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PULSE CATHODOLUMINESCENCE OF THE IMPURITY CENTERS
IN CERAMICS BASED ON THE MgAl,O4 SPINEL
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The spectral and luminescence decay kinetics of magnesium aluminate spinel ceramics prepared by spark plasma
sintering (SPS) and the starting nanopowders were studied. It was demonstrated that two types of luminescence
in spinel ceramics can be observed after pulse e-beam excitation. The first type is due to intrinsic defects, and the
second type due to Cr’" and Mn®" ions. It was shown that the luminescence decay kinetics for ™t and Mn**
impurity ions can be approximated by the sum of two exponents. The decay times for the Cr’™ ion are 35 and 409 ns,
for the Mn’” ion are 29 and 340 ns. High-temperature exposure during SPS synthesis does not lead to a change in the
nearest surroundings of impurity ions. In the luminescence spectra of ceramic and powder samples the intensity ratio
changes of intrinsic and impurity centers is associated with strong diffuse scattering of light for spinel nanopowders.

Keywords: pulse cathodoluminescence, nanoceramic, spinel MgAl>,O,, Cr’ ions, Mn’ " ions, spark plasma sintering
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Introduction. Optically transparent magnesium aluminate spinel MgAl,O4 (MAS) ceramics due to a unique
combination of physical and chemical properties (mechanical strength, thermal stability, resistance to corrosive media) is
in demand in laser technology, acrospace engineering, security systems (transparent armor, etc.) [1], for passive optical
components operating under extreme conditions [2]. Technologies for the synthesis of transparent ceramics are constantly
being improved [3]. The properties of polycrystalline spinel depend on the pressing conditions (temperature, pressure,
holding time, gaseous medium, etc.), morphology and particle size of the initial components of the charge, and their defect
composition. The best optical performance results are achieved for the IR region, where the transmittance 7 is close to the
characteristics of a single crystal and can be ~80%. At present, MAS is actively investigated as a material promising for
applications as luminophores, scintillators, radiation converters [4—6]. Obviously, the presence of impurity centers in the
structure of MAS has a significant effect on the optical-luminescence properties of the material. Several types of intrinsic
defects have been known to exist in MAS: F and F'-centers emitting in the "blue" region of the spectrum; F; -centers emitting
in the UV region. Uncontrolled impurities in the composition of initial powders or impurities embedded in MAS ceramics
during synthesis can affect the transfer of electronic excitations and create active absorption bands in various regions of the
spectrum. For a purposeful change in luminescence properties, MAS crystals are activated by various kinds of impurities,
including rare-earth ions [4, 5].

The purpose of this work is to study the spectral-kinetic characteristics of luminescence associated with impurity
centers in nonactivated MAS ceramics synthesized under various conditions by the method of electropulse plasma sintering.

Experiment. Optically transparent ceramics are made from commercial MAS nanopowder (Baikalox, France).
The granulometric composition of the nanopowder is determined by the laser diffraction method (Shimadzu, SALD-7101),
according to which the average particle size is 37 nm. The specific surface area of 24.99 mz/g was determined by the
Brunauer—-Emmett-Taylor method using a Sorbi-M instrument (Meta, Russia). Particle morphology was studied by scanning
electron microscopy (SEM) (JEOL, JSM-7500FA). X-ray phase analysis of the initial nanopowder was performed using an
XRD-7000S diffractometer (Shimadzu, Japan). The open source PowderCell software and international crystallographic
database PDF-4 were employed to interpret the diffractograms.
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Fig. 1. SEM-image (a) and experimental diffraction pattern (b) of MgAl,0,4 nanopowder.

