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Jocnimkeni mpuponaa, KIHSTHKI CTBOPEHHS Ta PO3Maxy HEHTpPIB HMOTJIMHAHHS B KPUCTaJaX MarHiil ajdfoMiHI€BOI HIMMiHENi.
KineTnka HakOmMWYeHHS CMYyr TMOTJIMHAHHS, HABEAGHUX PEHTTEHIBCHKUM ONPOMIHEHHSM, Y3TOMKYETBCS 3 MEXaHI3MOM
3aMOBHEHHS [TACTOK BUIBHUMH HOCISIMU 3apsiiiB 4epe3 30Hy MPOBITHOCTI Ta MOXke OyTH ONMCaHa MOJEIUIIO, III0 BPaxoBye edexT
KyJIOHIBCHKOTO OJIOKYBaHHS Ha MPOCTOPOBO KOpenbOoBaHMX Jedekrax. J[BoxcragiHWil posmaj CMyr MHOINHHAHHS IiCis
MIPUIMHEHHS PEHTIeHIBCHKOTO OIPOMIHEHHS MOSICHIOETBCS €JIEKTPOHHO-IIPKOBOIO PEKOMOIHALIEI0 MiX IEHTPaMH, sKi
3HaXOJAThCS HA PI3HUX BIJCTaHAX Ta/ab0 MarOTh Pi3HY BEIMYHMHY MOTEHIIHHMX Oap’epiB. Yd-onmpomiHEHHS HIiATBEPIKYE
iCHyBaHHSI KOMIUIEKCHUX Ne(EeKTiB, SIKi MICTATh MO3UTHBHI Ta HETATHBHI LEHTPH, Ta MOXYTh CIYT'yBaTH LIEHTpaMu e()eKTHBHOT
aHirisnii pagianiiino crBopeHnx OpeHKeNTiBCHKUX Map.

HccnenoBanucey npupoja, KHHETHKHA 00pa30BaHHS M pacliaja NEeHTPOB IMOTJIOMEHUS B KPUCTAIaX MarHUH alloMUHHEBOI
mmuHend. KiuHeTnka HaKoIIeHHs 1OJI0C MOTJIONIEHHS, HaBEJEHHBIX PEHTTEHOBCKUM OOJydEeHHEM, COTJIACYeTCsl C MEXaHH3MOM
3aI0JTHEHUSI JIOBYIIEK CBOOOIHBIMU HOCUTEIISIMHU 3apsIJIOB Yepe3 30Hy IPOBOJUMOCTH M MOXKET OBITh ONMCAaHa MOJEIIBIO, KOTOpast
BKIFOYaeT 3G (HEeKT KyITOHOBCKON OJIIOKMPOBKM Ha MPOCTPAHCTBEHHO KOPPENMPOBAHHBIX JedekTax. JIByXCTaguiHBIN pacman I1mo-
JIOC TIOTJIOLIECHUS MOCNIe IPEKPALIeHHs] PSHTTEHOBCKOTO 00JydeHHsT OO BSCHACTCS 3JIEKTPOHHO-IBIPOYHON PeKOMOUHAIIMEH MeX-
Ny LEHTpaMH, HaXO/SIIIMMHCS Ha Pa3iIMYHBIX PACCTOSHUIX W/WIN C Pa3IMYHON BETMYMHON MOTEHIMAIBHBIX GapbepoB. Y D-00-
JydeHHe TOATBEPKIAET CyLIECTBOBAHIE KOMIUIEKCHBIX A€(EKTOB, KOTOPBIE BKIIIOUAIOT MOJNIOKUTENbHBIE U OTPULIATENbHBIE 1IEH-
TPBI, U MOTYT CITYXHTh LEHTpaMH 3P PEeKTUBHON aHHUTWIISIIUY PaJANANMOHHO CO3AaHHBIX DPEHKENeBCKUX Map.

The nature, kinetics of formation and decay of absorption centers in magnesium aluminate spinel crystals were investigated.
Kinetics of accumulation of the X-ray irradiation induced absorption bands consistent with mechanism of trap filling with free
charge carriers through conduction band, and could be described by model that include Coulomb blocking effect on spatially
correlated defects. Two-stage decay of absorption bands after termination of X-ray irradiation is explained by electron hole
recombination between centers of two different distances and/or different value of potential barriers. UV-irradiation confirm
existence of complex defects which include positive and negative centers and could serve as effective annihilation center for
radiation created Frenkel pairs.

