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The work is devoted to an analysis of formation processes of the radiation displacement defects
(RDDs) and colour centres (CCs) in complex oxide crystals under irradiation. The calculation re-
sults on the displacement process simulation as well as an analysis of the RDD and CC accumula-
tion kinetics are presented. New experimental results on additional absorption spectra induced by
neutron irradiation of LiNbO3 (LNO) crystals doped with Fe and Cr and YAlO3 (YAP) crystals
doped with Nd and Er as well are presented. Dose dependencies of the additional absorption are
compared and their peculiarities are discussed. The obtained results confirm that CCs causing the
irradiation induced absorption in LNO and YAP crystals are formed in secondary processes which
are affected by impurities. It is also found that the induced absorption dose dependence in LNO
crystals has an unexpected slope.

1. Introduction

During irradiation of crystals the radiation energy is mainly dissipated on excitation of
the electron subsystem of the crystal, i.e. on ionizing of matter. Ionisation processes
may lead to changing of the charge state of genetic defects and formation of metastable
defect centres including colour centres (CC). Recharging of genetic defects with in-
crease of irradiation dose is limited by the defect quantity and by an inverse process of
centre destroying.

An insignificant part of the radiation energy is lost in elastic collisions of radiation
particles or secondary ones with crystal atoms. If the energy transmitted to an atom
during the elastic scattering exceeds the threshold displacement energy, then the Fren-
kel pair may be created. This model is known as the impact mechanism of RDD forma-
tion. These defects as well as genetic defects may recharge under the ionizing influence
of radiation that leads to the creation of new defect centres. Unlike the genetic defect
recharging this process is not limited by the defect quantity, as the latter one increases
with a radiation dose. Nevertheless, the accumulation of radiation defects and colour
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centres on them may be limited by annihilation processes of the components of Frenkel
pairs when one of them finds itself in the annihilation zone of another one.

There are many literature experimental data devoted to the influence of ionizing
radiation on oxide crystals (e.g. see monographs [1 to 3]). Most of literature data are
dedicated to investigation of CC formation under UV-light, X-ray and g-irradiation
influence and investigation of their nature. Much less of them are devoted to irradia-
tion by high energy electrons and fast neutrons that result in the displacement defect
formation. Among the important in practical sense and well-known complex oxide crys-
tals only for a few of them there are enough experimental data. Let us remind shortly
the main peculiarities revealed in some complex oxides at high-energy irradiation.

Y3Al5O12 The influence of fast reactor neutrons and the high energy electron irra-
diation on yttrium aluminium garnet (YAG) single crystals (pure and rare-earth ele-
ment doped) was investigated in many works [4 to 15]. While the additional absorption
(AA) bands induced by g-quanta irradiation saturate at 103 to 105 Gy absorbed doses [1,
6, 16], in the case of electron irradiation with energy of 5 MeV the absorption band
peaked at 390 nm does not exhibit any saturation tendency at fluences up to 1019 cm±±2

(�2�109 Gy absorbed dose) [10, 14]. These optical changes in YAG crystals as well as
similar changes after the 50 MeV electron irradiation [10] are explained by radiation
displacement defect formation. The YAG crystal coloration induced by neutron irra-
diation increases monotonously too within the fluence range of 1016 to 1019 cm±±2 [6].
Moreover, authors of [5] have pointed out that the coloration intensity at the same
fluences does not depend on the presence of dopands and impurities. On the other
hand, it was stated in [16] that displacement defects induced by neutron irradiation
increase the activity of impurities that participate in CC formation. In the 1018 to
1019 cm±±2 neutron fluence range a shift of the 235 nm absorption band of Nd3� into the
long-wavelength region was observed [7]. This phenomenon was explained by local de-
formation of neodymium ion surrounding due to the creation of radiation defects. At
neutron fluences of about 1019 cm±±2 a saturation of induced absorption takes place [6],
and at higher fluences an increase of the structural disorder was observed [6]. It was
observed in [13, 17] in the form of amorphous microareas with size of about 10 nm. As
it was determined, the annealing of radiation defects induced by neutron irradiation
takes place in two steps. Colour centres created on radiation defects are destroyed at
670 to 870 K, and the radiation defects themselves are destroyed at temperatures 1200
to 1300 K [5, 16]. It indicates a diffusion mechanism of healing up of the radiation
defects. After annealing at temperature 870 K, when radiation defects are not de-
stroyed, new CCs on them may be easily created again under relatively soft irradiation
(UV-light, X- or g-rays).

Gd3Ga5O12 The displacement defect formation in gadolinium gallium garnet
(GGG) single crystals under electron and neutron irradiation was investigated in de-
tails in [1, 18 to 21]. Similar to YAG crystals in GGG crystals, with increase of the
electron energy up to 3.5 MeV and increase of the radiation dose above 107 Gy (flu-
ence >5�1016 cm±±2) the induced changes of optical absorption spectra are observed,
namely the absorption band at 33500 cm±±1 [19] increases monotonously with irradia-
tion dose. It is just what distinguishes these optical changes from other ones induced
by g-quanta and electrons with smaller energies and doses. The same band was ob-
served in neutron-irradiated crystals of GGG, GGG : Nd and NGG (Nd3Ga5O12) at
fluences higher than 1016 cm±±2 [18, 22]. Besides, the shift of the fundamental absorption
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edge into the long-wavelength region with increasing irradiation dose was observed.
The mentioned changes do not show a saturation tendency at electron fluences up to
1018 cm±±2 and neutron fluences up to 1017 cm±±2 [19]. On the base of peculiarities of
accumulation kinetics and calculations of RDD concentration [1, 18, 23] the impact
mechanism of radiation defect formation was considered to be responsible for these
changes. The structural disordering process begins at neutron fluences higher than
1018 cm±±2 [24, 25]. The annealing of induced defects is happening in two steps like in
YAG crystals [21].