Analysis of the SEM image (Fig. 1a) showed that the initial nanopowder consists of primary particles 20 to 273 nm
in size, both primary particles and agglomerates measuring from tens to several hundreds of nanometers are observed.
The content of oxygen-bound elements of the initial nanopowder corresponds to the stoichiometric composition of MAS
(MgO 28.2%, Al,03 71.8%). X-ray phase analysis confirmed that the investigated nanopowder consists of a stoichiometric
MAS with a cubic crystal structure, and also exhibits an inappropriate ratio of the intensities of the main phase reflections,
which may be due to the presence of residual alumina and magnesium oxide in the powder in the limits of <5.7 and <1.5 vol.%.
Weak reflections in the regions of 20 = 42.9° and 62.2° confirm the presence of the MgO phase (lines of reflection from the
(200) and (220) planes in magnesium oxide). Reflections corresponding to the aluminum oxide phase in the investigated
range of diffraction angles coincide with the analytical lines of the MAS.

The size of coherent scattering regions (CSR) of the main phase was determined to be 37-nm by the Hall-Williamson
X-ray diffraction broadening method, which is in good agreement with the results of laser diffraction and makes it possible
to determine the degree of agglomeration of the powder up to 7.

Polycrystalline ceramics based on MgAl,O4 were obtained by the method ofelectropulse plasmasintering using the SPS-
5158 unit (Syntex Inc., Japan). The pressure of the powder pre-pressing in the graphite mold varied in the range of 60—83 MPa.
Compacted samples were sintered in a vacuum (1073 Pa) in the temperature range of 1300-1500°C with a constant heating
rate of 50°C/min. The holding time at the maximum temperature for all samples was the same (10 min).

By sintering, transparent ceramic samples of a cylindrical shape with a height of 2.4-2.5 mm and a diameter of 20
mm were obtained. The density of the samples was determined by measuring their mass and linear dimensions. The ceramics
were studied after their surfaces were mechanically polished with the EcoMet 300 Pro grinding and polishing system
(Buehler, Germany) and MetaDi (Buehler, Germany) diamond slurries. The optical properties of samples in the UV, visible
and near-IR regions were studied with SF-256 UVI (190-1100 nm) and SF-256 BIK (1000-2500 nm) double-beam scanning
spectrophotometers. To excite cathodoluminescence (CL), a GIN-600 small-size high-current electron accelerator based on a
vacuum diode was used, which is part of a pulsed optical spectrometer [7]. The accelerator is a source of electron pulses with a
half-height duration of ~10 ns and an average energy of 250 keV. The excitation energy density can vary from 1 to 300 mJ/ cm?.
Integral CL spectra were recorded with an AvaSpec-2048 optical fiber spectrometer (200—-1100 nm), the time window of
integration varied from 1 ms to 1 s. The CL spectrum was recorded after the action of a single electron pulse. Luminescence
decay kinetics were determined with an FEU-106 photoelectric multiplier and a LECROY6030A digital oscilloscope.

Results and Discussion. The luminescence properties of the initial components for the synthesis of transparent
ceramics (nanocrystalline powders) and MgAl,O4 ceramics samples themselves were investigated. Transmission in the near-
IR region was ~30% and the thickness of the spinel sample was 1.5 mm (Fig. 2a). When the electron beam is used to
excite spinel nanocrystals and ceramic samples, luminescence is observed in the visible spectral range. In CL spectra of
polycrystalline spinel MgAl,O4 and nanocrystalline spinel powder (Fig. 2b), a broad band is observed in the "blue" region
(Amax = 420 nm) along with a series of narrow lines in the red region. A weak maximum at 525 nm can also be identified.

For ceramics samples there is a change in the ratio of the luminescence intensity in the "blue" and "red" regions.
Broadband luminescence in the luminescence spectrum with Ay, = 420 nm can be due to the emission of several types
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Fig. 2. Direct transmittance spectrum of a sample of MgAl,O4 spinel synthesized by
electropulse plasma sintering (a); cathodoluminescence spectrum of MgAl,Oy4 spinel in
the form of powder (1) and ceramics (2) (b).
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Full scale 18,133 pulses. Cursor 1.853 (132 pulses) keV
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(0] 38.48 50.54
Mg 18.46 15.95
Al 42.98 33.48
Cr 0.08 0.03
Total 100.00 -

Fig. 3. Energy dispersive analysis of a sample of polycrystalline spinel MgAl,Oy4
synthesized by the method of electropulse plasma sintering.

of "intrinsic" luminescent centers, oxygen vacancies with one or two trapped electrons, F'- and F-centers [8]. In addition,
antidefects (Mgaj, Alyg), complex defects in the form of associations of oxygen vacancies with intrinsic or impurity defects,
were found in spinel crystals [9].

