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Bismuth titanates, germanates and sillenites are well-known 
photorefractive materials used in surface acoustic wave devices, 
non-linear integral optics, laser resonators and phase-conjugated 
spatial-time light modulators. Doping agents induced lattice-scale 
and topological instability along with atomic-scale dispersion 
in  these compounds.1–10 In the case of manganese doping, the 
ternary oxides Bi12SiO20 (BSO), Bi4Ge3O12 (BGO) and Bi4Ti3O12 
(BTO) interact differently with manganese despite their chemical 
similarities.7–10

Here, new elements of these differences are explained and 
discussed in the framework of the lattice compatibility theory 
(LCT).†

The chemical properties of Mn2+ ion are very similar to those 
of Zn2+. Wardzynski et al.15 used paramagnetic resonance spectra 
and Mn–element energetic levels scheme to prove that bismuth 
oxide crystals incorporate Mn2+ (and Mn4+) ions as a consequence 
of electron transition toward the conduction band (Figure 1).

According to Chen et al.,16 equilibrium structure of Mn doping 
atoms in host structures occurs due to two possible scenarios 
depending on energetic and kinetic considerations. Mn atoms 

stabilize inside host matrices either in substitutional or interstitial 
positions. The energy cost for the transition from initial to final 
states during doping suggests interstitial positions inside Si 
matrices and substitutional positions inside Ti and Ge matrices.

In order to understand the Urbach tailing alteration following 
doping agent insertion into host structures, the Urbach energy 
Eu  was determined for doped and undoped samples from the 
equations
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where a(hv) represents, for each sample, the experimentally 
deduced optical absorption profile.

The Urbach energy Eu is a measure of the inhomogenous 
instability and atomic scale dispersion inside structures as it 
indicates the width of the band tails of the localized states in the 
presence of defects (Figure 2). Its analytical formulation17 takes 
into account three components: structural disorder, carrier-phonon 
interaction and carrier impurity, respectively.
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where kB is the Boltzmann constant, U is the lattice strain related 
with the structural disorder, qD is the Debye temperature, LD is 
the Debye length, m* is the carrier effective mass, Z is the impurity 
charge, q is the electron charge, e is the static dielectric permit
tivity, '  is the Planck constant, and F, F', F'' are constants.
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†	 Bi4Ti3O12 was prepared using a polymeric precursor method11 from 
titanium tetra(isopropoxide) and bismuth acetate. Complexation and pH 
adjustment were achieved using wet ethylene glycol and ammonium 
hydroxide, respectively. 
	 Bi12SiO20 and Bi4Ge3O12 were grown from stoichiometric melts using 
the Czochralski method12–14 with high-purity Bi2O3, GeO2 and SiO2 as 
precursors. The Mn-doped samples were prepared by adding MnCO3 and 
MnO2 in various proportions. The concentrations of the doping agent 
in  the crystals were determined using emission spectral analyses and 
chemical absorption with an accuracy of 6%.
	 X-ray diffraction analysis was performed on an Analytical X Pert 
PROMPD copper-source diffractometer ( l = 1.54056 Å), and the optical 
absorption spectra were measured on double-side polished parallel crystal 
plates using a SPM-2 monochromator to within ±2 nm.
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The width of the localized states (band tail energy or Urbach 
energy Eu) was estimated from the slopes of the plots of ln a(n) 
versus energy hn (Figure 3).

The Faraday effect19 (or Faraday rotation effect) is a magneto-
optical phenomenon that consists of an interaction between light 
and a magnetic field inside a medium. It causes a rotation of 
the plane of polarization, which is linearly proportional to the 
component of the magnetic field in the direction of propagation. 
The Faraday effect is based on the notion of circular birefringence, 
which causes a difference of propagation speed between left and 
right circularly polarized waves. 

The Faraday effect for the test samples was evaluated by the 
measurements of alterations in the Verdet coefficient V within 
the visible spectral domain (Figure 4). This coefficient19 is deduced 
via the measurement of the polarisation rotating angle q using 
the formula:

,V
Bl
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where B is the applied magnetic field strength (in oersteds), and 
l is the light path length through the medium.

Thus, the stability of Mn ions within a host matrix was dif
ferent inside the three test lattice structures. The LCT20–24 tries 
to give a plausible understanding of this disparity starting from 
intrinsic doping-element lattice properties in comparison to those 
of the host. In the test materials, changes in the Urbach energy 
and Faraday effect were due to a Mn-doping induced disorder in 
BSO matrices against a relative unaltered stability of both BGO 
and BTO. In this context, fundamental geometrical observations 
concerning the structure of BSO and the doping lattice are 
interpreted in terms of a comparison to manganese intrinsic 
lattice parameter (Figure 5).

As a first step, the main lattice constants of a Mn intrinsic 
lattice were compared to those of BSO, BGO and BTO. The 
fundamental geometrical observations concerning the structures 

of BGO and BTO lattices (Figure 6) reveal an obvious com
patibility with the cubic main metric and angular parameters of 
the Mn intrinsic lattice.

Consecutively, a thorough study of BSO structures revealed 
a  strong incompatibility with the Mn cubic lattice in terms of 
both bond lengths and angles (Figure 7).

Finally, a possible explanation for the paradox of disparity of 
incorporation behaviors of doping agent is formulated as follows: 
‘The stability of doping agents inside host structures is favorized 
through geometrical compatibility, expressed in terms of matching 
patterns between doping agent intrinsic lattice and those of the 
host’.

Of course, it is the matter of a necessary but not sufficient 
condition. Nevertheless, many elements of this theory are already 
in good agreement with the results obtained by Van der Merwe,25 
Ischimura et al.26 and Tuilier et al.27
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