INTRODUCTION
Magnesium aluminate spinel MgAlLO,
(MgOnAlLOs;) has been proposed as a potential optical
and insulation material for use in nuclear fusion
reactors, since it possesses excellent radiation resistance
properties. The high tolerance of spinel can have several

tetrahedral ~ positions.  Thermodynamically  non-
equilibrium process of crystal growth leads also to
lattice defects in both cationic and anionic sub-lattices.
Synthetic crystals also unavoidably contain impurity
ions of different charges and sizes, such as Fe, Mn, Cr;
these species replace constituent ions in different ways

origins such as the high concentration of structural
vacancies in spinel, difficulties in forming clusters of
point defects, or high degrees of cationic disorder [1].
Therefore, the nature and initial state of defects in spinel
crystals can play an important role in the behavior of
this material under irradiation.

The unit cell of MgAl,O, spinel consists of a face-
centered cubic lattice of 32 oxygen ions and 64
tetrahedral and 32 octahedral interstices between these
anions. In normal spinel crystals, Mg*" ions occupy %
of the tetrahedral interstices, while AI** ions occupy %
of the octahedral positions. It is known that spinel
crystals grown under laboratory conditions are partially
inverse, i.e. up to 0.3 AI’* ions per unit cell occupy
tetrahedral sites and equal part of Mg®" are placed in
octahedral positions, producing so-called antisite defects
(AP*vg)" and (Mg*a) with excess of positive and
negative charge, respectively. Non-stoichiometric spinel
crystals of n>1.0 contain also additional cationic
vacancies due to charge compensation of Al in
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and lead to the formation of lattice defects.

It is known, that impurity ions of different valence to
compare with substituting ions create charged defects,
and because the potential of such defect is long-range
Coulombic one, it may influence on the behavior of
defects in the vicinity of this impurity ion. Also if
impurity ion isovalent to substituting ions, but different
size it also creates distortion in regular crystal lattice.
On different estimation methods it is not short-range
also. The range of elastic deformation, in the vicinity of
impurity ions or lattice defects could be tenths of
Angstroms. So, during growth process when
temperature is high and mobility of different species
also high, we can expect the coagulation of some
defects forming complexes of spatially correlated point
defects. Particularly, we can expect the formation of
interacting pairs impurity ion — vacancy, or pairs of
antisite defects. The interaction of defects situated on
some distances each other (and also optical centers) will
lead to peculiarities in processes of optical center
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formation under irradiation, and their stability in
dependence on time after termination of irradiation and
annealing temperature. In this work we describe the
results of investigations of the nature of defects and
their spatial distribution in spinel crystals from studies
of time dependencies of optical absorption in
stoichiometric (n=1.0) and nonstoichiometric (n=2.5)
spinel crystals during and after prolonged X-ray or UV-
irradiation, that allow us to reveal the existence of
spatially correlated defect pairs, which could serve as
centers of annihilation of radiation created Frenkel
pairs.

EXPERIMENTAL DETAILS
Single crystals of stoichiometric —magnesium
aluminate spinel (MgO-nAlLO;) of stoichiometric

(n=1.0) and nonstoichiometric (n=2.5) compositions
were grown by the Verneuil method using the same
starting materials. Samples with dimensions of
12x10 mm? and 0.7 mm thickness were cut from single
crystals and polished on both sides to an optical finish.
Optical absorption was measured in the range of
1.2-6.4 eV using ecither a single or dual beam
spectrophotometer. Irradiations were performed using a
Cu X-ray tube operating at 40 kV and 10 mA. For
ultraviolet (UV) irradiation there were used -either
mercury 600 W lamp or deuterium 400 W lamp, both
with quartz tubes. During irradiation sample were
cooled with powerful fan to keep its temperature below
30°C. Accumulation experiment was provided with the
same samples annealed after each irradiation at 650°C
during 0.5 hour.

