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LETTER TO THE EDITOR

Two sites of Fe** in highly Mg-doped LiNbO,

A Bokert, H Donnerberg?t, O F Schirmert and Feng Xiqit

+ Fachbereich Physik, Universitit Osnabriick, D-4500 Osnabriick, Federal Republic of
Germany
1 Academia Sinica, Shanghai Institute of Ceramics, Shanghai, People’s Republic of China

Received 26 April 1990

Abstract. Two species of Fe** Esr have been observed in LiNbO,:6%Mg codoped with
530 ppm Fe. Their axial crystal field parameters, D, differ by a factor of about two. As
indicated by a superposition model analysis, it is likely that the centre with the large D has
to be attributed to Fe{{, and that with the low D to Fe}j,. This assignment is also supported
by recent shell model calculations of the incorporation mechanism of impurities in LiNbO,.

Doping LiNbO; with a high concentration of Mg, [Mg] = 5%, increases its photo-
conductivity, oy, [1], and thus reduces its optical damage [2]. In an analogous way the
dark conductivity of reduced crystals rises strongly with Mg doping. This is due to the
fact that deep traps, most likely Nby ;, which lead to an activation energy for conductivity
of about 0.65 eV in reduced material [3], are removed by Mg doping. Such crystals have
an activation energy of only =0.16 eV [4]. These results refer to crystals nominally free
of Fe.

In Fe-doped crystals the lattice position of Fe’*, and therefore probably also its
electrical properties, are changed by sufficiently high Mg doping. This is known from
ESR studies first reported by Halliburton and co-workers [5]. At microwave frequencies
of 9 GHz a pronounced change of the Fe** signals was observed, if [Mg] rises above 5%.
It has been proposed that the new Fe®* spectra are due to Fe** on a Nb site. Similar
observations were recently published by Feng and Tang [6]. No analysis of the new Fe**
spectra has been given in these papers. Here we present ESR measurements performed
at 34 GHz with LiNbO; grown from a congruent melt containing 6 mol% MgO and
530 ppm Fe. Two types of Fe** spectra were identified. We report the ESR parameters
describing the spectra and analyse them in terms of the superposition model [7]. Also
the incorporation of Fe into LINbO; doped with Mg will be discussed on the basis of the
energetics of relevant chemical reactions as derived from recent shell model simulations
of defective LINbO;.

Figure 1 shows the ESR spectrum of the above crystal. Two superimposed spectra are
seen, each being described by the Hamiltonian [8]

H=P(B-g-S)+3a[Si+5+8¢ —1S(S+1)(352+35—1)] + D[$2 —18(S+1)]
+ $55 F[358% — 308(S +1)82 +2582 — 6S(S + 1) + 35%(S +1)2].
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Figure 1. ESR of LINbO; (congruently melting composition, 6 mol% MgO and 530 ppm Fe
in the melt). The assignment to centres I and II is indicated. At high fields the spectra are
truncated because of magnet limitations. The origin of the satellite line pair near the § & 4
transitions is not yet known.

The spectra have been found to be axially symmetric. For the orientation B||c there
exists an exact solution of the above Hamiltonian [9], yielding the following parameters:

Spectrum [ Spectrum II
8 2.001 = 0.003 2.000 = 0.002
D 1760 = 8 G 896 +3G
a—F 110+ 8G -93£6G

The parameters in set I are in agreement with those reported for Fe3* in LiNbO; not
containing Mg [10]; this corresponds to the lines indicated as I in figure 1. The changed
environment of Fe** in highly Mg-doped material is represented by set II: most con-
spicuous is the fact that Dy is only half of D;. This corresponds to the much smaller
splittings of spectrum II as compared to I in figure 1.

Using the Newman superposition model [7], information with respect to the position
of the Fe** within its O?~ environment can be extracted from the D-values. Agull6-
Loépez and Miiller [11] have discussed the position of Fe** on this basis. The parameter
D is given in this method by

6

b3 =1B:Ro) (2 (R) Geost0,-1) M)

D
i=1 \R;

where b, , t, are experimentally determined parameters for Fe** in a sixfold-coordinated
O?" environment. They were takenas b,(R,) = —0.41cm™!and¢, = 8[12], respectively.
R; and ©; are polar coordinates of the ith O?~ ion neighbouring Fe** with respect to the
¢ axis of the crystal. These latter parameters were obtained from crystallographic data
[13]. R, is the reference distance chosen near the value of the R; (R, = 2.101 A). The
two curves in figure 2 show the calculated dependence of the b3 parameters on the z
coordinates, as defined in figure 3 for both Li and Nb sites in LINbO ; neglecting possible
small corrections for charge misfits. These results are based on the assumption that the
relaxation of O~ ligands is small compared to that of the Fe** ions. The two horizontal
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Figure 2, Superposition model predictions of parameters b3 : Fed}; (— — ~), Fe}! ( ),

as compared with the experimental data.
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Figure 3. Geometry of LiNbOj; as used in the
-1 - - = vacancy superposition model calculations. The variation
= - ofthe parameter z, asdefinedin the present figure,
leads to the curves in figure 2.

lines mark the experimental values of bJ. Their crossings with the curves occur at the z
values predicted by the model. It is natural to assume that Fe** will be found closest to
the nominal positions of either Li* or Nb**. We thus discard the z values near 1.25 A as
possible explanations of the experimental b} values. Also recent shellmodel calculations
[14] show that replacement occurs close to the nominal positions.

Agreement between theory and experiment is found when Fe3* (1) is assumed to be
close to the Li site (displaced towards centred position by Az}; = 0.1 A) and Fe**(II)
close to the Nb site (Azk, = 0.1 A).

This assignment is in accord with the fact that Fe* is found by ENDOR investigations
at a Li site in the isostructural LiTaO; [15]. Also recent EXAFs studies of LiNbO;: Fe
indicate that Fe (in the absence of Mg) replaces Li [16]. The present assignment is
furthermore supported by the results of a shell model calculation [14] that the ener-
getically most favourable incorporation of both Mg?* and Fe3* in congruent material
occurs by replacing Nbi} antisite defects. Under the assumption that all Nb;; antisite
defects are replaced by Mg ions the presence of Fe®* on both sites is energetically
favourable according to self-compensation.

While these arguments show that the assignment of I to Fe3! and II to Fe}j, is
reasonable for both geometrical and energetic reasons, other possibilities should also
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be discussed. The converse assignment, Fesf to I and Fef{ to I, would be reconcilable
with the information in figure 2 only when Fe3+ is displaced from the Li site by the
comparatively large Az} = 0.2 A. This is less likely than the shorter displacements
following from the previous assignment. One has also to consider the possibility that
one of the Fe** species is accommodated at the structural vacancy of LiNbO;. Shell
model calculations [14] again show that cations at this position are unfavourable ener-
getically.

It is furthermore conceivable that Fe3*(II) is due to an association of the rather
abundant Mg on a neighbouring cation site, most likely Mg; ;. Because of the axiality of
the ESR spectra, Mg, ~Fey,, pairs not oriented along the ¢ axis are to be ruled out. Such
a preferential pair orientation appears to be rather unlikely. Summarising, we favour
Fe**(I1) as being Fe,
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