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MgAl2O4 (magnesium aluminates spinel, MAS) single crystals doped with titanium ions obtained by the
Verneuil method were non-uniformly colored along of the growth crystallographic direction. The crystals were
characterized measuring lattice parameter, optical absorption spectra and relative concentration of impurity atoms
(Ti, Mn, Cr, and Fe) in different spots of grown Ti:MAS boule. There was observed the correlation of the intensity
of absorption band at 800 nm to the relative concentration of iron supporting the identification of this band with
charge transfer transition in complexes Ti4++Fe2+ → Ti3++Fe3+. The new resonant structure at the wavelength
of 470 nm was found and tentatively identified with the Fano resonance in the complexes formed by lattice defects
and impurity ions.
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1. Introduction

Magnesium aluminates spinel (MAS) MgAl2O4 pos-
sesses a number of very important properties such as
high melting point, low thermal expansion, radiation
and chemical resistance, and wide range of the optical
transparency. These features of MAS make it as poten-
tial candidate for a variety of technological applications,
particularly the transition metals doped spinel are rec-
ommended for high temperature fiber optic thermome-
ter [1], high intensity white light source [2], etc. Recently
there appears the interest for growth and investigation
of the properties of titanium doped magnesium alumi-
nates spinel (Ti:MAS) crystals for possible laser applica-
tion and white emission phosphor [3–5].

It turned out that the optical properties of grown crys-
tals are dependent on the growth conditions. Grown by
the Verneuil method Ti:MAS crystals demonstrates ab-
sorption bands at 790, 490 nm and strong absorption
in UV range [3]. In absorption spectra of the crystals
grown by micro-pulling-down (µ-PD) method Ti:MAS of
the different titanium concentration also three absorption
bands were observed [4]. But crystals grown using the
floating zone method under oxidizing atmosphere have
no absorption bands except one in the UV-range [5]. The
luminescence properties of grown crystals are also dif-
ferent. For the µ-PD grown crystals the excitation into
UV absorption region produces a broad emission band at
wavelength of 455 nm [6], but in crystals grown be float-
ing zone methods the strong blue emission band shifts to
490 nm [7]. For the phosphor powder samples of Ti:MAS
there was observed white emission peak consisting of sev-
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eral peaks when was excited by 260 nm wavelength [8].
It was shown that both absorption and emission bands
in blue range of wavelength are highly overlapped [9].

In this paper we have grown MAS crystals doped
with titanium at concentration of 0.2 mass% using the
Verneuil method which were non-uniformly colored in
bluish. The optical properties and relative concentration
of titanium and the impurity atoms of differently colored
spots were measured to disclose the origin of absorption
centers formation. In the course of this investigation we
found well exhibited resonant absorption which tenta-
tively was assigned to the Fano resonance and its trans-
formation at different treatment was investigated.

2. Experimental

The crystals sizes of 30–40 mm in length and about
20 mm in diameter were obtained at growth rate about
20 mm per hour. The measured lattice parameter equals
to a = 0.7996±0.0004 nm which corresponds to crys-
tal lattice of non-stoichiometric spinel MgO·2.5Al2O3.
No variation in spinel composition across the boule was
registered. Some of the samples cut from boule were
checked on the composition by means of X-ray photoelec-
tron spectroscopy (XPS) using method developed in [10]
and confirmed indicated composition of samples.

Optical absorption spectra of Ti:MAS crystals have
been investigated in order to find out the nature of
bluish coloration in obtained crystal. The single crystals
were cut along of growth direction in slices of 2.0 mm
of thickness and polished to optical finish. As can be
seen in Fig. 1 (inserted picture) crystal was colored non-
uniformly in blue along the length of boule. The ab-
sorption spectra were measured using single beam spec-
trophotometer SF-2000 in spectral region of 190–1100 nm
in different colored and uncolored spots of samples. For
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the thorough measurements of absorption in chosen spec-
tral interval we used spectrophotometer SF-16. At the
same spots the relative concentration of impurity ions of
Ti, Cr, Mn, and Fe was measured using X-ray fluorescent
analyzer KRAB-3UM.

Fig. 1. Cross-section view of Ti:MAS crystals doped
with titanium at concentration of 0.2 mass% and ab-
sorption spectra measured in indicated spots.

