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This work presents an electron spin resonance and optical study of the defects produced by X-ray 
irradiation of the lanthanum aluminate La(Mg,~,Mn,.),Al 0 ,, rx+, (x, y 5 I). The thermal bleaching of 
these defects is responsible for an intense green thermoluminescence due to the 4TI-hAI transition of 
Mn*+ ions of the lattice. The mechanism of this thermoluminescence and its variation with manganese 
concentratton are discussed. 0 1986 Academic Prebb. Inc. 

I. Introduction 

X-Ray irradiation of ionic solids usually 
modifies the electrical charge distribution 
inside the material. For instance, in the su- 
perionic conductor p-alumina (Na,,AI, I 
OI~+~IZ, x = 1.3), exposure to X rays par- 
tially converts oxygen vacancies of the con- 
duction planes, into F+ centers (I). Spec- 
troscopic methods such as optical 
absorption and electron spin resonance 
(ESR) can consequently be used to study 
these paramagnetic F+ centers (I), thus giv- 
ing information about their precursor de- 
fects which cannot be investigated by these 
techniques. 

The present paper deals with lanthanide 
hexaaluminates of the general formula Ln 
MxAllrOls+, (x 5 1) with magnetoplumbite- 

like (MP) structure. The hexagonal unit cell 
(2-3)-which is quite similar to that of the 
p-alumina ,-is made of spine1 blocks (four 
oxygen layers) containing A13+ and/or iW+ 
ions in octahedral or tetrahedral sites sepa- 
rated by mirror planes containing Ln3+, 
three oxygen ions, and A13+ in four- or five- 
fold coordination (3) (Fig. 1). Actually, the 
02- coordination polyhedra of the alumi- 
num site is a trigonal bipyramid with the z 
axis along the c crystal direction, but A13+, 
which no longer lies in the mirror plane, is 
shifted on the z axis toward one of the two 
axial oxygen ions (3). 

These lanthanide hexaaluminates re- 
ceived attention during the past decade be- 
cause of their very efficient luminescent 
properties (4). Recently we reported the 
observation of continuous laser effect (5) in 
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FIG. 1. Magnetoplumbite structure. 

Czochralski-grown single crystals of 
Lao.sNdo.tMgAltlOtg (LNA). This effect has 
also been reported independently by Rus- 
sian workers (6), showing that LNA is a 
very interesting solid-state laser material 
which may compete with yttrium-alumi- 
num garnet (YAG:Nd), presently the most 
commercial important neodymium solid- 
state laser. 

An important point to be considered con- 
cerning the potential application of a new 
material is durability under working condi- 
tions. Actually, some p-alumina or MP-like 
phosphors depreciate under UV irradiation 
(7), and laser action of rare-earth ions in 
perovskite YA103 is hindered by the colora- 
tion of the crystal arising from defect cen- 
ters generated from the action of pump light 
(8). Colorless MP lanthanum aluminates 
also turn brownish when submitted to UV, 
X, or y radiations. Owing to the properties 
of these compounds, we have been 

prompted to study the radiation-induced 
centers responsible for this coloration in 
LaMg&1018+x using both ESR and optical 
absorption (OA) spectroscopy in the UV- 
visible range. Thermal recombination of 
these centers leads to a strong thermally 
stimulated luminescence (TSL) which pro- 
ceeds through Mn2+ ions present in the lat- 
tice as impurity. This led us to study the 
whole series of compounds LaM,AlllOls+, 
(M = Mgr-,Mn, ; x, y 5 1) whose structure 
and crystal growth have already been in- 
vestigated in our laboratory (3, 9, 10). 

