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Abstract. As-grown M g m 0 6  single crystals grown by the Czochmlski method show a deep  
blue colour due to the presence of broad optical absorption in the visible spectral region. The 
absorption of the samples is modified by thermal treatments in air and in vacuum. By heating 
in a i  the samples become transparent and by heating in a l'x lo-' mbar vacuum a complex 
and broad absorption in induced. An energy band gap of 5.25 f 0.15 eV hs, been determined. 
Oxidized samples have an absorption edge at 4.20 eV (at 15 K) but some pre-edge absorption 
is also present. This latter absorption and the associated photoluminescence emission with a 
m i m n m  at 2.5 eV are ateibuted to interstitial Nb ions or Nb ions in Mg lattice sites. The 
optical absorptions induced by x-ray imia t ion  and vacwm reduciion have been discussed in 
terms of the defects introduced. An absorption bmd at2.30 eV induced by x-ray irradiation 
is atuibuted to holes mapped in oxygen (0--bound small polarons). The absorption bmd at 
1.69 eV has been attributed to an electron trapped in Nbs+ ions (Nb4+ small polarons). Another 
absorption observed at 1.20 eV has been ascribed to a Mg-related electron trap centre. The 
possible presence of bipolaron centres and other electronic haps is discussed. A cnmpaxison 
with the optical absorption bands observed in LiNbOs crystals has been eshblished. 

1. Introduction 

Some ferroelectric niobate single crystals have found widespread application as optoelec- 
tronic materials because of the high value of their irreversible optical damage threshold and 
good electro-optic, nonlinear optic and acousto-optic properties. LiNbO3 single crystals are 
preferred as a substrate for waveguide fabrication [l] and have been used as a model mate- 
rial to demonstrate optical devices including pioneering work on the photorefractive effect 
[Z]. Other niobates such as KNbO3 or Sr,Ba+,NbzOs also show interesting optoelectronic 
properties. , 

Most of the studies performed up to now about defects in niobate crystals concern 
LiNbO3. The state of the art in the latter material has been reviewed recently 131. LiNbO, 
is a non-stoichiometric material and the optical properties observed depend on intrinsic 
defects associated with the lack of stoichiometry [4] and crystal growth procedure. The 
nature of these defects is not fully understood. 

For instance, to explain the coloration induced in congruent LiNbO3 by thermal 
annealing in vacuum (thermal reduction), some workers assume the migration of Li and Nb 
ions remaining after the oxygen loss to pre-existing lattice defects (a Nb vacancy associated 
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with an antisited niobium) [3] while others assume the creation of oxygen vacancies [5,6]. 
The process is further complicated by the Li out-diffusion during heating [7] which is not 
recovered by oxidation in air. 

Colouration has also been observed in LiNb03 when defects are created by x-ray [8] or 
by high-energy electron [9] irradiation. 

Unfortunately there is little information about the defect-related optical absorption 
properties of niobates other than LiNbO3. The availability of this information may help in 
the understanding of the defects present in LiNb03 and the optical features associated with 
them. 

Niobium and magnesium ions in MgNbz06 single crystals have an oxygen coordination 
similar to that observed in LiNbOs while the stacking of cations is different. A plot of the 
structure can be found in [lo]. In MgNbzO6, niobium and magnesium are piled up along 
the c axis in separate chains. This means that every niobium is linked to two other niobium 
neighbours; thus the presence of defects related to isolated niobium ions and to niobium 
pairs may be expected in a high concentration. This situation is different from the case of 
LiNbO, where the concentration of niobium pairs is limited to the antisited niobium atoms 
(5.9% in congruent LiNbO3) [ I l l .  

Furthermore mixed magnesium-niobium oxides (namely, Mg4Nh09 and other 
undetermined phases) are formed when thin layers of KNbO3 are deposited at high 
temperature on MgO [12]. Thus magnesium-niobium oxides may influence the optical 
properties and refractive index distribution of waveguides created by this method and very 
little is known about their optical properties. 

The purpose of this work is to characterize the optical properties of MgNbz06 single 
crystals and to discuss the optical features in common with those observed in LfibO3. 