Absorption spectra were measured for as grown sam-
ples and irradiated with UV-light or X-rays. For UV-
irradiation we used deuterium LDD-400 lamp of the emis-
sion spectral range 160–420 nm. X-ray irradiation was
provided using X-ray source URS-55 and Cu X-ray tube
BSW-2 working at the voltage of 40 kV and current
10 mA. Irradiated samples were annealed in quartz pipe
open to air to maximal temperature of 650 ◦C during
20 min. Cooling of samples to room temperature was
together with quartz pipe.

3. Results and discussion

3.1. Variation of the optical absorption centers
in Ti:MAS

The absorption spectra of spinel crystals doped with
titanium contain strong and wide band of maximum at
800 nm, the intensity of this band measured in colored
spots is higher to compare with that of colorless ones
(Fig. 1).

Another low intensity asymmetrical band at 480 nm
was also observed, the intensity of which also increased
in colored spots. In the UV range a strong absorption
edge arising from 300 nm is observed and red shift of
this edge correlates to the intensity of the 800 nm band
which is shown in Fig. 2.

In different spots of the single crystal where the absorp-
tion spectra were measured we also attained the relative
concentration of impurity atoms. Therefore, we obtained
the distribution of impurity ions along of the growth di-
rection of crystal (Fig. 3). As can be seen from this
picture no noticeable variation of titanium atoms con-
centration measured by X-ray fluorescent analysis was

Fig. 2. Correlation of normalized optical density in the
maximum of the absorption band at 800 nm (1) to nor-
malized shift of absorption edge at 300 nm (2) for dif-
ferent spots of spinel single crystals.

Fig. 3. Distribution of normalized concentration of dif-
ferent metal impurities along of the length of spinel sin-
gle crystals Ti:MAS: 1 — Mn, 2 — Cr, 3 — Ti, 4 —
Fe.

Fig. 4. Correlation of normalized optical density of
band at 800 nm (1) to normalized concentration of iron
atoms (2) in different spots of single crystals Ti:MAS.
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observed. Also we conclude that concentration of the
manganese atoms was not changed in the limit of exper-
imental errors. The comparison of variation of relative
concentration along crystal for impurity iron shows that
the intensity of optical absorption band at 800 nm is cor-
related to the content of iron atoms (Fig. 4).

From the analysis of the obtained experimental data
we conclude that absorption band at 800 nm is related to
complexes of the iron and titanium ions in correspond-
ing charged (valence) states [3]. The identification of
this band with charge transfer transition between cou-
pled iron-titanium ions pairs Ti4++Fe2+ → Ti3++Fe3+

was supported by other publications [6]. The origin of the
variation of iron concentration along the growth direction
is not clear because the spinel powder was not changed,
but gas composition of flame can be changed accidentally
to some degree leading to oxidizing or reducing potential
of the growth atmosphere. This may influence on the
charge states of impurity ions participating in forming of
complexes.

The spectral position of absorption band at 480 nm
very good conforms to the transition t12g → eg in the Ti3+
ions in octahedral sites. The variation of the intensity of
this absorption band in colored and colorless spots addi-
tionally indicates on the change of composition of growth
atmosphere. The absence of absorption bands at 480 and
800 nm in crystals grown by the floating-zone method in
an oxidizing atmosphere supports in some way the role of
growth atmosphere [5]. Also these crystals were the stoi-
chiometric ones in composition whereas others (including
ours) were non-stoichiometric crystals.

The absorption in UV range is characterized by strong
absorption edge arising from 300 nm and peaking at
230 nm demonstrates red-shift of the absorption edge in
dependence on the titanium concentration [6, 11]. Our
results show the correlation of this shift to intensity of the
800 nm absorption band at the invariable titanium con-
centration. The detailed measurements of absorption in
UV range indicate the existence of the regular poorly re-
solved peaks at wavelength of 260, 253, 244, and 233 nm.
The correlation of the intensity of 800 nm band to value
of shift of the absorption edge at 300 nm indicates the
common nature of these two types absorptions, at least,
pairs of Ti4++Fe2+ participate in formation of the charge
transfer transitions in the UV absorption region. The
relative intensity of these bands changes after irradiation
with UV-light or X-rays but now data is not enough to
identify species responsible for these absorption bands.