Y3Fe5O12 Much efforts were spent to investigate the neutron irradiation influence
on structural and magnetic properties of poly- and single crystals of yttrium iron garnet
(YIG), related iron garnets [26 to 38] and epitaxial iron garnet films [1, 39, 40] as well.
Essential changes of iron garnet parameters were observed by different authors at neu-
tron fluences higher than 1018 cm±±2. At such fluences an increase of the crystal lattice
parameter as well as a decrease of the saturation magnetization and Curie temperature
take place. In a number of papers [35, 38, 39, 41] it was shown convincingly that a
disordering process is responsible for these changes that occur as losing of long-range
order in microareas that have been affected by the atom±atom displacement cascades.
The rest bulk remains of the garnet structure. According to [41] this behaviour is com-
mon for crystals of garnet structure. Attempts to find out effects caused by the point
displacement defects in iron garnet crystals were not successful under neutron irradia-
tion with fluences of 1016 to 1017 cm±±2. This is due to the fact that the radiation defects
with concentrations of about 1017 cm±±3, that can be relatively easily revealed by optical
investigations in non-magnetic garnet crystals, cannot be observed in iron garnet crys-
tals due to the masking effect of intensive absorption caused by the O2±± ±Fe3� charge
transfer. Magnetic properties of iron garnet crystals in most cases are not sensitive
enough to such concentration of point defects. Only in [42] the magnetooptical activity
change was experimentally observed in Ga-substituted YIG epilayers after electron
irradiation with energy of 3.5 MeV and fluence of 3�1018 cm±±2. It is unlikely caused
by the irradiation induced disordering process and, on the other hand, it does not
occur at smaller doses of irradiation when recharging is observed in other garnet crys-
tals.

Ferrites with the spinel and magnetoplumbite structure Many publications including
several monographs (see [41, 43] and references therein) were devoted to the irradia-
tion influence on ferrites with the spinel and magnetoplumbite structure. In [41] it was
concluded that the crystal structure behaviour of these crystals is different from that
mentioned above for garnet crystals at high neutron fluences. Especially, disordering in
areas affected by atom displacement cascades does not lead to the loss of crystal order-
ing and results only in a redistribution of cations over unequivalent lattice sites.

LiNbO3, KNbO3, LiTaO3 The oxygen atom displacement under electron irradiation
in photorefractive crystals of LiNbO3, KNbO3 and LiTaO3 was studied in [44 to 49]. The
threshold displacement energy of oxygen atoms was experimentally determined. It was
established that created colour centres are the metastable states of displacement defects
after trapping of charge carriers. Thermal treatment at temperatures starting from
340 K leads to CC destroying, i.e. the carriers are getting free [46, 47]. After that CCs
may be created again in the way of carrier trapping by existent RDDs due to ionizing
effect of irradiation. Moreover, the CC formation rate in this case is much higher [46].
Destroying of radiation defects themselves takes place at temperature of about 600 K.

Displacement Defect Formation in Complex Oxide Crystals under Irradiation 351



The neutron irradiation of the above crystals was virtually not studied. Only in [1, 18]
the induced absorption spectra of lithium niobate crystals under the fast neutron irra-
diation with fluences of 1016 and 1018 cm±±2 were examined.

YAlO3 In [16] it is mentioned about the irradiation of yttrium aluminium perovskite
crystals doped with neodymium (YAlO3 :Nd) by neutrons with fluences 1014 to 1019 cm±±2.
Authors do not demonstrate absorption spectra of irradiated crystals, but note the pre-
sence of the same induced absorption bands as after g-irradiation. Unlike the g-irradia-
tion, which leads to saturation of induced absorption at absorbed doses of 104 Gy, the
induced absorption increases after neutron irradiation of YAlO3 :Nd crystals in propor-
tion with neutron fluence.

Some works are devoted to the influence of high energy electrons and neutrons on
oxide crystals as Li2B4O7 [1], Bi12SiO20 [50], GdScO3 [2]. The Li2B4O7 single crystal
possesses an interesting property, namely the stable CCs do not appear due to ionizing
recharging of genetic defects. Induced coloration in this crystal arises only as a result of
the RDD formation [1].

This work is devoted to further investigation of RDD and CC formation in complex
oxide crystals under irradiation. The theoretical calculations of the cross-section value
of the displacement process, the concentrations of displaced atoms and analysis of the
RDD and CC accumulation kinetics in some complex oxide compounds are presented.
New experimental results of irradiation of LiNbO3 (LNO) crystals doped with transi-
tion metals (Fe and Cr) and YAlO3 (YAP) crystals doped with Nd and Er as well are
presented.