II. Experimental 

Single crystals of lanthanum aluminates 
LaMxAMh8+x W = Mgl-,Mn,, x, Y 5 0, 
referred to as LA,.,y, were grown by the 
flame fusion method (Vemeuil process) (9, 
IO). The starting material was an intimate 
mixture of the constitutive oxides, and the 



DEFECTS AND LUMINESCENCE IN Ln HEXAALUMINATES 69 

TABLE 1 

MANGANESE CONTENT (y) OF THE CRYSTALS 
La(Mg,-,Mn,),AI,,O,~+.~ COMPARED WITH THEIR 

STARTING (THEORETICAL) COMPOSITIONS (yrh) 

Ytil -0 0.02 0.1 0.25 0.50 0.75 1 
Y 5 to 10 0.01 0.07 0.15 0.27 0.40 0.44 

wm” 

0 The Mn concentration was estimated by compar- 
ing the ESR intensity of Mn*+ with that of a single 
crystal of Na,,3A111017.65 (p-alumina) whose Mn con- 
centration has been determined by atomic absorption 
spectroscopy. 

growth rate about 1 cm * h-* (9, 10). Single 
crystalline platelets, typically 5 X 5 X 1 
mm3 were easily cleaved from the Verneuil 
boules, along the (00.1) plane. 

The divalent content of the crystal was 
estimated by using a Camebax-Microbeam 
electron microprobe (II). This analysis in- 
dicated that the compounds LA,,,, suffered 
a loss of M2+ ions during the crystal 
growth, leading to a significant departure 
of x and y from their starting values. 
For instance, the starting compositions 
LaMgAlilOis (LAi.0) and LaMnAliiOi~ 
(LA,,,) led to crystals with composition 
L&.9,0 and LAo.~,~.~, respectively. Since 
the loss of Mg is nearly constant (-15%) 
the crystals studied in the following sec- 
tions will be identified according to their 
final Mn composition (y value) as LA,. The 
Mn contents in both the starting materials 
and the single crystals are gathered in Table 
I. 

The UV-visible absorption spectra were 
recorded at room temperature with a Pye- 
Unicam SP 1800 spectrometer and in the 
liquid-helium temperature range with a 
Beckmann UV 5270 spectrometer fitted 
with an Oxford Instruments helium flow 
cryostat. Computer fitting of the spectra to 
a sum of Gaussian-shaped lines allowed ac- 
curate determination of the peak positions 
and linewidths. 

The ESR spectra were run on a Brucker 

ER 220D spectrometer equipped with a 
variable temperature accessory (100-300 
K). The crystals were mounted on a small 
Perspex sample holder to allow their orien- 
tation with respect to the magnetic field. 
This was calibrated using a Bruker NMR 
proton BNM 12 and the microwave fre- 
quency was measured with a Systron-Don- 
ner frequency counter. Both OA and ESR 
spectra of the crystals were recorded as 
soon as it was possible (-5-10 minutes) af- 
ter irradiation. 

Irradiation of samples was performed at 
room temperature using 40-kV, 20-mA X 
rays from a copper target tube. The unfil- 
tered X radiations consist mainly of Ka! 
(1.54 A) and K/3 (1.39 A> emission of cop- 
per. TSL experiments were performed after 
irradiation of the samples by 2-MeV /3 radi- 
ation from a WY source. In order to ensure 
good thermal contact, the crystals were 
finely ground and only a thin layer of the 
lOO- to 160~pm fraction was deposited in 
the heated stainless-steel sample holder. 

III. Thermally Stimulated Luminescence 
of LA, 

Single crystals of LA, exhibit a strong 
green TSL after irradiation by X rays. This 
TSL is characterized by the following fea- 
tures. 

(i) The light emission is green, over the 
entire temperature range at which this TSL 
is detected, e.g., between room tempera- 
ture and -300”~. 

(ii) The intensity of the green emission is 
maximum for the compound Lau.0,. LAO 
exhibits a TSL only at T > 130°C while a 
strong emission is detectable at room tem- 
perature in LA, with y 2 0.01. In the latter 
compounds, the green light is detectable 
with the naked eye after only a few seconds 
of exposure to X rays. 

