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Abstract

Cathodoluminescence (CL), photoluminescence (PL) and EPR spectra of natural and synthetic spinels have been
measured. CL spectra reveal two emission bands caused by transitions within Mn?* ion. Relative intensities of green and
red emission of Mn?* have been compared during simultaneous excitation of tetra- and octa-coordinated manganese ions
under electron beam. Growth of relative intensity of Mn?* CL in tetrahedral sites has been found in common with decrease
of manganese relative concentration. A peculiar Mn-associated PL, which is typical for 3d® ions, has been observed in lilac
natural spinel. Proceeding from position of optical band, the corresponding coordination has been chosen. Simulating EPR

spectra have been used to estimate the degree and kind of disorder of nearest neighbours of Mn?* ions.

1. Introduction

There is an enormous number of individual com-
pounds and systems that can justifiably be classified
as spinel. Ceramics based on the magnesium-
aluminium spinels is candidate material for fission
reactors in order to take advantage of their special
properties [1]. Spinel single crystals are used for
substrate in integrated electronics [2]. At various
research institutions, magnesium-aluminium spinel
doped with transition metal ions is under considera-
tion as a laser material [3~5]. So, the material re-
quires definite spectroscopic characteristics of impu-
rity ions incorporated (e.g. Ref. [3]). Their optical
absorption overlaps some bands of structure defects.
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Analysis carried out by means of luminescence and
absorption spectroscopy should assist to distinguish
the influence of impurity ions and other defects.
These are the manganese ions, which have numerous
channels of luminescence [6] and ESR spectra rich in
components [7], and, thus, let to elucidate a short-
range disposition in disordered materials very care-
fully. '

Processing of synthetic magnesium—aluminium
spinel allows easily to obtain both stoichiometric and
nonstoichiometric spinels [8]. The latter may be de-
scribed as spinel enriched with aluminium oxide
while the composition does not denote a mixture of
stoichiometric spinel and aluminium oxide grains. A
gradual passage from surplus aluminium to normal
stoichiometric spinel is interesting on the microscop-
ical level, taking into account Al,O; sintering tech-

niques where the microstructure of oxide-substrate

interfaces is of great importance [9].
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The spinel is referred to the double oxides of the
X**(Y?*),0? type where X is Mg**, Fe?*, Mn?*
or other two-valency, and Y is AI**, Fe**, Cr®*,
Mn®" or other three-valency ions. The lattice ele-
mentary cell of a stoichiometric crystal is of cubic
symmetry and has eight XY,0, molecules. There are
in total 64 tetrahedral and 32 octahedral empty sites
per elementary cell. In case eight two-valency ions
occupy eight tetrahedral (A) sites, and 16 three-va-
lency ones — 16 octahedral (B) sites, the spinel
described by space symmetry group O] is called
“normal’’. For the ‘‘inverse’’ spinel half of the
three-valency (Y) ions is in tetrahedral positions and
the other part of Y ions and X ions is usually
statistically distributed between octahedral positions.

The aforesaid characterizes stoichiometric spinel
which composition may be represented by evident
complex—oxide-type formula MgO - Al,O,. Compo-
sition of nonstoichiometric spinels is described by
complex—oxide formula too if a stoichiometry coef-
ficient *‘n”> (n> 1) is inserted immediately before
Al,0,. The nonstoichiometric spinel (MgO -
nAl,0,) looks like the stoichiometric one as to the
oxygen sublaitice. The cubic face-centred close-
packed sublattice is a common part of non- and
stoichiometric structures. Different fillings with
cations lead to slight changes only in the lattice
parameter in nonstoichiometric structures. Indeed,
the larger the stoichiometry coefficient ‘‘n’’, the
smaller the lattice parameter of the whole structure
[10]. Our earlier X-ray diffraction measurements
showed how the “‘n’’ affects the lattice parameter «.
See, for example, Fig. 1 [11].

Take into account that the totality of all ions is
electrically neutral. Than, comparing nonstoichio-
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Fig. 1. The lattice parameter for some spinel compositions.