2. Theoretical Study

2.1 Calculation of cross-section of the displacement defect formation process
and RDD concentration

During irradiation of complex compounds by high energy particles, i.e. in the case of
ramified atom±atom collision cascades the role of atoms of different kinds in the RDD
formation process in each sublattice must be taken into account [51]. The concentration
of displaced atoms in the atom sublattice of the j-type created due to the initial displa-
cement of one atom of the i-type with energy Ti can be expressed in the form

ndij � ni

�Tmaxi

Tdi

dsdi�E;T�
dT

nij�Ti� dTi ; �1�

where ni is the concentration of i-atoms; dsdi=dT is the differential cross-section of the
elastic scattering of irradiation particle on the atom of i-type that results in transfer of
recoil energy T; Tmax is the maximum possible recoil energy; Td is the threshold displa-
cement energy; nij(Ti) is a cascade function, i.e. the number of displaced j-atoms per
one initially knocked-out atom (IKA) of the i-type with energy Ti. The total concentra-
tion of displacements in j-sublattice during an irradiation by the time of dt will be ex-
pressed in the form

dndj �
P

i
ndij

� �
P dt � nasdj dF ; �2�
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Ta b l e 1
The cross-section of the displacement formation process and the concentration per unit fluence of RDDs created in sublattices of some
complex oxide crystals

crystal atom Td (eV) electrons (1.3 MeV) electrons (3.5 MeV) electrons (7 MeV) fast reactor neutrons (�2 MeV)

sd (barn) nd/F (cm±±1) sd (barn) nd/F (cm±±1) sd (barn) nd/F (cm±±1) sd (barn) nd/F (cm±±1)

Gd3Ga5O12 Gd 66 0.01 0.001 4.92 0.413 10.32 0.867 22.86 1.92
Ga 56 1.43 0.120 7.63 0.641 11.10 0.932 32.14 2.70
O 40 8.41 0.706 15.30 1.285 25.04 2.103 231.6 19.45

Y3Al5O12 Y 66 0.13 0.012 4.46 0.411 7.04 0.649 17.14 1.58
Al 56 2.32 0.214 4.51 0.416 6.10 0.562 22.78 2.10
O 40 8.62 0.795 16.55 1.526 25.55 2.356 158.6 14.62

Gd3Sc2Ga3O12 Gd 66 0.01 0.001 4.93 0.413 10.29 0.862 21.72 1.82
Sc 56 0.78 0.065 2.35 0.197 3.47 0.291 15.63 1.31
Ga 56 1.28 0.107 5.26 0.441 7.37 0.615 17.54 1.47
O 40 8.35 0.700 15.43 1.293 24.64 2.069 207.8 17.41

Y3Fe5O12 Y 66 0.12 0.010 4.57 0.386 7.46 0.630 25.47 2.15
Fe 56 2.04 0.172 7.23 0.610 10.01 0.845 31.52 2.66
O 40 8.28 0.699 15.84 1.337 26.03 2.197 211.5 17.85

YAlO3 Y 66 0.20 0.016 7.34 0.578 11.16 0.919 30.33 2.39
Al 56 2.31 0.182 4.52 0.356 6.17 0.486 26.40 2.08
O 40 10.65 0.839 20.05 1.580 31.51 2.483 219.2 17.27

Y0.5Er0.5AlO3 Y 66 0.11 0.009 3.69 0.291 6.00 0.473 15.10 1.19
Er 66 0.01 0.001 4.14 0.326 8.69 0.685 11.55 0.91
Al 56 2.32 0.183 4.48 0.353 6.08 0.479 25.63 2.02
O 40 10.71 0.844 19.97 1.574 30.77 2.425 213.8 16.85

LiNbO3 Li 5±±25 2.38±±12.55 0.180 ±±0.948 3.65±±16.65 0.276±±1.259 5.26±±22.18 0.398±±1.677 39.29±±93.78 2.97±±7.09
Nb 25±±125 0.001±±1.20 0.0001±±0.091 2.21±±10.78 0.167±±0.815 4.97±±15.13 0.375±±1.144 8.99±±19.44 0.68±±1.47
O 53 7.13±±7.25 0.539±±0.548 13.11±±13.76 0.991±±1.040 20.08±±22.02 1.518±±1.665 152.4±±159.3 11.52±±12.04



where P is the fluence power; dF � P dt is the fluence of irradiation particles by the
time of dt; na �

P
ni is the atom concentration in the crystal;

sdj �
P

i
qi

�Tmaxi

Tdi

dsdi�E;T�
dT

nij�Ti� dTi

0B@
1CA

is the total cross-section of the defect formation process in j-sublattice; qi � ni=na is the
relative concentration of i-atoms in polyatomic compound.

In the case of electron irradiation the approximate McKinley-Feschbach formula [52]
was used for the RDD concentration calculation that describes the differential cross-
section of Rutherford scattering of a relativistic electron in the Coulomb field of the
point nucleus. In the case of fast neutron irradiation the elastic scattering of neutrons
on nuclei of matter was described as scattering of hard spheres. In order to calculate
the cascade functions the computer simulation of the atom±atom collision cascades was
used. This procedure is based on the assumptions of the Kinchin-Pease binary collision
model [53] and was described in details in [51].

