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Luminescence of manganese and chromium ions in spinel hosts
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Single-phase ceramic samples of MgAl2O4, ZnAl2O4 and LiAl5O8 spinels containing manganese or chromium

ions have been synthesized by a high-temperature solid-state reactions method. It has been shown that the

luminescence properties of the synthesized phosphors, in particular, the appearance of intense red luminescence

from Mn4+ ions, as well as the magnitude of inhomogeneous line broadening in the luminescence spectra of Mn4+

and Cr3+ ions depend on the degree of cation inversion, which provides the charge compensation for stabilizing

Mn4+ ions in the octahedral sites of the spinel structures upon the substitution of Al3+ ions, simultaneously resulting

in disordered spinel crystal structures.
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Introduction

To date, a large number of practical phosphors and laser

materials as well have been developed and studied, in

which manganese and chromium ions are optically active

ions. Nevertheless, studies of the luminescence features of

these ions in matrices of various types are being actively

continued. In particular, in recent years, a lot of papers have

been devoted to the search and study of new red phosphors

for LED sources of warm white light, i.e. for white light

LED lamps with high color rendering index, in which

Mn4+ [1–5] ions provide red luminescence. In addition,

in recent years the development of phosphors emitting in

the red and far red ranges of the spectrum have been very

popular, in particular, phosphors based on Mn4+ and Cr3+

ions, for agrotechnical applications, namely, to stimulate

plant growth in greenhouses, since in these spectral ranges

there are the absorption bands of chlorophylls A and B,

as well as phytochrome (PR and PFR), which are responsible

for plant growth [5,6]. On the other hand, since the optical

properties of manganese and chromium ions have been

studied in a variety of compounds and it is believed that the

interpretation of these properties is usually quite transparent,

studies of the luminescent properties of these ions can

be considered as a spectroscopic probe for studying the

features of the crystal structure of matrices in which these

ions are introduced.

The scheme of energy levels of the Mn4+ and Cr3+ ions

is determined by the well-known Tanabe-Sugano diagram

for ions with the d3 electronic configuration located in the

ideal octahedral site [7]. The diagram shows that the two

main broad absorption bands of these ions are due to the

spin-allowed transitions 4A2 →
4T2 and

4A2 →
4T1, while the

spin-forbidden 2E →
4A2 transitions are responsible for the

narrow-band luminescence. The spectral position of the

absorption and luminescence bands of the Mn4+ and Cr3+

ions strongly depends on the composition of the host, which

allows to vary the luminescent properties of phosphors

based on these ions for specific applications. However, from

the point of view of practical application, it is obvious that

oxide matrices are more preferable.

One of the oxide matrices frequently used to create

phosphors are compounds with a spinel structure. Crystal

structure of spinel is based on a densely packed cubic

oxygen sublattice, and cations can occupy two types of

crystallographic positions: with tetrahedral and octahedral

oxygen ion surroundings (Fig. 1) [8]. This structure of

the crystal lattice allows to introduce optically active ions

with various charge states into the spinel host. In particular,

manganese ions can enter into the spinel host with the

charge 2+, 3+, and 4+.

In this paper, a comparative feature analysis of the

luminescent properties of three types of ceramic phosphors

based on three compounds with a spinel structure is

carried out: MgAl2O4, ZnAl2O4 and LiAl5O8, doped with

manganese and chromium ions, including the temperature

dependences of the luminescence spectra.

Samples and experimental procedure

Ceramic samples of three aluminate compounds, namely,

MgAl2O4, ZnAl2O4 and LiAl5O8, doped with manganese or

chromium ions (0.05−0.2 at% relative to aluminum ions),
were obtained as a result of high-temperature solid-phase

synthesis upon interaction of Al2O3 (purity 99.99%) and
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Figure 1. Crystal structure of spinel. In this example, the divalent

cations A2+ occupy tetrahedral positions, and the trivalent cations

B3+ occupy octahedral sites in AB2O4, as is observed in the

structures of normal spinels MgAl2O4 and ZnAl2O4.