It is known that in the composition of non-activated MAS there are impurities of the iron group and elements such
as V, Cr, Mn, Co, Ti, Fe [9, 10], as well as Cu and other impurities. Impurity defects can act as luminescence centers. crt
ions emit near 1.8 eV [4, 10], the emission of V" and Mn?" ions in the tetrahedral position can be recorded near 2.38 eV [10]
similarly to MgO oxide containing Cu. The centers associated with copper ions emit near 3.0 eV. The presence of Fe*" ions
in the octahedral position is identified by the presence of absorption bands near 4.8 and 6.4 eV [10].

Identification of impurity luminescence centers in MAS is often difficult due to strong overlap with the luminescence
of intrinsic defects. When excited by a pulsed electron beam of nanosecond duration, a series of narrow lines in the "red"
region of the spectrum (686, 698, 708, 716 nm) associated with chromium ions is effectively excited [4, 10]. Chromium
ions in spinel crystals take the charged state of cr’" ions (electron configuration d 3 ) and isomorphically replace aluminum
ions in trigonally distorted octahedra [11]. According to the data in [12], the luminescence in the 1.6-2.2 eV region can also
be associated with impurity Ti* ions, but most studies confirm that a series of lines in the red region are due to trivalent
chromium ions. This luminescence is characteristic both for nanocrystals and for ceramic spinel samples. The results of
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Fig. 4. Cathodoluminescence decay kinetics of impurity ions of manganese (a) and chromium
(b) in magnesium aluminate spinel ceramics (1) and nanopowder (2); Apg = 520 (a) and
686 nm (b).

energy-dispersive analysis (EDA) of ceramics show the presence of chromium in an amount of 0 to 0.03 at.% in various zones
of the sample. Figure 3 shows the data of EDA in one of the zones of a transparent ceramics sample.

Impurity Cr’" ions have been detected in nominally pure spinel crystals [13, 14] at a concentration of ~1-10 ppm.
The effect of MAS composition on the spectral characteristics of chromium ions is known: an increase in the fraction of Al,O3
leads to a monotonic shift of the chromium absorption bands towards longer wavelengths. A similar effect is observed with
increasing chromium content: in the MgAl,O4 <> MgCr,0y series, the crystal lattice parameter increases and the absorption
bands shift toward longer wavelengths. In this case, the spectral position of the main chromium line — the R-line (zEg—4A2g
transition) — depends to some extent on the strength of the crystal field and the nearest environment. For a nominally pure
single crystal, according to [ 13, 14], the maximum wavelength of the luminescence of chromium ions is 693 nm. The presence
of defects of various types in the nearest environment of chromium ions affects their spectroscopic characteristics. This
property is used to estimate the inversion parameter of stoichiometric spinel crystals by determining the cationic environment
of chromium ions. According to [15], in the spectra of natural spinel crystals at the temperature of liquid nitrogen, the doublet
structure of the chromium R-line can be observed. For an artificial spinel, the chromium lines are considerably broadened and
no splitting is observed either at room temperature or at nitrogen temperature.