Table 1

Notation Concentration of impuritics (mass%)
Cr Mn Fe

Natural

Black 1.5%x1073 23 12

Pink 2%1073 2.9 0.31

Dark 8.0% 1072 0.1 3%1072

Middle 7.0%107? 0.1 6x 1072

Lilac 9.8%x107% 0.02 1.31

Synthetic

n=1Mn0.1 43%10™¢ 0.15 13%1072

n=2Mn0.l 2x 107 0.04 59%1073

n=25Mn0.l 1x10™* 0.03 1.4% 1072

metric spinel structure with stoichiometric, one sug-
gests, that the enlarging relative amount of the
higher-valency ion (AI’*) imposes a decrease in
number of all cations within a cell. That is equivalent
to the presence of additional, so called stoichiomet-
ric, vacancies, which may not be avoid in principle,
if n> 1, notwithstanding conditions of growth. The
article is dedicated to study the behaviour of man-
ganese ions in magnesium-aluminium spinel with
various stoichiometries.

2. Experimental details

Origin and composition of some spinels in use
and impurity content are listed in Table 1. Synthetic
spinels (labelled “‘n=.., Mn..’) were grown by
Verneuil method, the manganese having been added
to the mixture in the MnCO, salt form.

Cathodoluminescence measurements were carried
out in a device consisting of a cryostat and an
electron gun. The device is equipped with three
vacuum pumps (backing rotary, sorption, and sputter
ion). The air pressure was approximately 10™¢ Torr
inside. Samples were mounted on a metallic holder.
A thermocouple was used to monitor the temperature
of the samples. A current between 1 and 10 A was
maintained in the gun at 4 kV, An electron beam was
focused on the samples so that less than a 1 mm?
area of the surface was illuminated. A SPM-1 mono-
chromator (Carl Zeiss Iena) and a photomultiplier,
running in photon counting mode, were used in a
luminescence registration channel.
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Usually, luminescence registration measurements
meet considerable difficulties in the infra-red light
range. On the one hand, a detector of luminescent
light becomes a source of noise, on the other hand, a
hot cathode of an electron gun appears as a notice-
able producer of infra-red radiation. The noise pro-
duced by the heat emission was eliminated using a
nitrogen cooling facility which diminished the tem-
perature of the photomultiplier (FEU-83) to ~ 80 K.
Influence of the second factor was restricted thanks
to special construction of an indirect glow cathode
used in the Institute of Solid State Physics in Riga.

Luminescence spectra have been measured with a
SPM-2 monochromator having diffraction grating of
651 lines/mm. The crystals were excited with a high
pressure xenon lamp (DKSEL-1000) with a capacity
of 1000 W connected to the monochromator (ZMR-1)
with a quartz prism. Monitoring was carried out with
a photomultiplier tube (FEU-119) by a synchronic
detection method.

The standard technique to measure absorption
spectra has been based on a ‘‘Specord M-40"* two-

beam spectrometer operating in the 200-900 nm

region.

The EPR spectra of Mn?* have been recorded
with X-band spectrometer (a homodyne EPR spec-
trometer RE-1306 with a modulation frequency of
100 kHz). Spectrum measurements have been carried
out at room temperature; no variation occurred in the
spectral shapes, the temperature being lowered to 77
K.

In order to simplify parametrization of the EPR
spectra the magnesium—aluminium spinel single
crystals were ground to powder. As a result, some
angular dependence of Mn?* spectra still persisted
and the ensemble of Mn?" ions may be described by
random orientation.

3. Experimental results

3.1. Cathodoluminescence

Depending on origin and stoichiometry of spinel
samples and concentration of manganese, Mn** ions
exhibit different lines in the cathedoluminescence
spectrum.
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Fig. 2. Cathodoluminescence spectra of pink (solid line) and dark
(dashed line) natural spinel crystals.

3.1.1. Natural spinel crystals
The natural spinel sample called ‘‘pink’’ spinel is

- presented in the cathodoluminescence spectrum (Fig.

2) as an intense band peaking at ~ 700 nm with a
halfwidth about 60 nm. The band is assigned to
broadened N- and R-lines produced by Cr* ions.
Two very weak bands appear on both sides of the
main maximum. The band at 900 nm may be at-
tributed to Fe*" ions. The band at 510-520 nm

corresponds to tefrahedrally coordinated manganese.