MgCO3 (99.99%), ZnCO3 (99.99%), Li2CO3 (99.99%) re-

spectively, as well as MnO2 (99.999%) or Cr2O3 (99.99%).
For the synthesis of MgAl2O4 and ZnAl2O4 the initial

reagents were mixed in stoichiometric ratios, and for the

synthesis of LiAl5O8 , mixtures with a molar ratio of the

starting components Al2O3/Li2CO3 equal to 2.5 were used,

i.e. the initial mixture contained two times more Li+ ions

compared to the stoichiometric composition LiAl5O8, taking

into account the high volatility of Li2O. Powder mixtures

were uniaxially pressed in a stainless steel mold at a pressure

of approximately 150MPa into pellets 10mm in diameter

and 2mm thick. The pellets were subjected to preliminary

successive low-temperature annealing in air at temperatures

of 500, 700, and 900 ◦C for 4 h in corundum crucibles.

Studies of the crystal structure and luminescent properties

were carried out for the samples further subjected to

successive high-temperature annealing at temperatures of

1000, 1100, 1200, and 1300 ◦C for 4 h in air. The tablets

were ground and pressed again before each annealing.

Besides, before the last annealing, 3mas%H3BO3 was

added to the sample as a flux. It should be noted that

such a multistage annealing technique allowed to synthesize

MgAl2O4 ceramics containing a significant fraction of the

normal (non-inverse) spinel phase [9]. In some cases,

the synthesis was carried out without preliminary low-

temperature annealing, and the annealing time was in-

creased to 20 h. Some samples were subjected to additional

annealing in a reducing atmosphere of carbon monoxide in

graphite crucibles. Some details of the annealing of specific

samples are presented below in the corresponding sections

describing the results of spectroscopic studies.

The structure and phase purity of the samples were

studied by X-ray powder diffraction on a Bruker D8

Advance X-ray diffractometer with monochromatic CuKα

radiation. The identification of the synthesized compounds,

as well as the indexing of X-ray diffraction patterns, was

carried out in the EVA software package (Bruker) using

the COD database. The results of X-ray diffraction analysis

confirm that the X-ray diffraction patterns of the synthesized

ceramic samples are indicated in the cubic syngony, and the

ceramics have a spinel structure. The lattice parameters

of LiAl5O8, MgAl2O4 and ZnAl2O4 synthesized under

different conditions varied within the limits 7.908−7.925,

8.07−8.09 and 8.08−8.10 Å respectively. Any regularity in

the change in the lattice constant depending on the synthesis

conditions are not traced.

The luminescence spectra of the synthesized samples

were studied on a setup assembled on the basis of an MDR-

12 high-aperture monochromator, in which a blue (455 nm)
light-emitting diode (Mightex) was used as a source of

excitation radiation. A small-sized flow-type nitrogen cryo-

stat of a special design [10] was used for low-temperature

measurements. The temperature was controlled using

a calibrated PT100� platinum thermoresistance. The

luminescence excitation spectra and luminescence kinetics

were recorded on a CM 2203 spectrofluorimeter (Solar,
Minsk).

Results and discussion

MgAl2O4

In the crystal structure of the normal spinel MgAl2O4,

belonging to the space group (sp. gr.) Fd3̄m, each divalent

cation (Mg2+) is located in the center of an undistorted

tetrahedron (local symmetry group Td), and each trivalent

cation (Al3+) is located in an octahedron with a trigonal

distortion (symmetry group D3d). However, an inversion is

possible in the spinel structure; some of the divalent cations

can be in the octahedral site, and some of the trivalent

cations — in the tetrahedral position. As a result, cationic

disordering is created in both octahedral and tetrahedral

positions due to differences in ionic radii.

As a result of the synthesis of MgAl2O4 samples

doped with manganese ions using the multistage annealing

procedure described above, a phosphor is obtained that

emits pure red luminescence of Mn4+ ions with a peak

at 651 nm, i.e. such a phosphor contains manganese ions

exclusively in the 4+ charge state (Fig. 2) [11–13]. It is

obvious that Mn4+ ions replace Al3+ ions in octahedral

sites in MgAl2O4, taking into account that the ionic radii of

Mn4+ (0.53 Å) and Al3+ (0.535 Å) [14] in an octahedron are

almost the same, as well as the generally accepted statement

that Mn4+ ions can be stabilized in the crystal lattice and
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Figure 2. Luminescence spectra of manganese ions in MgAl2O4

samples synthesized under different conditions, in particular,

the (1) — sample using a multistage annealing procedure at 500,

600, 700, 1000, 1200, and 1300◦C in air, sample (2) — in a

reducing CO atmosphere, samples (3–5) — synthesized in air at

temperatures of 1000, 1200, and 1300◦C, respectively without pre-

annealing at lower temperatures.

exhibit luminescence only in an octahedral environment.