The results of our studies show that the spectral characteristics of chromium ions in nanocrystalline spinel with
particle sizes of 20-273 nm and in transparent ceramics obtained by electroplasma sintering are identical. At ceramics
synthesis temperatures of 1400°C in air, the cationic environment of chromium ions does not change. The experimental data
obtained in our investigations were in good agreement with the results of calculations and spectroscopic measurements in
[6], in which MgAle4:C1r3Jr nanopowders were investigated. According to [6], chromium ions occupy the position of AP in
the lattice with point symmetry D5, the energy levels of cr’'are split by a trigonal crystal field. The observed change in the
relationship between the luminescence of "intrinsic" centers and the luminescence of chromium ions is apparently due to the
presence of diffuse scattering in the blue region of the spectrum for spinel samples in the form of nanopowders.

The kinetics of the decay of chromium luminescence in MAS nanoparticles in free and consolidated (in the form
of ceramics) states have also been studied. The results show that the luminescence decay patterns of Cr’ ions in MgAl,Oy4
nanocrystals and ceramic samples (Fig. 4b) are identical. The decay kinetics in the microsecond range is satisfactorily
described by the sum of two exponentials with characteristic times t; = 35 ns and 1, = 409 ns.

The emission maximum in the range of 520-525 nm, recorded in the CL spectra of MAS, can be associated with
the presence of Mn?* impurity ions [10]. Manganese ions can be in both tetra- and octahedral positions. In artificial MAS
crystals, the concentration of Mn?" ions can be ~10-55 ppm. It is known that in artificial samples doped with manganese or
in natural spinel crystals in optical spectra, bands corresponding to transitions in the Mn?" ion in the tetrahedral position are
observed [15]. The introduction of anionic vacancies causes a redistribution of Mn?* radiation, which includes the "green"
emission associated with tetrahedral Mn>", and the "red" emission related to octahedral Mn>" [16]. The stoichiometric spinel,
activated by Mn?*, emits only red light with a wavelength of 650 nm. In natural spinel crystals, the emission band of Mn**
is observed only at 620 nm, whereas in synthetic crystals it is observed at 516 nm [15]. In [17], the asymmetric shape of the

419



green band of Mn?" is described by two closely overlapping bands at 2.43 eV (511 nm) and 2.39 eV (518 nm). These bands
are related to changes in the second coordination sphere of the nearest neighbors of the manganese ion in the tetrahedral
position. In the investigated spinel samples, the emission of the manganese ion is observed in the tetrahedral position (Fig. 2b).
Luminescence decay at 525 nm occurs in the microsecond range (Fig. 4a), with electronic excitation the kinetics is described
by the sum of two exponential components with the times 29 and 340 ns.

The authors of [18] found that oxygen vacancies affect radiation intensity at 525 nm. When annealing in argon
atmosphere, an increase in the intensity of this band is observed, while annealing in oxygen leads to a decrease in this intensity.
It is possible that the presence of oxygen vacancies has an effect on the emission intensity of manganese. The process of
excitation energy transfer to manganese ions through oxygen is justified in [19]. Correlation of the emission intensity of
manganese ions with the concentration of oxygen vacancies may indicate the formation of associations of manganese centers
with oxygen vacancies [20].

Conclusions. The spectral-kinetic characteristics of cathodoluminescence of magnesium aluminate spinel
nanocrystals and ceramics synthesized by the method of electropulse plasma sintering were investigated. It was found that
when the electron beam acts on the samples of nonactivated spinel MgAl,Oy,, the impurity ions Cr’" and Mn?" are excited.
It was shown that luminescence decay kinetics of impurity ions of chromium and manganese in the spinel structure does not
depend on the structural state. High-temperature exposure in the process of electropulse sintering does not lead to a change
in the nearest environment of impurity ions cr’" and Mn**. Two-stage kinetics of luminescence is observed, decay occurs
within a few microseconds. It was shown that for spinel samples in the form of nanopowders and ceramics the ratio of the
emission intensity of impurity and intrinsic centers varies.

Since spinels are used as luminophores, scintillators, laser materials, it is necessary to take into account in nominally
pure samples of magnesium aluminate spinel the presence of cr** and Mn** impurity defects that exert a significant influence
on its optical-luminescent properties and excitation energy transfer processes.
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