3.2. Origin of the Fano resonance in Ti:MAS

In as grown spinel crystals we found some irregulari-
ties in measured absorption at the region of wavelength
470 and 790 nm (Fig. 5). The precise measurements
of absorption in these wavelength ranges show the ex-
istence of rather intense non-symmetrical peaks which
presumably were attributed to impurity complexes and
formation of sub-bands in the band of forbidden states
in crystal lattice and, as consequence, to appearance of

the Fano resonance. The most prominent evidence on
the presence of resonant feature is seen in spectra mea-
sured in the bluish colored spots. The similar resonance
was observed in sapphire doped with titanium and iron
grown under oxidizing conditions by the Verneuil meth-
ods at the same wavelength 480 nm and the same shape
of peak [12]. There is some other indication on the exis-
tence of the irregularities in dependence of absorption on
the wavelength of the incident light beam, particularly,
in the vicinity of 800 nm (Fig. 5).

Fig. 5. Absorption spectra measured in colored places
(1,2) and colorless places (3,4) in as grown Ti:MAS sin-
gle crystals.

Fig. 6. Absorption spectra in the range of wavelength
450–540 nm measured in the Ti:MAS single crystals
(colored spot): 1 — as grown, 2 — annealed to temper-
ature of 650 ◦C, 3 — irradiated by UV-light for 15 min,
4 — irradiated with X-rays for 15 min.

The detailed absorption spectra in the wavelength
range of 450–540 nm after different treatment are shown
in Fig. 6. In the as grown crystals in the vicinity of the
wide absorption band related to Ti3+ ions which are sit-
uated in octahedral sites there appeared damping of ab-
sorption in the form of narrow antiresonance of minimal
absorption at 479.8 nm. At the annealing to temper-
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ature of 650 ◦C it changes to the resonance peaking at
474.3 nm. Absorption band due to transitions in Ti3+
ions also considerably decreased. The irradiation with
UV light does not change the spectral position and in-
tensity of resonance; also, there appear satellites at 469.0
and 486.0 nm. Finally, irradiation with X-rays causes in-
crease of absorption band due to the transition in Ti3+
ions. The last phenomenon is understandable because X-
ray ionization creates free electrons which are captured
by isolated Ti4+ ions increasing the growth of number
Ti3+ ions. Therefore, the observed in optical absorption
spectra the band at 470 nm in Ti:MAS single crystals in-
dicated the existence of the Ti3+ isolated ions which after
annealing in air to 650 ◦C reduced in intensity and un-
dergo some rearrangement in structure that leads to ap-
pearing of the Fano resonance instead of anti-resonance.

It should be noted that in nominally pure spinel of dif-
ferent composition there are large concentration of point
charged defects that are formed at the interchange of
cations between oxygen tetra- and octahedral sites, so
called anti-site defects (i.e. Mg2+ ions in octahedral
sites forms [Mg2+Al ] defect, Al

3+ ions in tetrahedral sites
forms (Al3+Mg)

+ defects). As it was shown before some
of these defects are spatially correlated [13]. In the non-
stoichiometric spinel (MgO · nAl2O3) of n > 1.0 the ex-
cess Al3+ ions are located in tetrahedral sites and for
charge compensation the additional cationic vacancies
are formed [14]. The recent calculation of the native
defects in MAS shows the preferential formation of com-
plexes of defects (VO +Oi), (VO +AlMg), (VO +MgAl),
and (MgAl+AlMg) which form energy levels in band gap
of spinel [15]. These complexes at different charge states
may serve as centers for attraction of impurity ions Ti
and Fe forming nanosized plasmon complexes. The in-
vestigation of cathodoluminescence in UV range of emis-
sion in doped nano-alumina also demonstrates the Fano
resonance in ionized Cr-vacancy complexes [16].

4. Conclusions

The magnesium aluminates spinel crystals doped with
titanium ions were grown using the Verneuil method.
At the chosen growth conditions we obtained Ti:MAS
crystals of the macroscopic strip colored in bluish along
growth direction. The measurements of optical absorp-
tion spectra and concentration of impurity ions in dif-
ferently colored strips allow us to identify the absorption
band at 800 nm to charge transfer transition between cou-
pled iron-titanium ions pairs Ti4++Fe2+ → Ti3++Fe3+,
the band at 470 nm to transition in Ti3+ ions in octahe-
dral coordination and absorption in UV range to charge
transfer transition in complexes of defects and impurity
ions.

These complexes create energy levels in the band gap
of spinel crystals that stimulate the appearance of the
Fano resonance. By different treatments (irradiation and
annealing) we can change the intensity of this resonance.
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