(iii) For a fixed time of exposure, the 
afterglow exhibits only a slight decrease of 
its intensity with increasing y for y P 0.07, 
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FIG. 2. TSL glow curves of LA, irradiated at room 
temperature. p-Ray dose: 75 mrad. The curves are 
recorded using filters with maximum transmission at 
550 nm. 

while the intensity of the TSL at higher 
temperature, e.g., -300°C strongly de- 
creases with increasing y, and is no longer 
detectable for y > 0.07. All these features 
are confirmed and further clarified by inves- 
tigation of the p radiation-induced TSL. 
Figure 2 shows the glow curves of com- 
pounds LA,, with y varying from -0 ([Mn] 
= 5-10 ppm) to 0.44. The p ray doses were 
75 mrad in each case and the curves were 
recorded by using a filter with maximum 
transmission at 550 nm (green). There are 
three glow peaks at -95, -210, and -32o”C, 
whose intensities depend on the Mn con- 
tent of the compound. For y = 0, the peak 
at -95°C is missing. Increasing y to 0.01 
results in a strong increase of all the TSL 
peaks. For y > 0.01 the peak intensities de- 
crease with increasing y, the reduction of 

the 210 and 320°C peak intensities being 
more pronounced than the 95°C one. These 
features indicate that the green TSL is due 
to the 4T1 --, 6AI transition of Mn*+ ions. 
Previous studies of LA, have shown that 
Mn?+ ions are localized in tetrahedral sites 
of the structure (10) and that these ions 
emit a green photoluminescence at 520 nm 
(4). 

The TSL glow curves of the compound 
LA* are shown in Fig. 3. They were re- 
corded using filters with maximum trans- 
mission at 550,500,425, and 380 nm. The p 
doses were 500 mrad except for the curve at 
380 nm, which was obtained with a dose of 
5 rad. The maximum emission is also in the 
green region, like the Mn-enriched com- 
pounds, but a weak violet emission seems 
to occur at low temperatures. 

We have not attempted to make accurate 
measurements of the activation energy cor- 
responding to each TSL peak. A rough esti- 
mate can be obtained from the empirical ex- 
pression given by Urbach (12): 

E (eV) = TJ500, (1) 

where I’,.,, is the temperature of the glow 
maximum (in K). Applying (1) to the glow 
peaks at 95,210, and 320°C gives activation 
energies of -0.7, -1.0, and -1.2 eV, re- 
spectively. These values correspond to the 
trap depth energies of the defects responsi- 
ble for the different TSL peaks. We have 
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FIG. 3. TSL glow curves of LA,, recorded with filters 
in the range 550 nm (green) to 380 nm (violet). 
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checked the validity of these results by 
measuring the activation energy E of the 
320°C glow peak according to the more ac- 
curate method derived by Hoogenstratten 
(13). This method is based on the variation 
of T,,, with the linear heating rates fi of the 
samples. /3 and T,,, are related to the activa- 
tion energy E by (13) 

PE 
E = ‘0 exp (2) 

where so is the preexponential factor. Plot- 
ting In(T~/fi) versus l/T,,, using j3 values in 
the range 0.6 to 9.1 K set-l gives E = 1.38 
eV and SO = 2.15 x 10” set-l. The agree- 
ment with the value E = 1.2 eV obtained 
from expression (1) is fair considering the 
roughness of the Urbach method. 

Lebedev et al. (14) reported slightly dif- 
ferent results for the X-ray-induced TSL of 
LAO. These authors have found two glow 
peaks at 95 and 230°C the former being 
much more intense than the latter. The acti- 
vation energies measured by the initial rise 
method were 0.69 and 1.37 eV, respec- 
tively, and three emission maxima at 350, 
520, and 700 nm were found for each glow 
peak, but the relative intensities of these 
bands were not specified. Lebedev et al. 
(14) ascribed the 700-nm band to Cr3+ emis- 
sion but they failed to interpret the other 
bands at 520 and 350 nm. It is evident from 
our experiments on Verneuil-grown crys- 
tals of LA, that the TSL is predominantly 
due to Mn2+ emission. The differences be- 
tween our results and those of Lebedev et 
al. (14) could originate from differences in 
the sample preparation, their crystals being 
grown by slow cooling of melts prepared by 
high frequency heating in cold containers 
(14). 