The cathodoluminescence spectrum of the natural
spinel crystal called ‘‘dark’’ is shown in Fig. 2 too
and consists of an intense wide band peaking at
~ 720 nm (halfwidth about 100 nm) and a broad-
ened pedestal without any maximum. Cr®* calls
forth the main peak in this sample also. The most
significant part of the long-wave region of the spec-
trum is at 900-1000 nm and assigned to Fe>* ions.
A peak in the opposite region of the spectrum has a
shift to longer wavelength (580~620 nm) in compar-
ison with the pink spinel and may be assigned to
octahedrally coordinated Mn** ions.

3.1.2. Synthetic spinel crystals

Two bands with comparable intensities compose
cathodoluminescence spectra of synthetic crystals.
The spectra measured at liquid nitrogen temperature
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Fig. 3. Cathodoluminescence spectra of synthetic spinel crystals
(n=1 - solid line, n = 2.5 — dashed line) doped with manganese.

are shown in Fig. 3. The halfwidth of the bands is
about 60 nm. The Cr®*-assigned band (700 nm)
dominates in the spectrum of stoichiometric (n = 1)
crystal, the 520 nm band having smaller intensity.
Like natural spinel crystals, we ascribe the small 520
nm band to the Mn?* ion in tetrahedral coordination.
Vice versa nonstoichiometric (n = 2.5) crystal stands
out with a main maximum at 520 nm. In this case,
the luminescence concerned with Cr®** ions (700
nm) has relatively small brightness.

3.1.3. Comparison of intensities

It is convenient to scrutinize the cathodolumines-
cence spectra of all 4 types of crystals in decreasing
order of the relative concentration of manganese
(cya/Ccp)- The first member of the row is the pink
spinel with ¢y, /c¢, = 1450, where tetrahedrally co-
ordinated Mn** ions are detectable as a small promi-
nence at 520 nm. Considering the second member
brings a more extended band at 520 nm in the case
of ““1:1°" spinel in spite of ¢y, /ce, = 350. The third
sample (*1:2.5”, cy,/cc, = 300), where the man-
ganese peak dominates in cathodoluminescence spec-
trum, confirms the tendency being pointed out. The
shape of the spectrum of the last (‘‘dark”, ¢y, /cc,
= 1.25) crystal does not permit to draw grounded

__conclusions about manganese glow because of

~ smearing of the spectrum. Three former types of
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samples clearly display that the relative intensity of a
manganese peak at 520 nm increases while its rela-
tive concentration decreases.

3.2. Photoluminescence

To more precisely detect energies of some states
of Mn** ions in magnesium—-aluminium spinels of
different stoichiometry, photoluminescence and its
excitation have been investigated. Like the majority
of manganese-containing crystals, manganese-doped
spinels demonstrate an intense green glow, which is
a property of the tetrahedrally coordinated Mn**
ions [12].

The luminescence peaks reveal weak changes in
their positions depending on spinel composition: 520
nm for stoichiometric and 517 nm for nonstoichio-
metric. Photoluminescence excitation spectra are
measured at the wavelengths mentioned and are
shown in Fig. 4. Shapes of the excitation spectra of
stoichiometric and nonstoichiometric spinels are
identical. But the relationship between the band in-
tensity and manganese concentration differs from
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one spinel to another according to composition. Peaks p, 350 400 500 600 7003,nm
of these bands as well as absorption bands are ‘ffntf ] ' T
displaced to the side of less energy in a stoichiomet-
ric spinel as compared with a nonstoichiometric. 0,7
In contrast to synthetic spinels an emission band 086 |
with a maximum at 625 nm has been found in 05
natural spinels (dark and middle). An emission band O’ .
with fine structure around the 640 nm mark (Fig. 5a) 0’3
0,2 . -l .
_ 30000 22000 14 000
I (a) Ty Ec !
Aex=570nm Fig. 6. Absorption spectra of (1) natural lilac and (2) synthetic

MgO-2.5A1,0,:Mn 0.1 spinel crystals.

has been revealed in a natural lilac-colored spinel
sample in addition to the band at 510 nm (Fig. 5b).

