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Thermoluminescence (TL) of non-stoichiometric MgO-2.5Al,05 spinel single crystals in
the green emission range after X-ray and UV irradiation has been studied. The TL
maximum at 420 K emitted within that spectral region at linear heating has been found
to be a complex one in spectral composition and in temperature. Using the self-consistent
heating, the temperature positions of TL maxima caused by release of charge carriers from
a set of traps at various activation energies. The recombination luminescence observed has
been shown to occur only according to the second order kinetics. The occupation efficiency
of shallow traps of charge carriers is found to increase after UV irradiation. The activa-
tion energy values and effective frequency factors have been determined for some traps.

Uccnemosana tepmosatomuuecternnus (TJI) MOHOKPHCTANIOB HECTEXMOMETPUUECKON IIIIIN-
menu MgO-2.5A1,0; B senenoit obmactu cBeueHus mocie Y@ M PEHTIEHOBCKOIO O6IydYeHUS.
OmpepeneHo, uTo HaOMIOJAaeMbI HpU JUHeWHOM Harpese makcumyMm TJI mpu TemmepaType
420 K, BhICBeUMBAEMBII B 9TOM 00JIACTH CIHEKTPAa, ABJISIETCS CJAOMKHLIM KaK II0 CIHEeKTPAJbHO-
My COCTaBy, Tak u I0o Temieparype. C IIOMOIIbI0O METOZa CAMOCOIJIACOBAHHOTO HarpeBa
yIaJIoCh OIpPEeNeIUTh I0JIoMKeHnsd MakcuMyMoB TJI, o0yC/IOBIEHHBIX BLICBOOOMKIEHNEM HOCH-
Tejeil 3apsga U3 Habopa JIOBYIIEK C pasHol sHeprueil akTuBanuu. [lokasaHo, uTo HabJaMOLa€-
MoOe PeKOMOMHAIMOHHOE CBeUeHUE IMPOXOAUT TOJLKO IO BTOPOMY HOPIAAKY KUHETHKM. YCTa-
HOBJIEHO, UTO 3(P(EeKTUBHOCTL 3AIOJHEHUT MEeJKHUX JIOBYIIEK HOCHUTeJel sapsja BBHIIIe IIPHU
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V@ obnyuenuu. [ HEKOTOPBIX JIOBYIIIEK HOCUTeJNEH 3apsaga OolpeeseHbl

3HaUYeHUs 9aHep-

ruu akTuBanuu u 5M(PEeKTUBHBIE YACTOTHEIE (DAKTODHI.

The magnesium-aluminum spinel is a
complex oxide with cubic lattice of Fd3m
symmetry. The unit cell contain 32 oxygen
atoms forming a close packing. In the spinel
structure, cations occupy 16 octahedral
sites of 32 ones and 8 tetrahedral sites of
64 ones. The natural spinel (MgAl,O,) is a nor-
mal one, i.e., the Mg2* ions occupy the tetrahe-
dral positions and AP ions, the octahedral
ones. The spinel crystals grown in laboratory
are inverted in part, that is, a certain number
of Mg?* ions occupies octahedral positions
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while the same number of AR ions, tetrahe-
dral ones, thus forming so-called anti-site de-
fects. The inversion parameter that charac-
terizes the number of anti-site defects amounts
0.15 to 0.27 for stoichiometric crystals [1].
Besides of stoichiometric MgAlL,O, crys-
tals, the spinel structure is formed when
the aluminum oxide content is increased up
to 7.8 molar parts, i.e., in MgO-nAl,O4
where 1 < n < 7.8. The addition of Al,O3 re-
sults in occupation of the tetrahedral sites
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by APR* ions and an additional number of
unoccupied octahedral sites appears [2]:

(1 — y)MgA|204 + yA|8/3O4 —>
- (Mgy ALV (AL-,Byy)V10,,

where y =(n —1)/(n + 3/8) is the nominal
inversion extent due to the stoichiometry
deviation; [0, a cationic vacancy. The inver-
sion extent of non-stoichiometric crystals at

n < 3.0 amounts 0.35 to 0.43 [3].