2. Experimental techniques 

MgNbzO6 single crystals were grown by the Czochralski technique and was pulled from 
a melt at 1620°C. Johnson Matthey (grade A) MgO and NbZOs powders were melted in 
an iridium crucible. The growth was can id  out in a Nz atmosphere enriched with 2% 
oxygen. More details of the crystal growth procedure have been reported elsewhere [13]. 
After oxidation (see section 3.1) the samples appear free of inclusions and have good optical 
quality. 

An iridium molar concentration in the crystal of 4150 ppm was determined by ionically 
coupled plasma spectroscopy. For this purpose, MgNbzOa samples were fused with KzS208. 

The crystal boule was oriented by the x-ray diffraction technique and oriented plates 
were sawn and polished to optical quality. 

Optical absorption measurements were performed with a Varian spectrophotometer 
(model Cary 17). The spectral range of operation covers the 200-2500 nm region. 
Photoluminescence measurements were taken with a Jobin-Yvon spectrofluorometer (model 
JY305). In both cases a closed-cycle He-gas Lake Shore-CTi cryostat was used to cool the 
samples in the 15-300 K temperature range. 

The samples were irradiated at 15 K with polychromatic x-rays emitted by a Siemens 
x-ray generator (model Kristalloflex 2H) with a tungsten anode and a beryllium window. 
The low-energy x-rays emitted were filtered with a 2 mm aluminium plate. The x-ray source 
was operated at 40 kV and 30 mA. The sample was held 6 cm away fiom the output x-ray 
window. Under these experimental conditions the irradiation sample dose is estimated to 
be about 0.5 krad min-'. 
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Thermal reduction treatments were performed in a sealed ceramic tube evacuated 
to pressures lower than 2 x lo-' mbar, while oxidizing treatments were performed at 
atmospheric pressure in air. In both cases the sample was kept in a platinum box and 
heated in a conventional furnace. 
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Figure 1. Room-temperature optical absorption 
of MgNbz06 single crystals in their as-grown 
state, after oxidation annealing in air for 7 d 
at 95OOC. after reduction for 90 h in vacuum 

' 4.5 mbar) at 950'C and afterreduction for 
PHOTON ENERGY , eV 5 d in vacuum mbar) at 970T (- - -1. 

3. Experimental results 

3.1. Optical properties of as-grown and oxidked samples 

As-gown crystals have a deep-blue colour which is stable at room temperature. Figure 1 
shows the optical absorption of the as-grown samples measured at room temperature. A 
broad absorption with a maximum at 2 eV is observed in the spectrum. 

The absorption observed in as-grown crystals is removed by heating the samples in air 
at a high temperature (above 850°C). Figure 1 includes the spectrum measured after heating 
for 7 d in air at 950°C. Hereafter we shall refer to this state as oxidized. It is worth noting 
that the oxidation annealing also induces a shift in the increasing absorption close to the 
band gap. As shown in the next paragraph, this shift hides the true absorption associated 
with the band-to-band transition when the optical absorption coefficient is lower than about 
350 cm-' . 

In order to determine the hand-gap energy EO and optical absorption edge of MgNbzO6 
crystals, the optical absorption of a thin oxidized sample (78 pm thick) was recorded at 
several temperatures T below 300 K. Figure 2 shows a logarithmic plot of $e optical 
absorption coefficient CY in the spectral region close to the absorption band gap. At a 
sufficiently high photon energy E,  a linear dependence of In 01 versus the photon energy 
is observed. Wis is expected from an Urbach-ruletype dependence [14]. Moreover a pre- 
edge absorption which does not follow the linear dependence is also clearly observed. The 
analysis of the linear regimes with the Urbach expression (Y = a~exp[-u(Eo - E ) / k T ] ,  k 
being +.he Boltzmann constant, yields a band-gap energy Eo = 5.25 f 0.15 eV. 

The optical absorption edge defined phenomenologically as the photon energy where 
In (Y = 4.605 (01 = 100 cm-I), has been calculated from extrapolation of the linear part of 
the curves shown in figure 2. The results as a function of the temperature are summarized 
in the inset of figure 2. 
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Figure 2. Optical absorption of a 
thin (78 fim) MgNbz06 oxidized single 
crystal measured at several cryogenic 
temperatures. From right to left, the 
temperatures of measurement were 15, 
50, 100, 150, 200, 250 and 298 K. 
The inset shows the phown energies for 
which the extlapolated l i n w  absorption 
&mes (- - -1 are 100 a"'. 