As can be seen from Fig. 2, the luminescence spectrum

of Mn4+ ions is not narrow-band, as might be expected

based on the scheme of energy levels of the Mn4+ ion.

However, since tetravalent manganese ions replace Al3+

ions with charge 3+, charge compensation is necessary

to stabilize Mn4+ ions in the crystal host structure. As

noted above, a characteristic property of magnesium spinel

is the opportunity of the existence of a significant degree

of inversion, i.e. Mg2+ ions can replace Al3+ ions in

the octahedron, and the charge compensation in this spinel

occurs as a result of the heterovalent substitution process:

Mg2+ + Mn4+ → Al3+ + Al3+.

Meanwhile, all lines in the luminescence spectrum experi-

ence a strong nonhomogeneous broadening due to the disor-

der of the structure caused by the inversion. Thus, the peak

at 651 nm in the luminescence spectrum of MgAl2O4 :Mn4+

corresponds to the nonhomogeneously broadened zero-

phonon line (ZPL) of the 2E →
4A2 transition in the Mn4+

ion, the long-wavelength wing of the spectrum — to Stokes

vibronic lines, and shortwavelength one — to anti-Stokes

vibronic lines.

Annealing of spinel MgAl2O4 containing manganese ions

in a reducing atmosphere results in a green phosphor,

in which manganese ions having a charge of 2+ and

replacing Mg2+ ions in the tetrahedral positions of the

structure are responsible for luminescence (Fig. 2). Under

changing synthesis conditions, for example, in the absence

of a low-temperature multistage annealing procedure, two-

color phosphors are obtained with red and green lumines-

cence bands due to tetravalent and divalent manganese ions,

respectively, with a different ratio of the intensities of the red

and green luminescence bands, depending on the synthesis

conditions.

Let us note that in all spectra presented in this article,

luminescence excitation is carried out at a wavelength of

455 nm, corresponding to the emission of a standard blue

LED.

Both the green band and the red band of the lumines-

cence of the Mn2+ and Mn4+ ions in spinel MgAl2O4 have

sufficiently high temperature stability [11]. In particular, the

green luminescence intensity of the MgAl2O4 : Mn2+ phos-

phor annealed in a carbon monoxide reducing atmosphere

decreases by 2 times at 465 ◦C as compared to the intensity

at room temperature. The temperature stability of the red

luminescence of the phosphor MgAl2O4:Mn4+ is somewhat

worse, but also acceptable: the intensity decreases by 2

times at a temperature of 175 ◦C.

Thus, both green and red phosphors based on spinel

MgAl2O4 doped with manganese ions may be of practical

interest. The property of different temperature depen-

dences of the intensities of red (Mn4+) and green (Mn2+)
luminescence in MgAl2O4 can potentially be used as a

method of luminescent thermometry, in which the measured

temperature-dependent parameter will not be the intensity

of some single luminescence band, but the ratio of the

intensities of red and green luminescence.

Calculated color coordinates (CIE1931) for the spectra

of luminescence of manganese ions in MgAl2O4 are

x = 0.18, y = 0.75 for green luminescence of Mn2+ and

x = 0.72, y = 0.28 for red luminescence of Mn4+ [11].
Both luminescence bands are effectively excited in the

blue spectral range, which allows to apply the canonical

three-color (RGB: red, green, blue) method for creating

LED sources of warm white light based on a combination of

a blue LED (455 nm) and a single-phase two-color phosphor

MgAl2O4 : Mn with an optimal ratio of the intensities of the

green and red luminescence bands.