IV. Identification of X-Ray-Induced 
Defects in LAO 

Optical absorption and Electron Spin 
Resonance spectroscopies have been used 

for the identification of defects created by 
X rays. Our investigations were almost re- 
stricted to the compound LAO because the 
manganese ions in LA, compounds were re- 
sponsible for two unwanted effects which 
preclude detailed spectroscopic studies: 

(i) The ESR spectra of defects are hidden 
by the more intense spectrum of Mn2+ ions 
in LA, for y > 0.01. 

(ii) The very intense TSL peak at 95°C in 
LA, (y 2 0.01) is responsible for an after- 
glow which interferes with the OA spec- 
trum. Nevertheless, the LAo.ol defect spec- 
tra appear identical to the LAO ones. 

IV.1. Radiation-Induced Color Centers 

After exposure of LAO to X rays one ob- 
serves in its OA spectrum the appearance 
of a broad and intense band centered at 3.1 
eV (Fig. 4), together with an ESR signal at 
g = 2.0 (Fig. 5). These two signals reach 
their maximum intensity after an irradiation 
time of about 60 min. In fact, they grow 
simultaneously and a linear relation exists 
between their intensities as shown in Fig. 6. 
As a consequence these ESR and OA spec- 
tra are related to a same defect center 
which is hereafter labeled A. A simulta- 
neous decrease of both OA and ESR inten- 
sities of center A is observed after 5 min 
thermal annealing at temperatures ranging 
between room temperature and 180°C. An- 
nealing treatments at temperatures higher 
than 180°C result in a complete bleaching of 
the ESR signal while a weak and very broad 
absorption band peaking near 2.8 eV re- 
mains in the OA spectra (Fig. 4). The resid- 
ual absorption is composed of several 
bands whose relative intensities depend 
upon sample preparation and annealing. 
This indicates that they correspond to sev- 
eral different defects. Recording these OA 
spectra at low temperature (15 K) improves 
the resolution and allows the observation of 
three bands with maxima at 3.8, 2.8, and 
2.1 eV, related to three different defects 
hereafter labeled B, C, and D, respectively. 
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FIG. 4. Optical absorption spectra of L& recorded after 1 hr exposure to X rays. The arrows 
indicate the absorption bands of defects A, B, C, and D. (I) Room temperature: (a) immediately after 
irradiation, (b) 5 min at 180°C after irradiation, (c) 15 min at 380°C after irradiation; (II) T = 15 K: 5 min 
at 180°C after irradiation. 

Their intensities decrease upon increase of 
annealing temperatures above 240°C; com- 
plete bleaching of these bands is achieved 
at 380°C. 

1 
/Fe- 1OmT 9 

FIG. 5. ESR spectra at 25°C of L& recorded with B0 
parallel to the [OO. 1] crystallographic axis: (a) nonirra- 
diated; (b) irradiated by X rays for 1 hr. 

(a). Identification of defect A. Figure 5 
shows the ESR spectrum of center A in a 
single crystal of L& irradiated for 1 hr. For 
an orientation of the static magnetic field B. 
parallel to the [OO.l] crystallographic axis 
(c-axis) the ESR signal of center A is super- 
imposed upon the signal of Fe3+ impurities. 
However, these signals can be separated 
and studied for a small deviation of Bo from 

FIG. 6. Linear relationship between the optical den- 
sity at 3.1 eV and the ESR intensity of defect A in 
L& . Circles, Sample 1; squares, Sample 2. The exper- 
imental points were obtained by varying the irradiation 
time between 1 min and 1 hr. Triangle, sample 1 irradi- 
ated for 1 hr and annealed at 130°C far 5 min. 
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FIG. 7. ESR of defect A in LA,,. Variation of gelf 
with the orientation of the magnetic field B,,. 0 is the 
deviation from the [OO.l] axis and 4 represents the 
rotation of B0 in the mirror plane. The diagram shows 
the removal of the O-4 ground state degeneracy by 
an adjacent cation vacancy along the z axis. 

the [OO.l] axis because the g factor anisot- 
ropy is much more important for Fe3+ than 
for center A. 