Figure 3. Photoluminescence of 
MgNbzOs oxidized single crystals 
measured at 15 K. EEMI and EWC 
ax the emission and excitation en- 
ergies, respectively. (a) Excitation 
spectra: The optical absorption at 
15 K is given for reference (- - -). 
(b) Emission spectra. 

Figure 3 shows the photoluminescence of oxidized MgNb206 crystals excited at 15 K 
with ultraviolet light. Figure 3(a) shows the excitation spectra and figure 3(b) shows the 
emission spectra. On excitation at 4.46 eV and thus above the absorption edge corresponding 
to 15 K, the emission is centred at 2.8 eV. This result is in agreement with previous 
photoluminescence measurements performed on MgNbzOs ceramics [15]. Moreover a 
weaker emission with a maximum at 2.5 eV is observed when the energy of the excitation 
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light is below the absorption edge. It is worth noting that the shoulder observed in the 
excitation spectrum of the latter emission has a spectrai distribution similar to that observed 
in figure 3(a) for the pre-edge absorption. 

3.2. X-ray-induced optical absorption in oxidized MgNb2 O6 

An oxidized sample showing only a weak optical absorption in the visible has been irradiated 
with x-rays at 15 K. The residual optical absorption before the irradiation is shown in figure 4 
(dashed curve). After x-ray irradiation a broad absorption covering from '0.5 eV up to the 
absorption edge is observed. This absorption decreases upon heating the sample, although 
some residual contribution is observed even after heating at room temperature. 
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Figure 4.. Optical absorption of MgNblOa 
oxidized single crystals before x-ray irradiation 
(- - -), immediately after x-ray irradiation for 
15 h at 15 K (labelled 15 K) and aftcr further 
heating for 10 min at the temperature indicated 
on each curve (labelled 75 K, 175 K and 
298 K. respectively). AI1 absorption spectra were 
measured at 15 K. 

~ 

It is worth noting that the rates of annealing of this optical absorption are slightly 
different in the infrared and visible regions. In particular the spectrum observed after heating 
at 175 K shows the presence of a component close to 1.5 eV. Therefore this absorption is 
complex and must be considered as the convolution of several components. 

3.3. Thermal reduction treatments and optical bleaching 

The blue colouration exhibited by as-grown samples may be recovered by heating the 
samples in vacuum: however, some differences in the optical absorption arise. In order to 
induce the reduction, rather high temperatures (above 900°C) are required. 

Figure 1 includes a comparison of the optical absorption spectrum of as-grown samples 
and those obtained after a vacuum reduction of previously oxidized MgNblOs samples. 

The most obvious difference between as-grown and reduced samples observed in figure 1 
is that the intensity of the absorption in the ultraviolet region (about 3.5 eV) is larger in 
reduced samples than in the as-grown samples. Moreover reduced samples also show more 
intense absorption in the infrared (at 1.0 eV) although the relative intensity of this band 
depends on the time of reduction and the particular sample used. These differences lead us 
to conclude that reduced samples contain more types of defect than as-grown samples do. 

As will be discussed in section 4, some of the contributions to the optical absorption 
spectra arise from the presence of polaron centres. The absorption of these centres shows 
dichroism [16]. Figure 5(a) shows the optical absorption measured at 15 K for light polarized 
parallel to the C3 axis of the oxygen octahedron (i.e. parallel to the [OOl] axis of the 
MgNbzOe lattice) and perpendicular to it (i.e. parallel to the [loo] axis of the lattice). 
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Figure 5. (a) Polaiized optical absorption of as-grown 
MgNbzOs single crystals measured at 15 K, The curves 
are labelled with the light polaiimtion directions. (b) 
Influence of the low-temperature (71 K) illumination on 
the optical absorption of a MgNbzOa crystal reduced in 
vacuum (IO-* mbar) for 3 d: - - -, before illumination: 

, , ,...... , -, i l lymipion for 20 min with 351 nm I m r  light 
0.r 1.5 2.5 3.5 4.5 (300 mW cm-2). The o p t i d  absorption has been 
0 -! ' ' ' ' ' ' ' 

PHOTON ENERGY , eV measured at 77 K. 