The calculated cross-sections of the defect formation process and concentrations of
displacements are presented in Table 1 for some crystals with garnet and perovskite-like
structures. Td values for ions of garnet and perovskite-like structure were assumed in
calculations to be equal to the values for GGG atoms that have been estimated in [23].
The ionic radii for cations with different coordination positions were estimated from
data of [54, 55] as average weighted values. The Td values for oxygen ions of lithium
niobate crystal were taken from [44, 45]. The threshold energy values for Nb and Li
ions were varied in a wide range (from 25 to 125 eV for Nb) with saving its ratio to be
equal to 5, which corresponds to the valence ratio for these ions in LNO crystal. The
dependence of the displaced oxygen atom concentration on the electron irradiation en-
ergy in LNO is presented in Fig. 1. It is seen from the figure and from the Table 1 that
the cation Td value uncertainty has a weak influence on the estimation of the concen-
tration of the oxygen RDD.

The observation that could be made from the calculation testifies that the RDDs are
formed preferably in the oxygen sublattices of all complex oxide crystals considered.
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Fig. 1. Dependence of the displaced oxy-
gen atom concentration in LNO crystal
upon energy of electrons by irradiation



2.2 The accumulaton kinetics of RDD and CC

The CC accumulation kinetics in the case of ionizing recharging of genetic defects
being present in a crystal is described by the differential equitation

dn=dt � �n0 ÿ n� PsI ; �3�
where n0 is the genetic defect concentration, sI is the cross-section of the genetic defect
ionisation process. The solution of Eq. (3) with the initial condition of n(0) � 0 and the
fluence power constant in a time has the form

n�F� � n0�1ÿ eÿsIF� ; �4�
and is plotted in Fig. 2 as the line 1.

The RDD generation in the simplest case is described by Eq. (2). Its solution with
the initial condition of nd(0) � n0 is the linear dose dependence

nd�F� � n0 � nasdF ; �5�
presented in Fig. 2 as the line 2.

The probability of the Frenkel pair component to arise in a zone of instability of
existing defects becomes quite considerable with the increase of the displacement con-
centration. It means that the further increase of defect quantity will be limited by the
annihilation of displaced atoms on the existing vacancies. The probability to find one-
self in the unstable zone may be estimated as the ratio of the total volume of unstable
zones of all defects and the crystal volume. This probability is equal to ndnr for crystal
single volume, where nr is the volume of the unstable zone of one radiation defect. The
RDD accumulation limited by the annihilation process is described by the differential
equation

dnd=dt � naPsd�1ÿ nrnd� ; �6�
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Fig. 2. Accumulation kinetics of radiation defects and colour centres: Curves 1 to 4 represent cal-
culation after equations (4), (5), (7) and (9), respectively. The line 5 depicts the dependence
nd�F� � nasdF



where the values of nd, sd, nr corresponds to a certain sublattice. The solution of
Eq. (6) at the initial condition of nd(0) � n0 is the dose dependence

nd�F� � n0 enasdnrF � 1
nr
�1ÿ enasdnrF� ; �7�

drawn in Fig. 2 as line 3.
If the CC formation on RDDs takes place, then their accumulation kinetics is de-

scribed by the differential equitation

dn=dt � �nd ÿ n� PsI : �8�
Taking into account Eq. (7) and the initial condition n(0) � 0, the solution of the last
equation is the dose dependence

n�F� � 1
nr
�1ÿ eÿsIF� � sI�n0nr ÿ 1�

nr�sI ÿ nasdnr� �e
nasdnrF ÿ eÿsIF� ; �9�

plotted in Fig. 2 as the line 4.
Since sd � sI, Eq. (9) can be simplified to Eq. (4) in the fluence range of F� 1=sI

and to Eq. (7) when F� 1=sI. In the region far from saturation due to the annihila-
tion process, i.e. at F� 1=nasdnr, Eq. (7) simplifies to the linear dependence expressed
by Eq. (5).

In general, there are two saturation regions of dose dependence for simple radiation
defects and colour centres created on them. One of them takes place due to complete
ionizing recharging of existing defects, and the other one is a result of annihilation of
radiation defects when their concentration reaches a high level. In the second case the
CC maximum concentration is defined as the inverse value of the instability zone vol-
ume.

3. Experiment Details

The samples been investigated were cut from single crystals grown by the Czochralski
technique in the form of flat plates. The sample thickness was in the range of 0.5 to
2 mm. LNO:Cr crystals containing chromium of <0.02 wt% had a light green colora-
tion. LNO:Fe crystal had a brown colour and contained 0.08 wt% of iron. Neodymium
content in YAP:Nd crystal was about 1 at%. The YAP:Er crystal had the nominal com-
position Y0.5Er0.5AlO3.

Irradiation by electrons with energy of 3.5 MeV was carried out in a channel of the
LINAC linear accelerator by pulse beam with 1 mA average current. The frequency of
electron pulses was 250 Hz, and the pulse duration was 4� 10±±6 s. The fluence power
of a single pulse was 6.24� 1013 cm±±2 s±±1. The irradiation was carried out up to
1016 cm±±2 integral fluence, that corresponds to absorbed dose of about 2� 106 Gy.