Cr3+ ions, when introduced into the spinel MgAl2O4 host,

apparently replace trivalent aluminum ions, which does not

require charge compensation provided by cation inversion

in case of doping with Mn4+ ions. Therefore, in this host

obtaining of a narrow-band luminescence spectrum of Cr3+

ions can be expected. Indeed, in the natural spinel minerals

MgAl2O4, narrow ZPL and vibronic lines are observed in

the luminescence spectrum of Cr3+ [15], i.e. in nature,

the formation of spinels is possible, in which there is

practically no inversion of cations. However, samples of

MgAl2O4 obtained under laboratory conditions are always

characterized by a certain degree of cation inversion, i.e.

in such samples, there is disorder in both the tetrahedral

and octahedral sites of the structure, which leads to a strong

nonhomogeneous broadening of lines in the luminescence

spectrum, including Cr3+ ions, although, possibly, not

to the same extent as in case of Mn4+ ions. The Cr3+

luminescence spectra of the MgAl2O4 spinel obtained by

multiple sequential annealing have features similar to those

for the Mn4+ ion, but shifted to the long wavelength range,

Optics and Spectroscopy, 2023, Vol. 131, No. 4
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Figure 3. Luminescence spectra of MgAl2O4 : Cr
3+ measured at

different temperatures.

i.e., demonstrate nonhomogeneously broadened ZPLs with

a peak at 688 nm, as well as Stokes and anti-Stokes vibronic

bands, the latter disappearing with decreasing temperature

(Fig. 3).
Spinel MgAl2O4 can be co-doped with Mn4+ and Cr3+

ions, potentially giving a broad emission spectrum of the

phosphor in the red and far red regions. Lamps consisting

of a blue LED and a blue-excited phosphor based on

spinel MgAl2O4 containing ions Mn4+ and Cr3+ may be of

great practical interest for artificial lighting in greenhouses,

since the emission spectrum of such a lamp will very well

correspond to the absorption spectra of chlorophylls and

phytochrome .

ZnAl2O4

Zinc aluminate has a crystal structure similar to that of

magnesium aluminate, i.e. belongs to the structural type

of spinel, in the structure of which aluminum ions occupy

octahedral sites, and zinc ions — tetrahedral ones. X-

ray diffraction patterns of two types of spinels MgAl2O4

and ZnAl2O4 are, of course, identical in structure, but the

intensities of some peaks differ greatly, since Zn is a much

heavier element than Mg or Al (Fig. 4). Along with this,

the inversion of cations in the ZnAl2O4 structure should

also significantly change the shape of the X-ray diffraction

pattern, which can be seen in Fig. 4 from a comparison of

the X-ray patterns of the normal and inverse ZnAl2O4 spinel

modeled using the VESTA [16] software, in which both

tetrahedral and octahedral sites are 33% occupied by Zn2+

ions and 67% by Al3+ ions. It should also be noted that the

X-ray diffraction pattern of the ZnAl2O4 spinel synthesized

by us is in good agreement with the X-ray diffraction pattern

of the normal spinel ZnAl2O4 from the database [17].
Regardless of the fact that the procedure for the synthesis

of zinc spinel ceramics doped with manganese ions was the

same as for magnesium spinel, the luminescence spectra
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Figure 4. (a) Experimental X-ray diffraction pattern of the

synthesized spinel sample ZnAl2O4; (b) X-ray diffraction pattern

of ZnAl2O4 spinel from the database [17]; (c) simulated X-ray

diffraction pattern of inverse spinel ZnAl2O4.
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Figure 5. Luminescence spectra of Mn2+ and Cr3+ ions in

ZnAl2O4 spinel synthesized by successive annealing at 500, 600,

700, 1000, 1200, and 1300◦C.

of the synthesized ZnAl2O4 samples did not contain lumi-

nescence bands that can be attributed to Mn4+ ions [12].
On the other hand, the luminescence spectrum exhibits a
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set of narrow lines characteristic of Cr3+ ions (Fig. 5). The
same spectrum is recorded for undoped samples, in which

chromium ions are present as an uncontrolled impurity.

Thus, it is not possible to stabilize the Mn4+ ions

in the octahedral sites of the structure of zinc spinel.

The reason for this is that, unlike magnesium spinel, a

characteristic feature of zinc spinel is that the degree of

inversion (the fraction of tetrahedral positions occupied by

Al3+ ions) is very low and does not exceed 0.055 in the

limiting case [18]. This feature does not allow to provide

charge compensation for the substitution of Mn4+ ions for

triply charged aluminum ions in octahedral sites. However,

green luminescence (∼ 515 nm) of Mn2+ ions replacing

zinc ions in tetrahedra is always present.