The angular variation of the effective g 
factor g,~ of center A can be fitted using an 
axial g tensor with z colinear to the [OO.l] 
direction and with principal values gli = 
2.0083 and g, = 2.0170 (Fig. 7). The 
lineshape is Gaussian, and the linewidth 
D, which is 3.5 mT for both &]][OO.l] and 
Bo~[OO.I], reaches its maximum value of 
4.1 mT for B0 at 45” from the [O&l] axis. 
These values of g and hB closely resemble 
those found in y-ray-induced defects in (Y- 
A1203 (IS). It is now recognized that these 
defects are O- ions (~0; in Kroger-Vink 
(KV) notation) adjacent to an aluminum va- 
cancy Vzl and the same assignment should 
also be true in LA0 . The observation of the 
optical absorption peaking at 3.1 eV rein- 
forces this interpretation, as will be shown 
below. Since the magnetoplumbite struc- 
ture has a variety of possible sites, an accu- 
rate determination of the O- site requires a 
more detailed study of the ESR spectra. 

Many of the characteristics of O- type 

centers in oxides can be understood ac- 
cording to the simple model of Bartram, 
Swenberg, and Foumier (BSF) (16). In that 
model the cation vacancy creates an axial 
crystal field component acting on adjacent 
oxygen ions. This field leaves the threefold 
degeneracy of the 02- 2p orbitals, the 2p, 
level (z along the 02- vacancy direction) 
being raised in energy (Fig. 7). The conse- 
quence is that an 02- ion adjacent to a cat- 
ion vacancy can trap a hole in its 2p, or- 
bital. According to the loss of divalent ions 
observed during the crystal growth (Table 
I), the cationic defect involved in defect A 
in LA,., is V& rather than Vzl. The forma- 
tion of the paramagnetic defect induced by 
X-ray excitation is summarized by 

Vh, + 0; + h’ + (V’&, - 0’)‘. (3) 

A defect such as (Vb, - 0’)’ is also known 
as a V- center (27). From the simple crys- 
tal field theory of BSF, it is predicted that 
the g tensor should be axial, with two val- 
ues: 

and 

811 = ge 

g, = g, - 2hlA (4) 

in which g, = 2.0023 is the free-electron g 
value, A = -135 cm-’ (17) the spin-orbit 
coupling constant for a free 0-i ions, and A 
the splitting between the 2p,, 2p,, and 2p, 
orbitals. According to the BSF model, A is 
given by (27) 

where (r2) = 3.04 au. (17) is the mean 
value of the square of the electron-nucleus 
distance in a 2p-O- radial were function, 
IZj = 2 the effective charge created by the 
cation vacancy, and R the anion-VMI, sepa- 
ration. Since the model predicts the small- 
est g shift for B0 along the O--VMg direc- 
tion, we can conclude that this is colinear to 
the [OO.l] axis in L&. Only two cationic 
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sites with axial symmetry (C,,) have an O*- 
ion along the [O&l] axis: 

(i) The Al(2) tetrahedral position (4f in 
Wyckoff notation) of the spine1 blocks, with 
R = 1.870 A and (ii) the Al(S) position (4e in 
Wyckoff notation) near the mirror plane, 
with R = 1.996 A. These two R values lead, 
through expressions (4) and (5), to calcu- 
lated perpendicular g shifts Ag, = g, - g, 
of 13.5 x 10e3 and 10 x 10v3, respectively. 
The agreement with the experimental value 
Ag, = +14.7 x 10e3 is good owing to the 
simplicity of the BSF model. Let us now 
consider the discrepancy between the ex- 
perimental parallel g shift Ag11 = +6 x 10m3 
and the calculated one Agli = 0 (or Agli = -4 
(AR,)* = - 10m4 including third-order correc- 
tion in perturbation calculation (17)). A 
positive Agli can be accounted for by con- 
sidering that the hole is not trapped at one 
O*-, but that it is partially shared among all 
the O*- ions adjacent to the cation vacancy 
(18). The O*- ions should be approximately 
equivalent in order to allow the hole trans- 
ference. This consideration favors the lo- 
calization of the cation vacancy in tetrahe- 
dral Al(2) position of the spine1 blocks. 