The neutron and g-quanta irradiations were done in the IRT-5000 research nuclear
reactor (Institute of Physics of the Latvian Academy of Science). The reactor g-contour
was a source of g-quanta with energy of 1.1 MeV. The g-irradiation was carried out up
to 8� 105 Gy absorbed dose. The power of absorbed dose was about 10 Gy s±±1. The
neutron irradiation was performed in the VEK-8 vertical channel. The power of fast
neutron fluence was of 2.6� 1012 cm±±2 s±±1. The accompanying g-irradiation had the ab-
sorbed dose power of about 200 Gy s±±1. Irradiation by the mixed g-neutron radiation
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was performed at the fast neutron fluence of 1014 to 5� 1018 cm±±2. The sample tem-
perature did not exceed 330 K during the g- and electron irradiations and 310 K during
the neutron irradiation.

The absorption spectra were registered by the spectrophotometer Specord M-40
(Carl Zeiss Jena) in the wavelength region of 200 to 900 nm. The reflection losses were
not taken into account. The induced absorption was determined as the difference be-
tween absorption coefficients after and before irradiation.

4. Results and Discussion

4.1 Lithium niobate

The fast reactor neutron irradiation of LNO:Cr and LNO:Fe crystals leads to the in-
duced absorption in the visible range of the spectrum (see Fig. 3a and b). The AA is
similar to that induced by g-quanta and electrons [1, 44 to 47, 56]. At present there is
no common opinion on the CC nature and their creation mechanisms in LNO crystals
irradiated by g-quanta or electrons. Different models of CC were considered [44 to 47,
56]: F-type centres; a transition of niobium ions to a lower valent state; hole centres O±±

localized near cation sublattice defects; bipolarons; recharging of doping ions, and com-
plex associates consisting of an oxygen vacancy and impurity. It should be pointed that
the role of different impurities in the formation of optical and paramagnetic centres in
LNO and LNO:Mg under low temperature g-irradiation was investigated in details in
[57 to 59].

The induced absorption spectra after the irradiation by g-quanta (Eg � 1.1 MeV,
D � 8� 105 Gy) and electrons (Ee � 3.5 MeV, F � 1016 cm±±2, D � 3� 106 Gy) for the
same crystals are presented in Fig. 3c. The similar absorption structure testifies an iden-
tical nature of CCs induced by radiation of various kinds, although the absorption in-
tensity after the neutron irradiation reaches much higher values. Moreover, the widen-
ing of the short-wavelength absorption edge takes place at higher doses of the neutron
irradiation. The latter was observed in pure LNO also [1].

The induced absorption spectra of LNO:Cr and LNO:Fe crystals after irradiation of
all types are somewhat different. This may be caused by a difference in CC formation
process due to the presence of impurities of different types. This problem was investi-
gated in [1, 46, 47, 57 to 59].

There are some distinctions in the induced absorption behaviour for LNO:Cr and
LNO:Fe crystals at higher neutron fluences. The dose dependencies of the induced ab-
sorption for wavelength of 475 nm (21050 cm±±1) are presented in Fig. 4. The induced
absorption in LNO:Cr crystal in a maximum reaches the value about 1.5 cm±±1 already
at fluence 1014 cm±±2, and remains practically the same in the fluence range 1014 to
1016 cm±±2. In the case of LNO:Fe crystal the induced absorption is practically impercep-
tible in the fluence range 1014 to 1015 cm±±2.

Under the irradiation by g-quanta and electrons the additional absorption arises as a
result of CC formation due to the ionisation of genetic defects [1]. Its maximum level is
reached when all genetic defects are recharged or the CC creation±destroying equilib-
rium is arrived. As a rule this occurs at 103 to 105 Gy absorbed doses that corresponds
to fluences of 5� (1012 to 1014) cm±±2 for electron irradiation with energy of 3 to 5 MeV
[1]. So, the AA presented in Fig. 3c conforms approximately with the saturation of the
ionizing recharging process. It should be noted that the induced AA disappears after
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annealing in air at 470 K in LNO:Cr crystal and above 670 K for LNO:Fe crystal. The
latter shows that the CC thermal stability in LNO:Fe crystals is higher.

The RDD formation process becomes remarkable at increased doses of high energy
irradiation and it is responsible for the AA rise at much higher fluences of irradiation
[1, 44, 45]. The ionizing processes at neutron irradiation also take place due to braking
of secondary particles (the knocked-out atoms with energy higher than an ionisation
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Fig. 3. The AA spectra of a) LNO:Cr
and b) LNO:Fe crystals irradiated by
fast reactor neutrons with fluences
1014 (1), 1015 (2), 1016 (3), 1017 (4),
1018 (5) and 5� 1018 cm±±2 (6). Fig. 3c
represents the AA spectra of LNO:Fe
(1,2) and LNO:Cr (3,4) crystals irra-
diated by g-quanta (1,4) with ab-
sorbed dose 0.8 MGy and electrons
(2,3) with energy 3.5 MeV and fluence
1016 cm±±2 (absorbed dose 2 MGy)



threshold). Moreover, the reactor neutron radiation is always accompanied by g-radia-
tion. Thus, the presence of induced absorption in LNO:Cr crystal already at 1014 cm±±2

fluence must be obviously associated with an ionisation of genetic defects, since, accord-
ing to our calculations, the RDD concentration at such fluence is too small
(�1015 cm±±3). At that the value of this absorption is approximately equal to the AA
saturation level at the ionizing recharging after g- and electron irradiation. The RDD
concentration at neutron fluences of 1016 to 1018 cm±±2 reaches an essential value and
the RDD formation is responsible for the AA rise. In the case of LNO:Fe crystal the
AA is not observed at neutron fluences up to 1015 cm±±2. The induced absorption in this
crystal after the `soft' irradiation (see Fig. 3c) is considerably lower than in LNO:Cr
crystal at the same irradiation dose. On the other hand, the AA intensity in LNO:Fe
crystal at fluences of 1016 to 1018 cm±±2 is somewhat higher than in LNO:Cr crystal.