Due to the low degree of inversion, i.e. the absence

of lattice disorder, the fine structure of the spectra is

clearly identified in the luminescence spectrum of Cr3+

ions in ZnAl2O4: ZPL of a purely electronic transition
2E →

4A2 (the so-called R-line), as well as 3 Stokes and

3 anti-Stokes vibronic lines corresponding to three modes

of odd-parity vibrations ν3, ν4, and ν6 of the CrO9−
6

octahedron [12]. It should be noted that the ZPL and

vibronic line intensities are comparable, since this electronic

transition is parity and spin forbidden, and the octahedral

polyhedron in the structure of zinc and magnesium spinels,

although distorted (trigonal distortion, symmetry group

D3d), has a center of symmetry. Therefore, the probability

of a purely electronic transition is small, and the vibronic

lines have a relatively high intensity. There are other weaker

ZPLs in the spectrum, which are usually attributed to

the luminescence of more complex chromium centers, for

example, pairs of chromium ions Cr3+−Cr3+.

Measurements of the temperature dependence of the

spectra structure showed the typical behavior of its features

with decreasing temperature, namely, the disappearance

of the anti-Stokes vibronic lines, as well as the narrow-

ing and spectral shift of the ZPL. In low-temperature
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Figure 6. ZPL splitting for the electronic transition 2E →
4 A2 for

ions Cr3+ in the spinel ZnAl2O4.

measurements with a fairly high spectral resolution, ZPL

splitting can also be seen (Fig. 6). The observed two

luminescence lines, denoted in the literature as R1 and

R2, are due to the 2E →
4 A2 electronic transition in

the Cr3+ ion from two sublevels Ē and 2Ā of the 2E
state, whose splitting occurs as a result of the joint

action of the distortion of the octahedral symmetry of

the crystal field around the chromium ion and spin-orbit

interaction [19]. The value of this splitting in the ZnAl2O4

host is small (1E1,2 ∼ 10 cm−1) [15] and is comparable to

the linewidths in the synthesized samples. Therefore, it

is difficult to perform a quantitative analysis of the tem-

perature dependence of the spectral position and linewidth

here.

LiAl5O8

Lithium aluminate LiAl5O8 has a spinel-type crystal

structure (sp. gr. P4132), in which the Li+ and Al3+ ions

in the 1 : 3 ratio orderly occupy two types of octahedral

positions: 4b and 12d respectively. The remaining Al3+

ions occupy the tetrahedral position 8c . However, it can be

expected that different degrees of inversion are possible in

the structure of this spinel for the distribution of Li+ and

Al3+ cations over octahedral sites in the LiAl5O8 structure.

The Mn4+ and Cr3+ ions replace in LiAl5O8 Al3+ ions in

the octahedral sites, which have rhombic distortion in the

LiAl5O8 structure (local symmetry C2) [20,21].

The results of X-ray diffraction analysis confirmed that

ceramic samples annealed in the 1000− 1300◦C tem-

perature range are identified as the LiAl5O8 compound

with the ordered arrangement of the Li+ and Al3+ ions

in the octahedral and tetrahedral lattice sites described

above (Fig. 7). However, the cubic lattice parameter a,

determined from the interplanar spacing d(440), decreases
with increasing temperature and (or) annealing duration and

reaches 7.908 Å for ceramics subjected to sufficiently long-

term annealing at 1300 ◦C. This value exactly corresponds

to the crystal lattice parameter for a single-crystal LiAl5O8,

i.e. for the ideally stoichiometric composition LiAl5O8 [20].
The luminescence spectra of manganese doped LiAl5O8

samples subjected to annealing at different temperatures and

durations (Fig. 8) show that the intensity of the charac-

teristic red luminescence of Mn4+ ions (peak at 662 nm),
clearly observed in samples synthesized at ∼ 1000◦C, de-

creases with an increase in the temperature and duration of

annealing, and the luminescence of Mn4+ practically disap-

pears when the stoichiometric composition LiAl5O8 [22,23]
is formed according to the annealing conditions.

As in the two aluminates with a spinel structure

considered above, in LiAl5O8 ions Mn4+ should replace

Al3+ ions in octahedral sites, and charge compensation

should be provided to stabilize Mn4+ ions in the lattice.