Irradiation of the spinel crystals with
X-rays or UV light results in recharging of
the defects as well as in capturing of charge
carriers in traps. The carrier release from
the traps followed by recombination at the
emission centers causes luminescence in UV,
green, and red spectral regions [4]. The green
emission is believed to be associated with
processes involving manganese ions present in
the crystals as a non-controlled impurity [5].
This emission is observed in X-ray lumines-
cence (XRL) spectra, under vacuum UV exci-
tation, as well as in thermoluminescence (TL)
after irradiation with y quanta, X-rays, or
UV light. It is just TL that is the most sensi-
tive to the recombination processes.

TL in stoichiometric spinel crystals under
linear heating was studied in several works
[6, 7] where the thermal glow (TE) curves
were shown to have a complex character and
to consist of two or more main peaks. The
overlapping of experimental peaks is such
that attempts to separate them using a par-
tial annealing results only in a shift of the
resulting peak towards higher temperatures
[8]. The self-consistent heating method used
by us to study the TL of stoichiometric spinel
crystals made it possible to reveal the complex
character of glow peaks as well as to determine
the activation energy and frequency factors for
traps in stoichiometric crystals [9].

TL of non-stoichiometric crystals has
been not studied essentially. The crystal
stoichiometry variations result in changed
lattice parameter and in formation of addi-
tional cationic vacancies. This should cause
changes in the capturing center parameters
and spatial redistribution thereof. The TL
of non-stoichiometric crystals after UV irra-
diation includes also peaks in violet, green,
and red spectral regions; the peaks, how-
ever, are shifted towards lower tempera-
tures as compared to stoichiometric crystals
[10, 11]. In this work, the kinetic charac-
teristics have been measured for TL proc-
esses caused by the presence of manganese
ions in MgO-2.5Al,05 crystals having the
emission maximum near 518 nm.
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It is rather difficult to obtain the kinetic
characteristics of charge carrier traps (acti-
vation energy, kinetic order, frequency fac-
tor) proceeding from glow curves, since
there is no finite analytical solution for a
TE curve at linear heating. The methods for
determining the trap parameters based on
consideration of the glow curve shape and
position assume as a rule some approxima-
tions that may result in significant errors
and are applicable to elementary isolated
peaks only. Another approach consists in
mathematical fitting of the glow curve
shape by varying the kinetic characteristics.
A high-precision fitting can provide the light
sum under the curve but does not imply any
physical model of the thermal glow process,
since the phenomenological characteristics,
although defining uniquely the glow curve,
are not characterized unambiguously thereby.
When one trap class are emptied, the kinetics
becomes often more complicated, including
transition from a 15t order process to a 2nd
order one, or vice versa. In such cases, the
analysis of the glow curve shape does not pro-
vide the selection of the process kinetic order
and the calculation of main parameters.

In this connection, to find a means for
quantitative determination of pheno-
menological characteristics seems to be of
importance. Those characteristics can be ob-
tained using a modified TL method, so-
called the self-consisted heating [12, 13].
The experiment consists in realization of
the sample heating in such a manner that
the luminescence intensity remains at a con-
stant level (the constant signal method).
The method is described in detail in [9].

To interpret the results obtained, let the
basic relations be considered. Proceeding from
equations describing the glow intensity as a
function of temperature, J(T), the differentia-
tion and appropriate substitutions give the ex-
pressions for temperature dependence of heat-
ing rate, B(T), providing a constant intensity
value J in the case of the 15t order kinetics