Let us discuss the dose dependencies of the induced absorption rise presented in
Fig. 4 for both LNO:Cr and LNO:Fe crystals after neutron irradiation. As it is
seen from Fig. 4a the induced absorption has the saturation tendency at fluences
F > 1018 cm±±2 in both crystals, that may be explained by the defect annihilation when
their concentration reaches a considerable value. Taking into account the estimation of
the total cross-section of the displacement formation process obtained in Section 2.1,
the approximation of Da(F) dose dependencies by Eq. (7) may be done (solid lines 1
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Fig. 4. The dose dependencies of AA
in neutron irradiated crystals in a)
semi-logarithmic and b) double loga-
rithmic scales. The dose dependencies
of AA induced by irradiation at wave-
length 475 nm are presented by the
curves 1,4 and 5 (5 is the absorption
above the level at fluence 1014 cm±±2)
in LNO:Cr and by the curves 2,3 in
LNO:Fe. The dose dependence of
AA at 300 nm in GGG is shown by
the curve 6 for comparison



and 2 in Fig. 4a). It allows to estimate the size of zones of radiation defect instability in
LNO crystals. Values of the average volume V of instability zones, their radii R (with
assumption of spherical form of zone) and the quantity of crystal atoms N inside of
instability zone are presented in Table 2 for LNO:Fe and LNO:Cr crystals.

The dose dependencies in double logarithmic scale at F < 1018 cm±±2 are presented in
Fig. 4b. Here the lines 3 and 4 represent the dose dependencies for LNO:Fe and
LNO:Cr crystals, respectively, and the line 5 represents the induced absorption rise
above the absorption level of LNO:Cr crystal at 1014 cm±±2 fluence. The lines 3 and 5
are approximations of dose dependencies by Eq. (5). As it is seen from the figure the
line is a good approximation for this case. The dose dependencies for two LNO crystals
differ one from another only by a parallel shift.

The RDD formation rate at fluence F < 1018 cm±±2 may be considered as a constant
one. It is determined by the concentration of crystal atoms and the total cross-section
of the atom displacement process for each sublattice (2). The latter is determined by
the threshold displacement energy Td, differential cross-section of the energy transfer
process and the cascade function (see Eq. (1)). All above-mentioned parameters are
determined by the main crystal content and cannot depend significantly on the pre-
sence of dopants. In optical absorption spectra both RDD or CCs formed on them may
manifest themselves due to recharging or the complex formation. In the first case the
concentrations of active optical centres must be equal for both LNO crystals. That is
why we conclude that CCs responsible for absorption induced by neutron irradiation
are formed during the secondary processes with RDD participation. The same conclu-
sion was made in [46] as a result of studies of the destroying of radiation defects and
induced CCs by annealing.

The concentration of CCs formed during each particular process depends on its prob-
ability, i.e. on its cross-section. The intensity of induced absorption in the maximum of
an appropriate band is proportional to the concentration of the corresponding CCs and
to the oscillator strength of the optical transition. If we assume that the absorption at
475 nm is associated with CCs of the same type, then the difference in dose dependen-
cies for investigated crystals may be explained by different cross-sections of the same
CC formation process or different oscillator strengths caused by the dopant. The alter-
native explanation may be based on the assumption that different CCs in the same
spectral region are formed in LNO crystals with different dopants. Thus the presence of
impurities may strongly affect the CC formation process in LNO crystal though the
RDDs are created in the crystal matrix mainly. In this relation it deserves mentioning
that the presence of impurities may dramatically change the character of the defect
centre formation process, as it was shown in LNO:Fe and LNO:Mg,Fe [58] subjected to
g-irradiation.
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Ta b l e 2
The instability zone dimension estimations obtained from approximation of dose depen-
dencies shown in Fig. 4a: V and R are zone volume and its radius; N is the number of
atoms inside the zone

crystal V (10ÿ19 cm3) R (nm) N

LNO:Fe 1.42 3.24 2700
LNO:Cr 2.35 3.83 4500



The slope of the dose dependencies in the double logarithmic scale (Fig. 4b) is an
additional peculiarity of the induced absorption in LNO:Fe and LNO:Cr crystals. The
change of scale factor before variables when taking the logarithm of the Da(F) depen-
dence leads only to the parallel shift of the dependence, but the slope gives an informa-
tion about the type of the CC accumulation kinetics. The CC formation process may be
considered as a quasi-chemical reaction. The estimation of the slope of the kinetic
curve in coordinates ln (dC/dt) versus ln (C), where C is the concentration of the com-
ponent taking part in reaction, is a common determination method for the order of a
chemical reaction. However, there is a complication during the experimental data pro-
cessing due to the low accuracy of the numerical differentiation of a function presented
in table form. To find the reaction order we have used the linear approximation of the
dependence lg (Da) versus lg (F) at low fluences (F � 1018 cm±±2),