Taking into account the excess amount of Li+ ions in

the mixture of initial reagents, it is natural to assume that

the charge compensation is provided by the mechanism

Optics and Spectroscopy, 2023, Vol. 131, No. 4
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”
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”
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”
completely“ disordered LiAl5O8, as well as spinel MgAl2O4. Right panel: X-ray diffraction

pattern
”
of the completely“ ordered LiAl5O8 from the database [17], X-ray diffraction patterns of the LiAl5O8 compound modeled using

the VESTA [16] software with a certain (10%) excess amount of Li+ ions replacing Al3+ ions in the octahedral lattice sites, and also in

the presence of a different degree of disorder, i.e. with
”
statistical“ distribution of Al3+ and Li+ ions either only over octahedral sites or

over all cation sites.

of cation inversion, i.e. substitution of some Al3+ ions

adjacent to Mn4+ by Li+ ions. Compounds with a certain

excess of lithium are unstable and, as the temperature

and/or duration of annealing increase, they lose Li+ ions,

transforming into the stoichiometric compound LiAl5O8,

in which there is no inversion and, accordingly, there is

no charge compensation mechanism. Meanwhile, because

of the smaller value of the ionic radius Al3+ (0.535 Å)
as compared to Li+ (0.76 Å) [14], the lattice constant

decreases. Thus, the luminescence of Mn4+ ions can be

obtained only in case of the presence of inversion, i.e.

disorder in the spinel structure LiAl5O8, which, among

other things, leads to nonhomogeneous line broadening in

the spectra. Basically, the intensity of the red luminescence

of Mn4+ions can be used as a criterion for the degree of

order in the structure of the compound LiAl5O8.

As an additional experiment, the stoichiometric sample

LiAl5O8 doped with manganese ions, i.e. the sample, which

did not show the luminescence of the Mn4+ ions, was

annealed again at 1300 ◦C with the addition of an excess

amount of lithium. The obtained samples, as expected,

showed the presence of sufficiently bright red luminescence

of Mn4+ ions. However, the X-ray diffraction pattern of

the obtained sample turned out to be completely different

and did not correspond to the stoichiometric compound

LiAl5O8 [23]. As it was shown in [24], the compound

LiAl5O8 undergoes a phase transition at a temperature of

about 1300 ◦C, transforming from the ordered structure

(sp. gr. P4132) described above to disordered, in which

the Al3+ and Li+ ions statistically, i.e. randomly occupy

cationic sites in the lattice LiAl5O8. In this case, the lattice

symmetry changes to another type, which is characteristic

of the spinels MgAl2O4 and ZnAl2O4 considered above

(sp. gr. Fd3̄m). The presence of such a disorder, i.e.

essentially, the presence of a high degree of cation inversion

provides charge compensation for the Mn4+ ions in the

samples obtained in this way.

Fig. 7 (left panel) compares the experimental X-ray

diffraction patterns of
”
completely“ ordered (long-term

annealing at 1300◦C),
”
partially“ disordered (annealing at

1100◦C for 4 h) and obtained in an additional experiment

”
completely“ disordered LiAl5O8, as well as MgAl2O4
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Figure 8. Luminescence spectra of Mn4+ ions in LiAl5O8

ceramic samples synthesized at annealing temperatures of 1000,

1100, 1200, and 1300◦C and annealing times of 4, 8, and 12 h.

spinel for comparison. It can be seen that the X-ray

diffraction patterns for completely and partially ordered

structures are practically the same. Therefore, the phase

identification software, when compared with the database,

identifies the structure of all such samples as an ordered

spinel LiAl5O8. It can also be seen that the X-ray diffraction

patterns of the completely disordered LiAl5O8 and spinels

MgAl2O4 are very similar in structure, since their lattices

have the same type of symmetry.

Using the VESTA software, X-ray diffraction patterns

of the compound LiAl5O8 were simulated with a certain

(10%) excess amount of Li+ ions replacing Al3+ ions

in the octahedral sites of the structure, as well as in

the presence of various degrees of disorder (Fig. 7, right

panel). It can be seen in the calculated X-ray diffraction

patterns that a slight excess of the amount of lithium ions in

comparison with the stoichiometry does not actually change

the shape of the X-ray diffraction pattern, while disordering,

i.e. the statistical distribution of lithium and aluminum ions

over cationic positions radically changes the shape of the

X-ray pattern, which becomes similar to X-ray patterns for

another type of cubic lattice symmetry, and the experimental

X-ray pattern of disordered LiAl5O8 better corresponds to

the calculated X-ray pattern with the statistical distribution

of Al3+ and Li+ ions only over octahedral sites.