3.3 Optzcal db&orptibh

Bands that peaked at 367, 430, 451, 550, 610 nm
are discovered in optical absorption spectra of Mn-
doped nonstoichiometric spinel single crystals. Stoi-
chiometric crystals show in addition another band in
the ultra-violet region at 260 nm. Besides, the Mn**
absorption spectrum in MgO - Al,O; manifests a

~displacement of peaks to a longer wave region as

530 560 540 620 - compared with an MgO - 2.5A1,0; spinel. Positions
A,nm of narrow absorption bands are detected with lower
precision in the case of stoichiometric spinels be-
(b) N cause overlap of narrow and broad bands occurs.
I Aeyz 453nm Fig. 6 shows absorption spectra of natural lilac spinels

A

b

1 ' v A‘ 1 _ L . 1
530 520 510 A,Nm .280 - 320 360 B, mT

Fig. 5. (a), (b) Photoluminescence emission spectra of lilac spinel. Fig. 7. EPR spectrum of Mn-doped spinel and its transformation.
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and synthetic nonstoichiometric MgO - 2.5A1,05:Mn
0.1 spinels.

34. EPR

The experimental EPR spectra of Mn** are shown
in Fig. 7. One can see that these specira are very
similar to Mn?* spectra in other oxide systems
[13-15]. The spectra are superpositions of sharp
features and broad underlying resonance (back-
ground absorption). The latter has been ascribed to

the fine structure parameters [16], or to a separate
phase with a high local concentration of Mn** [17].

4. Discussion
4.1. Concentration dependent phenomena

The relative intensity of a manganese-associated
peak is proportional to the manganese relative con-
centration (cyy, /c¢,) and effectiveness of manganese
luminescence. Taking into account that Cr®* always
occupies an octahedral site in spinel structure, one
assumes chromium luminescence effectiveness to be
constant (independent of concentration). The con-
stant effectiveness should actually take place because
average inter-ionic distances are 3.9« for Cr and
1.2 for Mn in case of the samples with maximal
concentration of impurities; a is the lattice constant.
Again, the concentration quenching phenomenon is
not discovered in spinels containing manganese up to
8 mass% [18]. As to manganese, we assume its
luminescence effectiveness at 520 nm to be associ-
ated with cy;,. It is known, that some 3d* ions in
low concentration occupy octa- and tetrasites equally.
The ions occupy mainly octahedral sites with in-
creasing concentration. So an effectiveness coeffi-
cient (k = k(cyy,)) for A =520 nm is a non-growing
function of ¢y, .

Thus the cathodoluminescence spectrum of
“pink’”’ spinel reveals slight degree of tetrahedral
ions substituted by Mn. In the case of “‘1:1’’ one can
see another distribution of Mn®* ions among tetra-
and octahedral sites because of lower concentration
of manganese. Here the effectiveness of manganese
luminescence grows to such extent that the decrease

of relative manganese concentration is compensated.
This effect becomes more clear in the sample *‘1:2.5”
where a small fall of relative concentration (300
instead of 350) is fully suppressed by preferable
disposition of Mn*" ions in tetrahedral sites (the
k(cy,) may be estimated as 3.6 X 1072). The last
case (‘‘dark’ spinel with smeared band) fits the
same scheme. The effectiveness coefficient k, being
a non-growing function of ¢, cannot exceed the
earlier mentioned value of 3.6 X 10™% because the
concentration of manganese in the sample (0.1
mass%) is greater than that in **1:2.5" (cy,, = 0.03
mass%). So the relative intensity, which is deter-
mined by both relative concentration and k, does not
exceed 4.5 X 1072 that is in a good agreement with
the spectrum measured.

Spinels with extremely high concentration of
manganese (natural black or MnAl,0,) allow to
obtain somewhat on disposition of Mn** too. In case
of the black spinel, manganese ions manifest them-
selves in photo-excited luminescence. An emission
band peaking at 620 nm has been sighted in the
crystal. In case of manganese aluminium spinel (32
mass% of Mn), the crystal displays 13% inversion
(Mngg;Alg 5 [Mng Al 4;10,) shown by X-ray
diffraction analysis [17].

Analysing positions of the absorption and excita-
tion bands one can ascribe them to definite transi-
tions in tetrahedrally coordinated Mn** ions in
spinel. The results obtained are shown in Table 2.