lg �Da� � A lg �F� � B ; �10�
where A and B are the approximation parameters defined by the least squares method.
Taking into account that Da value is proportional to the CC concentration nc, Eq. (10)
may be transformed to the form

lg �nc� � A lg �F� � B0 : �11�
From Eq. (11) the functional dependencies nc(F) and F(nc) may be easily derived.
Differentiating the first of them with respect to F and substituting the second one to
the obtained expression one can obtain the following dependence:

lg �dnc=dF� � Aÿ 1
A

lg �nc� � B0

A
� lg �A� ; �12�

from which the quasi-chemical reaction order has the form

N � Aÿ 1
A

: �13�

Then the kinetics of the CC concentration change is described in the form

dnc

dF
� KnN

c ; �14�

where K is the reaction rate constant.
The results of the approximation of dose dependencies plotted in Fig. 4b (lines 3, 5,

6) and the orders of the CC formation quasi-chemical reactions are presented in Ta-
ble 3. The dose dependence of the induced absorption in GGG crystal at wavelength
300 nm (�33300 cm±±1) after neutron irradiation as a result of the RDD formation [18]
is presented in Fig. 4b (line 6) for comparison. As it is seen from Table 3 the reaction
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Ta b l e 3
The results of linear approximation of dependence lg (Da) versus lg (F) shown in Fig. 4b
and the estimations of the quasi-chemical reaction order N � 1ÿ 1=A

crystal A B N � 1ÿ 1=A

LNO:Fe (curve 3) 0.554 ±± 8.97 ±±0.803
LNO:Cr (curve 5) 0.533 ±± 9.12 ±±0.802
GGG (curve 6) 1.074 ±±16.9 0.069



orders for both LNO crystals are practically the same, that indicates the similarity of
the CC formation processes for the crystals under investigation. The reaction order for
GGG crystal is very close to zero, that corresponds to the quasi-chemical reaction with
constant velocity. Similar observations were done in [60] on corundum crystal irradia-
tion. Such kinetics can describe the CC accumulation in the case of the CC formation
directly on single RDDs that are created according to Eq. (5) with constant rate (see
line 5 in Fig. 2). Quite different situation is observed in LNO:Fe and LNO:Cr crystals
in which the rate of the CC concentration change decreases at concentration increasing
in form of dnc=dF � K=n0:8

c . This dependence indicates decreasing of the cross-section
of the CC formation process with the increase of their concentration. The performed
investigations do not allow us to point out a reason of such behaviour of the AA dose
dependencies in LNO crystals. Nevertheless, one can assume that such behaviour is a
result of the Debye-HuÈ ckel screening effect [61] during the charged defect interaction,
that leads to decreasing of its ionisation cross-section with increasing defect concentra-
tion.

4.2 Yttrium aluminium perovskite

The irradiation of YAP:Nd and YAP:Er crystals by fast neutrons with fluences 1014 to
1017 cm±±2 leads to the induced absorption (Fig. 5a) in UV- and visible region of spec-

trum (50000 to 15000 cm±±1) with
maxima at 42000, 33000, 23000 and
20000 cm±±1. The AA spectra of YAP
crystals of the same structure and in-
tensity are observed after g-irradia-
tion with dose 8� 105 Gy and the
electron irradiation (3.5 MeV) with
fluence of 1016 cm±±2 (absorbed dose
about 2� 106 Gy). The latter two are
practically coincident one with an-
other for each of crystals. That is
why only spectra after electron irra-
diation are plotted in the figure. The
AA intensity weakly depends on irra-

362 S.B. Ubizskii et al.

Fig. 5. a) The AA spectrum of YAP:Nd
(1 to 5) and YAP:Er (6 to 10) crystals ir-
radiated by fast reactor neutrons with flu-
ence 1015 (1,6), 1017 (2,7), 1018 (3,8) and
5� 1018 cm±±2 (4,9) and by electrons with
energy Ee� 3.5 MeV and fluence
1016 cm±±2 (5,10) and b) the dose depen-
dencies of AA at wavelength 435 nm
(23000 cm±±1) in YAP:Nd (1) and YAP:Er
(2) crystals after neutron irradiation



diation dose 105 to 107 Gy absorbed doses of g-quanta or on the neutron fluence in the
range 1014 to 1017 cm±±2. The similar structure of the AA indicates the same nature of
CCs created in YAP crystals under irradiation of various kinds (g-quanta, electrons and
neutrons) with doses mentioned above. It should be noted that the intensity of the AA
induced by neutron irradiation in this range is somewhat lower than the AA level after
irradiation by g-quanta or electrons.

Iron ions are known to be the most common impurity in YAP crystals and they can
exist in the valence states Fe2+ and Fe3+ [62]. The Fe2+ ions are considered to be respon-
sible for the intensive absorption at 43000 cm±±1 and the weak one at 32000 cm±±1. Dur-
ing the irradiation the reactions of O2±± + hn ! O±± + e±± and Fe3+ + e+ ! Fe2+ take
place that result in the appearance of the AA maxima of 42000 and 33000 cm±±1 [62,
63].