Doping of the LiAl5O8 host with Cr3+ ions replacing

Al3+ ions does not require charge compensation, and

the luminescence spectra of our synthesized samples of

LiAl5O8 ceramics doped with Cr3+ ions demonstrate a

shape typical of Cr3+ ions with two narrow ZPL: at ∼714

(more intense) and ∼700 nm (Fig. 9) [10]. As in the case of

ZnAl2O4 host, it can be assumed that these luminescence

lines are due to the 2E →
4A2 electronic transition in the ion

from two sublevels of the 2E state, the splitting of which

occurs as a result of distortion of the octahedral symmetry

of the crystal field around the chromium ion, i.e., these are

the lines designated in the literature as R1 and R2. However,

it should be noted that the energy distance between lines

in the LiAl5O8 (∼270 cm−1at 295K) significantly exceeds

the splitting observed in many other matrices (∼29 cm−1

in Al2O3 [25,26], ∼20 cm−1 in YAG [27–29], ∼10 cm−1 in

spinels MgAl2O4 and ZnAl2O4 [30]), which may indicate

a significantly greater distortion of the environment of

Cr3+ ions in the LiAl5O8 structure compared to other

matrices, due to the lower symmetry of the position for

Al3+ ions replaced by Cr3+ions in the LiAl5O8 structure,

in comparison with other matrices, namely, instead of

the trigonal D3d , there is orthorhombic C2 symmetry

of the optical Cr3+-center [31]. Note that there is an

example of a host (Ga2O3) in which the splitting value

(∼147 cm−1 [32]) is comparable to that observed in the

host LiAl5O8. On the other hand, these two ZPL can be

referred to as two nonequivalent chromium centers coupled

through the energy transfer [33].
In addition to the narrow ZPL, rather weak vibronic

bands are observed in the spectra, and the intensity of the

anti-Stokes vibronic lines related to the ZPL at 714 nm, in

a certain temperature range is comparable to the ZPL in-

tensity at 700 nm, which makes it difficult to distinguish

clearly enough in spectrum the line 700 nm. Note that the

weakness of the vibronic lines and, accordingly, the high

relative intensity of the ZPL are due to the absence of a

center of symmetry near the optical Cr3+ center in this

host, which increases the probability of a purely electronic

transition.

The two energy sublevels resulting from the splitting of

the 2E state should be in thermal equilibrium, and, as

a result, the temperature dependence of the ratio of the

luminescence line intensities due to emission transitions

from these two sublevels should be described by the Boltz-

mann function, which was really obtained when measuring
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Figure 9. Luminescence spectrum of ceramics LiAl5O8 : Cr
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(0.1 at.%) measured at 80 and 295K. The spectrum at 80K is
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the vibronic (Stokes) lines related to the ZPL at 714 nm.
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the temperature dependences of the luminescence spectra

of LiAl5O8 : Cr
3+ (Fig. 10,a). However, in case of two

nonequivalent chromium centers, which are coupled by

phonon assisted nonresonant energy transfer, the intensity

ratio of the two lines can also be described by the

Boltzmann function [34]. Thus, the question of the true

nature of these two ZPLs is still open.

In addition to the change in intensity, both ZPLs undergo

a spectral shift and a change in width with temperature

(Fig. 10, b, c), similar to those observed for similar lines in

other matrices, in particular, in ZnAl2O4 spinel, as discussed

above. Let us note that the spectral resolution in these

measurements (0.2 nm) was always much smaller than the

linewidth. As can be seen from the figure, the spectral

shift and the change in the ZPL width with temperature

are described quite well within the well-known model for

optical centers in crystals, in which the observed effects

are explained by the processes of phonon scattering by

an impurity ion [25]. However, the nonhomogeneous ZPL

broadening (i.e., the linewidth at zero temperature Ŵ0 ∼ 20

cm−1) turned out to be noticeably larger than the typical

values ∼ 1 cm−1 obtained for other matrices [25–30]. It can
be assumed that the larger nonhomogeneous broadening can

be associated with an additional distortion of the octahedral

position of aluminum in the LiAl5O8 structure due to some

inversion between the Li+ and Al3+ ions, the degree of

which depends on the synthesis conditions.