These spectra show a well resolved contribution at around 1.7 eV. Moreover, a minor 
component around 1.0 eV is also observed, as well as other unresolved contributions for 
energies higher than 2.5 eV. 

In addition to these features, the thermal reduction induces a decrease in the pre-edge 
absorption observed after oxidation annealing in air. 

The spectral distribution of the optical absorption of reduced crystals can be modified 
if the sample is illuminated at a low temperature (77 K) with ultraviolet light; we call this 
optical bleaching. Figure 5(b) shows the optical absorption spectrum recorded at 15 K of 
a reduced sample before and after illumination with the 351 nm (3.53 eV) line of an Ar+ 
laser. 

As a result of the illumination the optical absorption for photon energies higher than 
2.5 eV decreases and a parallel increase in the 0.5-2.0 eV region is observed. These changes 
are reversible on heating the sample to room temperature. This effect may be observed even 
with visible light, 514 nm (2.41 eV), but the efficiency of the bleaching is very low. 

4. Discussion 

Figure 1 shows that by heating MgNbzOs in air the sample becomes transparent; therefore 
the colouration observed in as-grown and reduced samples is most probably due to the 
loss of oxygen from the lattice. This is likely to happen during crystal growth because of 
the very high temperature required for growth (about 1620°C) and the low oxygen partial 
pressure of the growth atmosphere. 

Well oxidized samples show a good transparency over the infrared and visible regions 
but in figures 1-3 we have shown that this treatment induces some absorption below the 
band edge. This preedge absorption gives rise to an emission at a low energy (2.5 eV). 
The photoluminescence of niobium oxides is generally understood as arising from the de- 
excitation of ionic clusters involving Nbs+ ions [17-191. Therefore most probably the 
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preedge absorption and the weak emission associated with it are due to the presence of a 
small amount of Nb ions in an environment different from that corresponding to the regular 
Nb position. In fact, ceramic MgNbz06 samples, in which disorder may be expected to be 
larger than in single crystals, show an intense absorption tail from the absorption edge to 
below 3.0 eV [ZO]. 

X-ray irradiation at low temperatures and thermal reduction in vacuum induce 
colouration (see figures 1, 4 and 5(b)). All these spectra keep some common features 
with the optical absorption observed in as-grown samples. 

Figure 5(a) shows clearly that the optical absorption of as-grown samples is dominated 
by a component at 1.69 eV. This band looks similar to the 1.6 eV band ascribed in Lmb03 
to Nb4+ small polarons (i.e. one electron trapped in an isolated Nb5+ ion) [21]. In addition 
to the optical absorption ascribed to Nb4+ polarons, other contributions at about 1.0 eV and 
above 2.5 eV may be observed in figure 5(a). 

X-ray irradiation produces the excitation of electrons and holes which remain trapped 
at a sufficiently low temperature. Holes are most probably trapped in oxygen ions bound to 
a defect charged negatively~with respect to the lattice (e.g. a Mg vacancy). This produces 
an 0--bound small polaron. Electrons are most probably trapped at cations. Thus the 
optical absorption ascribed previously to Nb4+ must contribute to :he absorption displayed 
in figure 4 after x-ray irradiation. In LiNbO3 doped with Mg electron trap absorbing at 
1.03 eV has been found [22]. Because of'the similarity between the spectral position of 
this absorption and that found in MgNbz06 at 1.2 eV, we propose that the latter is due to 
a Mg-related electron trap centre. 

In order to describe the optical absorption observed after x-ray irradiation, we have 
performed a phenomenological fit of the absorption assuming Gaussian bands for the optical 
absorption of Mg-related electron traps and Nb4+ polarons and fitting the rest of the spectrum 
with Gaussian contributions. 

e 
6 

Figure 6. Gausian decomposition of the optical ab 
sorption measured at 15 K of MgNblOa single crys- 
tals. (a) Absorption induced by 15 K x-ray irradiation. 
(b) Absorption induced by thermal reduction in vacuum 
(1 x IO-' mbar) for 3 d d 970 'C: 0,  experimental val- 
ues of the absorption: - - -, Gaussian bands used in the 
fining; -, convolution of the Gnussians. The pa"- 
eters of the Gaussim used are summarized in table 1. 