Displacement of the absorption band into short
wave region observed in natural lilac spinel proves

Table 2
Transition Wavelength A (nm)
MgO-Al,0;:Mn  MgO-2.5A1,0;:Mn
001" 01 001" o01°
A 9)='T, B - 254 - -
) 268 268 266 266
T, (P) - 288 282 282
“E, (D) 367 367 367 367
“T,, (D) 390 390 389 389
“E, (@) 433 433 430 430
A (G) 433 433 430 430
T, (@) 455 455 452 452
Ty, (@) 520 520 517 517

" Expected concentration of Mn (mass%).
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Fig. 8. EPR spectra of Mn-doped (a) stoichiometric and (b)
nonstoichiometric spinel crystals. E — experimental curves. T -
results of simulation.

manganese ions to be present in the crystal in octa-
hedral sites. The orange luminescence of ‘‘dark’” and
““middle’” natural spinels confirms availability to
occupy octahedral sites for Mn?* ions. However, the
fine structure of the luminescence band at 640 nm
points out that there is another centre of lumines-
cence in the lilac spinel. This emission band proba-
bly belongs to luminescence of Mn*" ions in octahe-
dral sites. The surplus charge is compensated either
by cation vacancy or by Mn** ion substituted for
AI** in octahedral site.

4.2. Parametrization of EPR spectra

Before parametrization the background absorption
was subtracted from experimental spectra and only
remaining sharp features (Fig. 7b) attributed to iso-
lated Mn>" ions have been computer simulated.

The EPR spectra of Mn** have been parametrized
taking into account parameter distribution at the
rhombic spin Hamiltonian

H=gBBS+D[§-1s(s+1)]

+E(82 - 82) + ats,

where g= g, is the electronic g-factor, S is the
Bohr magneton, S=5/2 and I=5/2 are, respec-
tively, the electron and nuclear spin, D and E are
fine structure parameters, and A is a hyper fine
structure parameter. Thus, the g-factor and the hyper
fine structure tensor were set isotropic.

The simulation was performed assuming g BB >
[Dl, |El, | Al. Under such assumption, the resonance
magnetic fields and transition probabilities one can
obtain using the perturbation theory. According to
[17,19], for the central fine structure transition

1/2,m)<|—1/2,m+Am),
m=-5/2,-3/2,...,5/2,
Am=0,4+1,£2,+3,£4,£5,
resonance magnetic field was calculated to the third

order of perturbation and for non-central fine struc-
ture transitions

(M, m) o |M—1,m+ Am)

to the second order of perturbation.

The transition probabilities were calculated by
Bir’s [20] method taking into account the difference
between the quantisation axes of the nuclear spin in
the different electronic states.

The final simulated spectrum is computed sum-

ming up the background absorption and the absorp-

Table 3 i . ——
Crystal g A(mT) D, (mT) E, (mT) AD (mT) AE (mT) AH (mT) AHF (mT)
MgO - Al,O, 2.0 ~8.3 22.0 5.4 160 80 ,o,si f,f 300

MgO 24,0, 20  —83 220 7.3

16.0 50 09 . 300
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tion spectra corresponding to both central and non-
central transitions including forbidden ones. The
simulation procedure has been discussed in more
details previously [13,17,19].

Results of computer simulation of Mn** EPR
spectra are illustrated in Fig. 8. For both MgO -
Al,0; and MgO - 2Al1,0; single crystals, the best-fit
parameters, derived from two series of crystals, are
listed in Table 3, where Apr is the width of a
hyper fine structure line and A Hy is the width of the
background line. The mean value (E;) of spin
Hamiltonian parameter E is larger for Mn** in
MgO - 2A1,0; single crystals than for Mn?* in
MgO - Al, O, single crystals. So far, as E describes
interaction in the X-Y plane, we bind the larger
value of E, with a considerable rhombic distortion
of a nonstoichiometric crystal around an octahedral
site. In the second coordination sphere a composi-
tion-caused stoichiometric vacancy is offered as an
important reason of increasing deformation of coor-
dination polyhedra. The relatively small (compared

tra leads to conclusion that the nonstoichiometric
spinel structure is characterized by predominance of
Mn?* ions in octahedral sites since cation vacancies
in the octahedrally coordinated sites are inevitable in
the case of nonstoichiometric spinel. It is true if
influence of other factors is eliminated.
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