The observation of an optical absorption 
band at 3.1 eV correlated to the defect A 
confirms its attribution to a (V&-O’)’ cen- 
ter (-V- center). Absorption bands near 3 
eV exist also for the V-type centers in (Y- 
A1203 (19) and MgA1204 (20). These optical 
absorptions cannot arise from transitions 
between the p levels of the O- ion split by 
the crystal field created by the cationic de- 
fect (see Fig. 7) because such transitions 
are forbidden (AI = 0). Hence they cannot 
be responsible for the pronounced brown 
coloration of LA0 crystals. More recently 
the absorption of V type centers was ex- 
plained by a light-induced transfer of the 
hole from one equivalent O*- site to an- 
other near the cation vacancy (21) accord- 
ing to 

(O”-V’&,-0’)’ J$ (o’-v’y&-o-y (7) 

This mechanism, in its simplest form (21), 
predicts that the energy AE and the line- 
width W of the optical absorption are re- 
lated by 

W = 1/(2AEho0). (8) 

where hwO is the phonon energy. By using 
the experimental values AE = 3. I eV and W 
= 1.9 eV for defect A, we found tioO 5 0.08 
eV, which is a typical value of hwO in oxide 
materials. 

(b). Discussion of the other absorption 
bands. Assignment of defect A was possi- 
ble because it is represented both in ESR 
and OA spectra. After thermal bleaching of 
this defect the remaining weak absorption 
bands at 3.8, 2.8, and 2. I eV, labeled B, C, 
and D (Fig. 4), are not associated to ESR 
signals. Consequently we shall propose 
only a tentative interpretation of these 
bands. 

It should be noticed that the positions 
and widths of bands B and C are not mark- 
edly different from those of defect A. Their 
smallest width W = 0.75 eV (Fig. 4) results 
from the low temperature (15 K) used to 
record their optical spectrum. Increasing 
the temperature results in a significant in- 
crease of W. It is thus tempting to attribute 
the optical absorption bands B and C also to 
electron holes trapped at oxygen ions adja- 
cent to cation vacancies, or cation impuri- 
ties with charge lower than 3+. Defects A, 
B, and C probably correspond to a hole 
trapped by oxygen ions adjacent to differ- 
ent cationic defects. This is not unexpected 
since cationic defects are very likely to be 
distributed over several different sites of 
spine1 blocks. 

If we retain this interpretation of defects 
B and C, the absence of ESR signal for 
these defects needs some explanation. It 
should be noticed that the y-ray-induced 
optical absorption at 3.1 eV in spine1 
MgA1204 has been assigned to O- ions adja- 
cent to cationic defects (20) although no 
corresponding ESR signal were detected. 



DEFECTS AND LUMINESCENCE IN Ln HEXAALUMINATES 75 

Actually several possible features can be 
responsible for a considerable lowering of 
the ESR spectral intensity beyond the limit 
of detection. First of all a significant broad- 
ening of the signal may exist, due to unre- 
solved hf interactions with 27A1 (I = 3) nu- 
clei of the structure. Most probably a low 
symmetry of the cationic site containing the 
defect would produce a site splitting of the 
ESR signal-i.e., a decomposition of the 
ESR signal into several components. This 
effect is for instance responsible for the 
poor signal to noise ratio of the ESR signal 
of V2- centers in a-Al203 (15). If we assume 
similar oscillator strengths for the bands A, 
B, and C, the small concentration of defects 
B and C combined with ESR site splitting 
could be responsible for the apparent lack 
of ESR signals related to these defects. 

An interpretation of the weak optical ab- 
sorption band D, peaking at 2.1 eV, is more 
problematical since its width W = 0.14 eV 
at 15 K is too small to be consistent with a 
hole absorption. 