The AA bands at 23000 and 20000 cm±±1 are assumed to be associated with the hole
center O±± located close to cation vacancy and F-type centres [63, 64]. There are two
non-equivalent positions of oxygen ions in YAP structure [65] and consequently, two
types of energy non-equivalent F- and O±± centres can be formed. The F-centres with
absorption band in the range of 20000 to 24000 cm±±1 have been observed in other
irradiated crystals with garnet and perovskite-like structure [66].

The annealing in air of g-irradiated crystals leads to the AA intensity decrease at
temperatures above 470 K and to the complete AA disappearing in YAP:Er crystal at
T � 1000 K, while the AA in YAP:Nd crystal remains practically unchanged at this
temperature.

The AA intensity grows rapidly and the broadening of the short-wavelength absorp-
tion edge takes place at fluence 1018 cm±±2 of neutron irradiation (Fig. 5a). It indicates
an appearance in irradiated crystals of new radiation defects. The concentration of the
displacement defects at 1018 cm±±2 neutron fluence is about 2� 1019 cm±±3 and oxygen
vacancies are the main part of them. So, the RDDs in the oxygen sublattice should be
responsible for the revealed AA growth. At neutron fluence � 5� 1018 cm±±2 the satura-
tion of the RDD formation process begins as it was observed also in LNO crystals. Due
to the high optical density of studied samples we could not separate the maxima in the
AA spectra. The dose dependencies of induced absorption in YAP crystals at neutron
irradiation obtained at 23000 cm±±1 are presented in Fig. 5b. It should be pointed that
the AA intensity is higher in YAP:Nd crystals after irradiation with the 1014 cm±±2 neu-
tron fluence than in YAP:Er crystals, but the reverse behaviour is observed at fluence
1018 cm±±2 when the RDDs are formed. Like in LNO crystals it testifies that the dopant
presence can play an important role in the CC formation because the RDD concentra-
tion is almost the same in both studied YAP crystals.

5. Conclusions

The analysis of published data on RDD formation in complex oxide crystals reveals
some overall traits in this phenomenon. It allows to consider this process from a single
point of view and to use the relatively simple general models describing the RDD crea-
tion and their accumulation. On the other hand, the effects being observed in the
change of crystal properties are defined not only by RDD formation but also by sec-
ondary processes of mutual influence of created RDDs, impurities and structural imper-
fections of crystal under irradiation.
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The carried out calculations of the RDD concentration in crystals of complex oxides
testify that they are formed most effectively in the oxygen sublattice in practically all
studied crystals. Their concentration is large enough to reveal them by optical spectro-
scopy methods after neutron irradiation with fluence about 1017 cm±±2 or, for example,
after electron irradiation with energy 3.5 MeV and fluence of about 1018 cm±±2. These
results agree well with published data on displacement defects in various transparent
crystals with garnet and perovskite-like structure. The process of single displacement
defect formation saturates at neutron fluence higher than 1018 cm±±2. Exactly the same
behaviour was found in the LNO:Cr, LNO:Fe, YAP:Nd and YAP:Er crystals subjected
to irradiation by fast reactor neutrons. The performed analysis of accumulation kinetics
of CCs formed on growth and radiation defects shows that in general case there are
two regions of saturation. The first of them takes place at lower fluences and corre-
sponds to saturation of the genetic defect recharging process. The second one occurs at
higher fluences and conforms with equilibrium between processes of the RDD forma-
tion and annihilation of their components. The expressions obtained from the analysis
allow to describe satisfactorily the dose dependencies obtained experimentally for LNO
crystals and to obtain an estimation of the instability zone dimensions for RDD.

The created RDDs participate in the formation of optically active colour centres as
well as the growth defects and impurities at lower doses of irradiation. The comparison
of the absorption induced by neutron irradiation in the LNO and YAP crystals with the
AA induced by g-irradiation or relative low doses of electrons confirms that practically
the same CCs are formed in both cases. This distinguishes these crystals from such ones
as Gd3Ga5O12 and Li2B4O7. At the same time there are some peculiarities in the CC
formation processes in each type of crystal. In particular the maximum level of AA
induced by the growth defect recharging is somewhat lower in all cases after neutron
irradiation, and it is practically absent in the LNO:Fe crystals at neutron fluence less
than 1015 cm±±2. The comparison of the behaviour of crystals with different impurity
contents testifies that their AA caused by the RDD formation can differ significantly in
its intensity. Nevertheless, its structure remains generally the same. This fact can suggest
that the CC formation proceeds in secondary processes that are significantly affected by
impurity presence. The difference in dimensions of the Frenkel pair annihilation zone in
the LNO:Cr and LNO:Fe crystals and different thermal stability of CCs also suggest
this explanation.

In the LNO:Cr and LNO:Fe crystals it was found that the CC accumulation decele-
rates with neutron fluence increase according to the law: dnc=dF � K=n0:8

c . It distin-
guishes the LNO crystal behaviour from other oxide crystals, for example, such as
GGG and corundum. It is supposed that the cross-section decrease of the defect ionisa-
tion process with the RDD concentration rise, i.e. an effect like the screening effect of
Debye-HuÈ ckel, may be responsible for this behaviour.
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