ET%0 _E 1)
E *PI7%T)

while for the 284 order kinetics,

2ET2w ( E Ej (2)
exXp | — T

B(T) =

BT =—F kT, ~ 2k

where T is instantaneous absolute tempera-
ture at heating; T, the initial temperature
from which the self-consisted heating
starts; o, the frequency factor; E, the acti-
vation energy of the charge carrier release
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from the traps; k, the Boltzmann constant.
It is convenient to present the Eqgs.(1) and
(2) as follows:

in the case of the 15t order kinetics

B(T) —InE + lne — kET (3)

while for the 224 order kinetics,

B(T) E E 4)
In LT —ln2 + Inow — 2kTO ~oRT

It follows from (3) and (4) that the tem-
perature dependence of heating rate provid-
ing the constant signal level is linear in the
In(B/kT?) = f(1/kT) coordinates. The corre-
sponding straight line slope defines the ac-
tivation energy E in the case of the 15t
order kinetics or E/2 for the 214 order ki-
netics. Continuing that line to crossing
point with the ordinate axis, it is possible
to determine the effective frequency factor.
If a transition from the 15t order to the 2nd
one or vice versa occurs during the TL, the
plot will contain two linear sections corre-
sponding to one and the same peak. For vari-
ous J; values, the linear sections correspond-
ing to the 2nd order kinetics should be shifted
while those answering to the 15! one should
fall on one and the same straight line. In this
case, any ambiguity in determination of acti-
vation energy, effective frequency factor, and
the relaxation kinetics order is eliminated,
since at the 15% order kinetics, the heating
regime providing the constant signal level is
independent of the J; value, in contrast, it
depends thereon at the 2nd kinetic order.

The constant signal method (self-consis-
tent heating) was realized using a setup de-
scribed before [9]. The setup is based on a
MSD-2 monochromator with 4.6 nm/mm
resolution and is controlled by a PC that
provides the TL spectra and glow curves
measurements at linear heating as well as
the self-consistent heating realization. All
the regimes are realized using programs
controlling the monochromator, heater, as
well as measurements in the selected mode
and recording the results. The TL spectra
and glow curves were measured at the sam-
ple heating rate of 0.2 K/s in the following
spectral regions: for review spectra, 200 to
800 nm, for detailed studies, 460 to
600 nm. The monochromator passing time
was about 10 s for detailed spectral ranges,
and about 17 s for the review one. When
measuring TL and glow curves, the tem-
perature change was linear to within
0.2 %. In the self-consistent heating mode,
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Fig. 1. TL spectrum of a MgO-2.5Al,0; crys-
tal in glow peakm (420 K) after UV (1) and
X-ray (2) irradiation measured at constant
heating rate.

the sample emission intensity was main-
tained at the preset constant level to within
2 to 8 % (under account for noise). The
temperature was controlled by a
Chromel/Alumel thermocouple. To study
the TL, samples of 7x8x0.5 mm?3 were cut

out of a Mg0O-2.5Al,05 single crystal. The
samples were irradiated with X-rays using
an URS-55M unit at the voltage on the
BSV-2Cu tube of 40 kV and the tube cur-
rent of 10 mA, the sample distance from
the tube output window being 2.5 ecm. A
water-cooled LD(D) deuterium lamp of
400 W power was used as the UV light
source, the sample-to-lamp distance being
also 2.5 cm. The sample was cooled with air
flow. The irradiation duration at the glow
curve measurements and at self-consistent
heating was 0.5 h with both radiation
sources.

After X-ray and UV irradiation of non-
stoichiometric crystals, a TL maximum in
green region is observed at 420 K. It is
ascribed to recombination luminescence in-
volving Mn2?* ions that enter the spinel crys-
tal lattice mainly into tetrahedral positions
[56]. The peak is a complex one. The expan-
sion into Gaussians using PC reveals two
emission bands differing in maximum posi-
tions and intensity ratios depending on the
irradiation type (Fig. 1). The main emission
band maximum determined using the expan-
sion correspond to the photon energy of
2.4 eV after UV irradiation and 2.42 eV
after X-ray one. Besides, there are weak
bands with 2.23 and 2.33 eV energy, re-
spectively. After UV irradiation, the
2.283 eV band contributes to the main TL
emission insignificantly. After X-ray irra-
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Fig. 2. Glow curves of a MgO-2.5Al,05 crystal
at 517 nm wavelength after 30 min UV (1)
and X-ray (2) irradiation measured at con-
stant heating rate.

diation, the band overlap and intensity ratio
is such that the 2.33 eV band contribution
can be revealed by measurements. Since the
main TL bands are rather wide, the glow
curve measurements and the self-consistent
heating after UV and X-ray irradiation were
carried out at 517 nm (2.4 eV) wavelength,
the registered spectrum width being 6 nm.
The measured glow curves at linear heating
(at 517 nm) are shown in Fig. 2. From those
curves, the constant signal intensity at J; =
0.1J,,,., Jo=02J,,., and J3=0.3J,,,. were
determined.