The result has been plotted in figure 6(a) and is summarized in table 1. The most intense 
band observed at 2.30 eV is similar to that found in LiNb03 after x-ray irradiation under 
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Table 1. Centre energy position Eo and band width A E  of the Gaussian contributions used for 
fitting the 15 K optical absorption of MgNb06 and L i b 0 3  after x-ray i d i a t i o n  (XR) and 
thermal reduction in vacuum (RED). 

MgNbOs LiNbOj 

traps: XR-RED 
1.69 0.85 1.60 0.78 Nb4+ polarons; XR- 
2.30 1.10 2.50 1.66 0--bound polarons; XR 
3.13 0.92 3.22 0.60 Origin uncertain; XR 
2.72 I A0 2.6 1.58 Nb bipolarons; RED 
3.90 0.91 3 2 0.58 Origin uncertain; RED 

Observed in LiNbO3:Mg. 

similar experimental conditions [SI and its decrease upon heating to mom temperature is 
basically parallel to the decrease in the absorptions associated with trapped electrons (1.20 
and 1.69 eV). Therefore, it must be associated with trapped holes. The origin of the 
component at the high energy of 3.13 eV remains uncertain. 

Reduced samples show an optical absorption that includes the bands observed in as- 
grown samples but further contributions appear. First the intensity in the infrared associated 
with Mg-related electron traps and Nb4+ polarons is comparatively larger in reduced samples 
than in as-grown samples. Secondly the contribution in the ultraviolet is much stronger in 
reduced samples. In figure 6(b) we~show a possible decomposition in Gaussian components 
of the optical absorption or reduced samples. The parameters of the Gaussian bands used 
in the fit have been summarized in table 1. 

Figure 5(b) shows that the electronic population of the different traps present in reduced 
samples may be redistributed by illumination at a low temperature. Tha bands at 2.72 and 
3.90 eV decrease and enhance the absorption corresponding to electron traps (i.e. Nb4+ 
polaron and Mg-related traps). Therefore we conclude that the absorptions observed at 2.72 
and 3.9 eV correspond to more complex electronic traps which are emptied by the light. 
This behaviour is qualitatively similar to that observed for LiNb03 [5] although in our case 
the magnitude of the changes is smaller. 

The origin of the band observed in LiNbO3 equivalent to our 2.72 eV band is a 
matter of controversy. Some workers attribute this band to the presence of F-type centres 
(electrons trapped in oxygen vacancies) [5,6] while others assign this band to the presence 
of bipolarons (two electrons in neighbouring niobium ions) [3,21]. A priori, both types 
of centre may be formed in MgNbzO6. We have seen that single electrons left after the 
oxygen loss are trapped at Nb ions (1.69 eV band). This shows that, irrespective of whether 
oxygen vacancies are being formed, Nb cations are very efficient traps for electrons and the 
formation of bipolarons seems likely. 

In MgNbzOs, one would expect bipolarons to appear stochastically after a high degree 
of reduction of the sample. Our experimental results show that the ratio of the intensities 
of the 1.69 and 2.72 eV bands is quite independent of the reduction degree (see figure l), 
which suggests that bipolarons are formed from the beginning of the reduction treatment. 
The following possibilities may be advanced to explain this behaviour. 

(a) The formation of bipolarons on regular niobium ions is energetically favoured. 
(b) Interstitial or Mg-antisited Nb5+ ions (both positively charged with regard to the 

lattice) are present and play an active role in electron trapping, giving rise to bipolarons. 

. 
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The latter assumption is supported by the decrease in the pre-edge optical absorption 
observed in oxidized samples, which is ascribed to Nb” ions in environments different from 
the regular environment for Nb. The decrease in this absorption upon thermal reduction 
agrees with the annealing of Nb5+ ions sited at interstitial or Mg lattice sites after they uap 
an electron. Further work is required to confirm some of these models. 

In conclusion we have shown that MgNbOs crystals submitted to x-ray irradiation and 
vacuum reduction treatments exhibit optical absorption bands which may be compared with 
those observed in LiNbOs after similar treatments. In view of this correlation, MgNbzOs 
may be considered as a reference for the discussion of the defects induced in LiNbO,. 
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