Thus, in the temperature range 80−295K under study,

three parameters of the Cr3+ luminescence spectrum un-

dergo noticeable changes with temperature in the LiAl5O8

host the relative intensity of two ZPLs at 700 and 714 nm,

the spectral position of the lines, and the line width .

Measurements of each of these three parameters can po-

tentially be used as a non-contact fluorescent thermometry

method. The method of thermometry for measuring the

ratio of luminescence intensities from two levels in thermal

equilibrium is well known. The sensitivity of the method

S, defined as the derivative by temperature of the measured

parameter, as well as the relative sensitivity SR, equal to

the ratio of sensitivity to the measured parameter value, are

quite acceptable in this case (Fig. 10, a). In this method,

the relative sensitivity is easily calculated using the formula

SR = 1E1,2/kBT 2, where 1E1,2 — energy distance between

levels, T — temperature, kB — Boltzmann constant. How-

ever, since it is difficult to accurately calculate the intensity

ratio I700/I714 at some temperatures due to the presence

of vibronic lines overlapping with ZPL, the accuracy of

temperature determination in such measurements may turn

out to be low. For the same reason, only the ZPL at

714 nm can actually be used to monitor the temperature

by the shift and linewidth. In the studied temperature

range, the sensitivity of the temperature measurement

method both by line shift and linewidth (Fig. 10, b, c)

has a maximum value in the room temperature region

and is ∼ 0.2 cm−1/K (i.e. ∼ 0.01 nm/K for 714 nm).

Probably, the value of 0.01 nm can be considered close

to the maximum achievable accuracy of measuring the

wavelength on spectral instruments. With such an accuracy

of spectral measurements, the accuracy of temperature

determination (in the area of 295K) will be ∼ 1K, which

can hardly be considered sufficient for practical use in

thermometry.
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Conclusions

Single-phase ceramic samples of three aluminate com-

pounds with a spinel structure, namely, MgAl2O4, ZnAl2O4

and LiAl5O8, doped with manganese or chromium ions,

were successfully synthesized by the method of high-

temperature solid-phase reactions. Along with this, effective

green (activator ion — Mn2+), red (Mn4+), or two-color

(red-green) phosphors, as well as phosphors emitting in far

red region (activator ion — Cr3+) can be obtained on the

basis of different spinel matrices under various synthesis

conditions. However, to create efficient single-color red

phosphors doped with Mn4+ ions, a special synthesis

strategy is required.

Charge compensation for the substitution of Al3+ ions

in octahedral lattice sites by Mn4+ is provided by the

inversion of cations having different valence states in spinel

compounds. In particular, spinel MgAl2O4, in which a high

degree of cation inversion can be achieved, is a promising

host for creating a red phosphor containing Mn4+ ions,

while using the ZnAl2O4 spinel host, in which there is

almost no inversion between Zn2+ and Al3+, it is not

possible to obtain a red phosphor with an activator ion

Mn4+. Effective red luminescence of Mn4+ ions in a spinel

host LiAl5O8 can be obtained if the synthesis conditions

create a structure in which there is an inversion between

Li+ and Al3+ ions.

A high degree of cation inversion and, consequently,

a large disorder in the spinel structure lead to a strong

nonhomogeneous broadening of the ZPL and vibronic

lines in the emission spectra of Mn4+ and Cr3+. In

the studied aluminates with a spinel structure, where the

charge compensation for the substitution of Al3+ ions by

Mn4+ ions is provided by cation inversion, the luminescence

spectrum of Mn4+ is always broadened. Vibronic lines

in the emission spectrum of Cr3+ can only be identified

in spinel compounds with an ordered crystal structure,

in particular, in ZnAl2O4 and in an ordered host LiAl5O8.

Some of the studied spinel compounds doped with

manganese and/or chromium ions can potentially be used

as phosphors for various lighting devices, in particular, two-

color phosphors — for creating white LED lamps using the

canonical three-color (RGB) scheme, phosphors emitting in

the red and far red regions for artificial lighting of plants

in greenhouses. In addition, a number of synthesized

phosphors may be of interest for non-contact luminescent

thermometry.
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