NATURE OF DEFECTS AND OPTICAL
CENTER

In as grown spinel crystals there exists a variety of
defects, which can create the optical centers capturing
charge carriers created by ionizing irradiation. Anionic
vacancies capture free electrons leading to formation of
F'- (one electron) and F-center (two electrons). Both
tetrahedral and octahedral cationic vacancies could
capture one or several holes creating V-type centers.
The spectra of radiation induced optical absorption of
stoichiometric spinel are shown in Fig.1. From previous
investigations it is known [2,3], that transitions in V-
type centers lead to formation of wide absorption band
with maximum at photon energy of 3.1 eV. Absorption
bands of F-type centers are at 4.75 and 5.3 eV for F'-
and F-center, respectively. Decomposition of
experimental spectra with Gaussian curves taking into
consideration of position of well defined bands gives
additional bands at the 3.87 and 4.15 eV [4]. These
bands were tentatively identified with optical centers on
antisite defects. AI’" in tetrahedral site creates excess of
positive charge and can capture free electron forming
optically active center [Al*']" +e— [Al’«]°, which
has absorption band at 4.15 eV, Mg”" in octahedral site
creates defect with uncompensated negative charge and
could capture hole, also forming optically active center
[Mg* o] +h" — [Mg*]°, which has absorption band at
3.78 eV. Because of low affinity of electron in [AI** (]~
center
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Fig.1 Radiation induced optical absorption in magne-
sium aluminate spinel.

it is unstable even at room temperature, causing slow
decay of absorbance in time. Annealing of neutron
irradiated crystals first of all leads to destruction of band
at 3.87 and 4.25 eV. It should be noticed that neutron
irradiation was provided at 80°C, thus hole centers with
absorption band at 3.1eV were annealed during
irradiation [5]. Comparison of absorption annealed at
different temperatures for stoichiometric and non-
stoichiometric spinel crystals allow us to find optical
absorption bands related to corresponding centers in
MgO-2.5AL,0; spinel crystals. The main absorption
bands are at 5.02eV (F" -center), 5.7 eV (F-center),
3.66 eV ([Mg*]-center) and 4.5 eV ([Al**«]’-center).
According to Mollvo-Ivey relation such shift of electron
band to higher energy is caused by decrease of lattice
constant in spinel from 8.084 A to 7.989 A for
stoichiometric and non-stoichiometric spinel.

ACCUMULATION OF OPTICAL
ABSORPTION CENTERS

The accumulation of optical absorption centers was
studied by consequently measurements of additively
irradiated to different time. Growth curves of different
absorption bands in spinel crystals during the prolonged
irradiation with X-rays is shown in Fig. 2.

Evidently dependencies of different bands on the
irradiation time with X-ray are different. To understand
the type of kinetics leading to growth of absorption
centers we replotted this graphs in semilog scale and
found these dependences close to straight lines (Fig. 3).

Let us consider processes that take place in
insulators under X-ray irradiation. High energy of X-ray
photons leads to generation of free electrons in
conduction band, which could be trapped by defects as
an independent random process. The trapping rate could
be described by a simple first — order reaction rate:

dt (1)
where ny - is the initial concentration of traps, n- the

number of filled traps, o- is the capture cross-section of
traps, O- is the flux density of generated electrons.
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Fig. 2 Optical absorption difference curves in stoi-
chiometric spinel crystals for various absorption bands
(indicated by photon energy) as a function of X-ray ir-
radiation time
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Fig.3 Accumulation of optical absorption bands under
X-ray irradiation in spinel crystals

Because of rate of generation of free electrons does
not depend on time, the total fluence of charge carriers
after time ¢ through unit area will be equal Qt.

