ldt2ai) [see Eq. (A7), below],
this is not due to the s.o. coupling but rather results from
the exchange coupling. This assumption may be a crude
one, but it keeps the general discussion of the problem
tractable.

To obtain a useful estimate for A, as defined in the
present case, i.e., for MO's, one must examine how the
s.o. interaction may be evaluated using h, , and molec-
ular orbitals lE). The following approach and the eval-
uation of "orbital reduction factors" due to covalency in
EPR studies make use of some common arguments, but
are not identical, mainly because the covalency consid-
ered there is between metal ions and light ligand atoms,
whereas we are dealing with metal ions alone.

In our model, the excited MO's are mainly built from
Nb-like orbitals located on ions number 1—6 (Fig. 5).
Hence, the s.o. coupling occurs in the electric fields of the
corresponding niobium nuclei and the Hamiltonian h, ,
may be approximated by a sum of /Ocul s.o. operators,
h, = P,. ((r;)L;S. Here, the radial function ((r;) and
the orbital angular momentum operator both depend on
coordinates measured from niobium ion i. Writing h,
as a sum of local operators is justified by the observa-
tion that ((r;) rapidly decreases with increasing distance
r; Quite gen. erally, P, (L; transforms as an axial vec-
tor u and the scalar product with spin yields a totally
symmetric operator. As a consequence, h, must be
diagonalized by the basis states of the half integer rep-
resentations of C3 . With spherical vector components
one may write h, ~ = sou & + sou ' + s ~uz . Here,
sgy ——~~s+, where s+ are the usual step-up and step-
down spin operators and so is the z component of the
spin. The u transform as the partner n of the irre-
ducible representation a. Using the latter form of h,
and the decomposition of the "+3/2-like" state lPipi)
(arbitrarily chosen) into spin and orbital parts,

(Al)
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one finds for the s.o. energy of IPipi)

E -. = (P»il~. -.IP»i) =,~2(E II
~"'

ll E) (A2)

An additional part containing the reduced matrix ele-
ment (E II

u II E) has been dropped from (A2), since
it can be shown that it would lead to a splitting of the
time conjugate states IPipi) and IPqp2) and consequently
must vanish because of time reversal symmetry. We now
define

& = ~(E II
u"

II E) (A3)

In obtaining Eq. (A3) the matrix elements of the spin
are completely evaluated and only the orbital parts of
Eq. (Al), IE + 1), must be considered to obtain an esti-
mate for the reduced inatrix element (E II u '

ll E). In
the case of the usual problem, mentioned at the begin-
ning of this appendix, concerning a single ion inHuenced

by crystal fields, this reduced matrix element may easily
be evaluated yielding the well-known2s result A = —((),
if ldtqe) is the orbital part in Eq. (Al). Here, (() is the
(positive) expectation value of the radial part of h, for
the d functions applied. In the present MO case, however,
we must "unreduce" (E II

u '
ll E) with IE) being a

molecular orbital obtained from solving the cluster prob-
lem and with u+' being replaced by the true operator

P, (L,, In this procedure of "unreduction" one is al-
lowed to use an arbitrary partner state (e.g. , IE + 1))
of the representation E in the matrix element. Within
the basis of a doublet E found by solving the molecular
problem it is always possible to form such states which
transform according to IE+ 1) and IE —1). Supposing

to be considered in a realistic model. Taking into account
only those of the type ldt2sai) oc 3z —r, Eq. (A6) will
necessarily lead to A = 0. This is the reason why our
simple LCAO calculation can at best give an idea about
the MCD bands, which would be obtained in a more re-
alistic, but much more elaborate approach. One should
use the whole cubic set of symmetry T2, i.e., the states
ld&2ai) and ld&2e + 1), because of two reasons: First, the
trigonal crystal field is possibly weaker than the exchange
matrix elements h;~ (see Sec. IV). Second, only the in-
corporation of the states ldt2e 6 1) into the MO's yields
A/0.

About the magnitude and sign of A one may now ar-
gue as follows: The AO orbitals p'i are now &om the set
ldt2ai) and ldt2e 6 1) and it is not a priori clear which
ones have to be used for Eq. (A4). Especially it must
not be concluded that, e.g. , IE + 1) may only contain
ldt2e + 1). For the example of a planar molecule with
symmetry D3, Table E.7.1 of Ref. 14 shows that ligand
AO's transforining as le+1), Ie —1), and lai) are allowed
as a symmetry-adapted MO of type IE+ 1). The second
choice corresponds to a MO state having opposite local
"circulation" at the ligands. An example (in cubic sym-
metry) of this situation is given by the excited 2p state
of I" centers in alkali halides. There, the opposite circu-
lation results from the orthogonalization of the F center
envelope function and was shown to yield a negative sign
of A.35 The same mechanism was also considered by Jeon
et al.2 for V2;„in ZnSe. Since we do not know the dis-
tinct composition of IE + 1) in our case, we write most
generally

IE + 1) = ) a;Idt2e+ 1) + P;Idt2e —1) + p;Idt2ai).

IE+1) =):c', v", ,

ip

(A4)
(A7)

where p~ is the pth crystal-field orbital of ion i, and as-
suming that P,. fL,, is strictly local, one has ~ = 4) ).(IP'I' —la'I') (A8)

Using Eq. (A7) instead of Eq. (A4), Eq. (A6) becomes

(EII&"' IIE) =~2 E+1 ) P., E+1

= v 2(() ) ) c; c; (p;"IL, Ip, ), (A5)

where (f) represents the radial expectation value for the
crystal-field orbitals of Nb. Approximately, (() should be
the same for all rp~ From (A3) and (A5) one reads

~ = R) ).) . ,,c.-..(~";IL..il~;)

which gives the link between the general parameter A and
the single-ion matrix elements.

Now one has to discuss which kind of orbitals + have

Here, it has been accounted for the negative effective or-
bital momentum of the ldt2) triplet, that is (dt2e +
lIL, Idt2e 6 1) = pl. It follows &om Eq. (A8) that
(i) IXI ( ((), since IE + 1) [Eq. (A7)j is assumed to be
normalized and the p; do not contribute. Furthermore,
the contributions &om a; and P; will cancel to a certain
amount. (ii) The sign of A depends on the precise val-

ues of the a; and p;, being negative for la, l~ ) lp;I2.
The latter condition means that the ligand AO's have
predominantly the same sense of circulation as the MO-
type total state. There seems to be no argument against
this choice, which directly leads to negative contributions
to A. The same situation results in a positive sign, how-
ever, if p-type ligand orbitals are involved, as is the case
for Vz„in ZnSe.
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