To determined the kinetic parameters
from the results measured using the self-
consistent heating, the plots presented in
Figs. 8 and 4 were constructed. The depend-
ence is rather complex; nevertheless, the
curves are shifted at different values of in-
itial level, independent of the curve type.
Proceeding from the physical principles of
the method, linear sections can be distin-
guished. Moreover, none of those sections
falls on the same line. This evidences that
the recombination processes at TL after both
UV and X-ray irradiation run according to
the 28d kinetic order only. The same kinetic
order was observed when the green region
TL of the stoichiometric spinel crystals was
studied [8]. The initial signal levels were
preset under assumption that there is only
one glow peak or at least the intensity of the
420 nm maximum is the defining one (Fig.
2). The dependences obtained in experiment
and shown in Figs. 83 and 4 evidence, how-
ever, a rather complex structure of glow
curve that requires a more detailed analysis.

The linear sections corresponding to physi-
cal principles of the method are observed only
at temperatures exceeding 400 K after both
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Fig. 3. In(B/kT?) = f(1/kT) plots obtained using
the constant signal method after UV irradia-
tion of a MgO-2.5Al,05 crystal. Signal inten-

sity: 0.1, (1), 0.2, (2), 0.3, (3).
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Fig. 4. In(B/kT?) = f(1/kT) plots obtained using
the constant signal method after X-ray irradia-
tion of a MgO-2.5Al,05 crystal. Signal inten-
sity: 0.1, (1), 0.27, . (2), 0.7, . (3).
UV and X-ray irradiation. Since the process
runs according to the 24 kinetic order only,
the transition from one linear section to other
one answers to transition from one emission
maximum to another. The positions of those
maxima should correspond approximately to
the middle of the corresponding linear sec-
tion. Thus, it is possible to estimate approxi-
mately the positions of two maxima. After
UV irradiation, those are positioned at
4464110 K and 380+10 K while after X-ray
one, at 456+10 K and 410410 K. The deter-
mination of the 410 K maximum is affected,
as mentioned above, by the high overlap ex-
tent of the emission band with the 2.32 eV
maximum having the highest intensity at
that temperature (Fig. 1).

Let us suppose that the glow peak in-
cludes a maximum with lower emission tem-
perature and lower intensity and that the
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preset signal levels for the self-consistent
heating correspond to the highest intensity.
In this case, to provide the constant signal
intensity, the heating rate should decrease
as the low-temperature maximum is emit-
ted, because the charge carrier release from
traps with lower activation energy makes an
additional contribution to the recombination
emission intensity. The heating rate de-
crease will cause negatively sloped sections
in the In(B/kT2) = f(1/kT) plots. In the com-
peting emission process, the negative slope
will be kept up to the end of the low-tem-
perature maximum emission. Therefore, it
can be believed that the run of dependence
observed after UV irradiation (Fig. 3) at
temperatures lower than 400 K evidences
the presence of maxima in that temperature
region. Judging from of middle point posi-
tions of the negative slope sections, the low-
temperature maxima can be estimated to
correspond to 380+10 K and 350+10 K.
After X-ray irradiation, the shallow trap
occupation efficiency is lower that after UV
one (Fig. 2), and the intensity ratio is most
likely different. However, from Fig. 4, the
maxima at 380+10 K and 350+10 K can be
supposed. The possible presence of those max-
ima is evidenced also by the glow curve runs
(Fig. 2). Thus, basing on the results obtained
using the self-consistent heating, it could be
stated that the glow curve measured at
517 nm wavelength contains maxima at
350+10 K, 380+10 K, 450+10 K and

400+10 K. A set of charge carrier traps with
different activation energy values corre-
sponds to those maxima.