Solving Eq. (1) yields the well known first order
relaxation expression:

n= noﬁl-exp(-U Qt)@ @

If we suppose the existence of spatially correlated
defects, the trapping of charge carriers is less probable
on locations close to filled traps because of Coulombic
repulsion. The capture probability decreases when the
space —charge density increases. A simple derivation of
this decreasing capture probability can be given when it
is assumed, that every filled trap inactivates a fixed
volume % of dielectric for further trapping [6]. The
volume in which trapping can occur is then V-A, where
V is the total volume of dielectric. When n charges are
trapped the probability will decrease by a factor

(1- %)" Because of A/V << 1 approximation is given
(1-%)" z exp( - n%) . The trapping rate could be written
by

Zl_’;: (n-no)QU expﬁ-ngﬁ 3)

In real situation a large fraction of available traps ny
is inactivated by a relative small number n, hence

n<< ny. Solving equation in this approximation we
have:

n= %lnﬁno ﬁ;ﬁ@ﬁ IE 4)

By using new denotes k=V/h, and p=n,Qoc, we
obtain

n= klnﬁfﬁ 1@_ (5)

This leads to logarithmic dependence of optical
center accumulation on irradiation time in accordance
with experimental data (Fig. 3).
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Fig.4. Optical absorption difference curves in spinel
crystals for various centers as a function of UV
irradiation time

Accumulation of absorption centers under UV-

irradiation presented in the same scale is very different
of that under X-ray irradiation (Fig. 4).
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Because the UV-photon energy is less than gap in
spinel crystals (hv=6.8 eV to compare with E,=8.8 eV),
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the generation of free charge carriers and formation of
optical absorption centers through conduction bands is
Very unlikely. According to results of X-ray irradiation
experiments there exist spatially correlated nearby situ-
ated defects, so charge exchange under UV-

irradiation could take place directly from one defect
to another, or from impurity ions to defect and vise
versa. Such process could be described by the first-order
reaction (1). Indeed, replotting of time dependences of
absorption center accumulation under UV-irradiation in

appropriate related to Eq. 1 coordinates -111(1-D/ DO)

show one-stage process, that support existence of close
localized complementary defects (Fig. 5).

Decay of absorption centers as a function of time

Decay of optical absorption bands after termination
of X-ray irradiation follows the power low show two
stages process with different characteristic times: short
stage- (6—10) min) and long one- (50—80 min)
(Fig. 6).
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Fig.6. Decay of optical absorption centers after X-ray
irradiation in spinels of different composition at room
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X-ray irradiation primary creates free charge carriers
that could be captured by different traps to form
optically active centers. Some of them, the opposite sign
of charge carriers, interacting with each other have
possibility to annihilate with different probabilities in
dependence on separate distance. Two definite
characteristic times indicate the existence of two kinds
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Fig.7. Decay of optical absorption centers after UV-
irradiation in spinels of different composition at room
temperature
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of spatially correlated defects. Because of the
possible process under UV-irradiation is charge
exchange between defects only through intra-band
transitions, which could happen for the nearby-situated
defects, the reverse process (recombination) between
the nearest centers goes through only one stage (Fig. 7).

The high concentration of antisite defects (about 0.2
per unit cell) could be one of the reasons for formation
of complex defects. Because of lattice defects and
impurity ions are centers of local distortion of crystal
field with long-range elastic deformation, the interaction
between defects and impurity ions, or between defects
themselves, will lead to heterogeneous distribution and
formation of complexes. Such complex defects are
bipolar in nature [7] and could serve as centers of
attraction of both counterparts of Frankel pairs leading
to annihilation of radiation created defects. The
existence of additional to displacive also ionizing
irradiation [8] leads to formation of dipoles of optical
centers, because of charge compensation of dipoles of
defects, and consequently to retardation of radiation
defect creation.

CONCLUSION

During these investigations it was shown that in as
grown crystals there are high concentration of complex
defects, which include both as point defect with positive
charge excess also negative charge excess. One of the
most important such complexes could be the spatially
correlated antisite defects, concentration of which
reaches as much as 0,2 per unit cell. Such complex
defect creates the local lattice distortion (perturbation)
in crystal lattice, which serve as a center of attraction of
defects created by irradiation. Because the complex
defects are bipolar in nature both interstitials and
vacancies will be attracted by the same complex leading
to annihilation of Frenkel pairs that prevents the
formation of stable point defects including clusters for
loop formation. So, the main reason of radiation
resistance of spinel is the existence of spatially
correlated defects of opposite charge at the background
of high concentration of the intrinsic defects, which
assist the high mobility of radiation induced defects to
centers of annihilation.
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