In the course of measurements using the
self-consistent heating method, the low-tem-
perature maxima contribute to intensity of
the preset initial level. Therefore, the linear
section lengths depend on the overlap ex-
tent, intensity ratio and width of the TE
peaks. It is seen from Figs. 3 and 4 that the
linear sections making it possible to deter-
mine the activation energy are present for
the high-temperature maxima only. The ac-
tivation energy determined from the slope
of linear sections after UV irradiation for
carriers released from the traps and in-
volved in recombination processes near
450 K is 1.0840.01 eV. Near 400 K, it

amounts 0.93+0.01 eV. We failed to deter-
mine the activation energy for the 2°d high-
temperature maximum after X-ray irradia-
tion because of the presence of the 2.33 eV
maximum in the TL spectrum.
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The effective frequency factor for the
traps with 1.0840.01 eV activation energy
after UV and X-ray irradiation amounts
(4 to 7)-1012 571, As to traps with 0.93+0.01 eV
activation energy, it is (3 to 5)-1011 s71,

Thus, the studies of green spectral re-
gion TL in MgO-2.5Al,05 spinel single crys-
tals after X-rayglowTE peak obtained under
linear heating is a complex one. It contains
two emission bands and the TL is due to the
charge carrier release from the traps having
different activation energies. Using the con-
stant signal method, the values of TE peaks
for various trap types have been estimated.
The release of charge carriers from traps re-
sponsible for the recombination luminescence
in green spectral region runs according to the
28d order kinetics only. The activation energy
values for traps of the same type are inde-
pendent of the irradiation type. The occupa-
tion efficiency of shallow traps is higher under
UV irradiation than under X-ray one.
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KineTuuyHi mapaMeTpu ImacToK HOCIIB 3apamy
B KpHCTAaJIaX MarHidaJIOMiHi€eBOI mImiHeJ i
MiCJs PEeHTreHiBChKOro Ta Y ® onmpoMiHeHHSA

B.A.Ko6axoé, B.H.Bonokimin, JJ].M.llleéyoé6a, JI.A.Jlumeéeunos

Hocaigsxeno tepmosioMminecuerniio (TJI) moHokpucraniB HecTexiomerpumuHoi mrminei
MgO-2.5Al,0; y senerniit obracti BumpomiHIOBaHHA Imicaa Y@ Ta PEeHTITEHiBCHKOro OIPOMi-
HeHHd. Busnaueno, mo makcumym TJI, axuii crmocrepiraerbcsa npu JiHiiHOMY HarpiBazHI
npu temnepatypi 420 K, i Bunpowminioe y BusHaueHiil o0jacTi cueKTpa, € CKJIATHUU AK 3a
CHEKTPaJbLHUM CKJAJOM, TaK 1 3a TeMIepaTypoio. 3a LOIOMOIOI0 METOLY CaMOy3TOAKeHOTO
HarpiBy BJAJIOCh BUBHAUUTU NOJOKeHHA MakcumyMiB TJI, aAxi obyMmoBjeHi 3BiJbHEHHAM
HoCiiB 3apAny i3 Habopy macTok 3 pisHOIO eHepriero akTuBalii. IlokasaHo, 1o pekoMOiHaIii-
He BUIIPOMiHIOBaHHSA, IO CIIOCTEPiraeThes, BigOyBaeThbCA BUKJIYHO 3a APYTHUM HOPATKOM
Kimetuku. BecraHOBIIEHO, 1110 e(peKTUBHICTL 3aMOBHEHHSA MIJKHWX IACTOK HOCIIB 3apAxy BUIIA
npu Y@ onpominenni. [yd geAKUX IIACTOK HOCIIB 3apdaxy BHU3HAuUeHO B3HAUYEHHA eHeprii
akTuBallii Ta e)eKTUBHI yacTOTHI (parKTOpU.
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