ZV.2. Radiation-Znduced Valence Change 
of Fe3+ Zmpurities 

Figure 8 shows the OA spectra in the re- 
gion 220-290 nm of a single crystal of LAO. 
They consist of a band centered at 4.8 eV 
flanking the fundamental absorption band. 
The former is more intense in crystals LA0 
doped with 0.5% Fe. Thermal treatments in 
air at 1200°C of these crystals further in- 
crease the intensity of the 4.8-eV band. 
These features indicate that this absorption 
band is due to a light-induced charge trans- 
fer between oxygen and Fe3+ ions accord- 
ing to 

02--Fe3+ -$ ()--Fez+ (9) 

This interpretation of the 4.8-eV absorption 
band is confirmed by its similarity with the 
oxygen-Fe3+ transition in a-Al203 and 
MgA1201, which occurs at 4.7 and 4.8 eV, 
respectively (22, 20). The increase of the 

(u 

t 

I 02LFe3+ CHARGE TRANSFER 

FIG. 8. Optical absorption spectra of LA0 in the 
02--&3+ charge-transfer region. (-) nonirra- 
diated; (---) irradiated by X rays for 1 hr; (- . - .) 5 min 
at 140°C after irradiation; (. . .) 5 min at 380°C after 
irradiation. 

4.8-eV band intensity after thermal treat- 
ments shows that iron impurities in LA0 are 
present in both 2+ and 3 + oxidation states. 

After X-ray irradiation of these crystals 
the 4.8-eV band is significantly reduced and 
superimposed to the tail of the hole absorp- 
tion band A peaking at 3.1 eV (Fig. 8). A 
partial recovery of the 4.8-eV band is ob- 
tained by thermal treatment at 140°C during 
5 min, which also produces the bleaching of 
the 3.1-eV band. A complete thermal 
bleaching of bands B and C restores the 4.8- 
eV absorption band at its initial intensity. 
This intensity change of the Fe3+ charge- 
transfer transition upon irradiation shows 
that a significant part of Fe3+ has been re- 
duced into Fe2+, and that the reverse reac- 
tion occurs during the thermal bleaching 
(TB) of bands A, B, and C 

Fe3+ + e e Fe2+ (10) 

Charge transfer transitions of Fe2+ are 
not detected because the reduction in 
charge shifts these bands toward shorter 
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TABLE II 

SUMMARY OF THE SPECTROSCOPIC RESULTS 

Defect Spectr0sc0py features 
Assignment and 

localization 

Concentration 

Before irradiation After irradiation Remark 

Mn” ESR 

Fe’+ ESR and optical 
absorption at 4.8 eV 

A ESR and optical 
absorption at 3.1 eV 

B Optical absorption at 
3.8 ev 

C Optical absorption at 
2.8 ev 

D Optical absorption at 
2.1 ev 

Tetrahedral Ai(2l sites 
of spine1 blocks 

Axially distorted AU) 
sites of mirror planes 

O- ion adjacent to a 
cation vacancy in 
spine1 blocks 

Probably 0. on adja- 
cent to other cationic 

defects of spine1 
blocks 

II 

Non identified 

Traces -10 ppm No change 

Trdces -50-100 ppm Decrease Fe’+ f P 
+ Fe?+ 

zero Strong: responsible for 
the intense brown 
coloration of the 
CQNEllS 

ZU” Weaker than defect A 
abs”r”ti”n 

ZW” Very Weak 

Responsible for the 
green TSL 

Thermal bleaching at 7 

< SO0 K 

Thermal bleaching at 7 
> 500 K detectable 
after bleaching of 

defect A 

wavelengths compared to the Fe3+ one. 
Hence they are hidden by the strong funda- 
mental absorption of the matrix. 

Further details about these Fe3+ impuri- 
ties are obtained by ESR studies on as 
grown single crystals. For an orientation of 
the magnetic field B0 parallel to the crystal- 
lographic axis [OO. 11, the ESR signal of Fe3+ 
consists of a single line at gee = 2.00 (Fig. 
5). The angular variation of this spectrum 
within 20” around the [OO.l] direction is 

shown in Fig. 9. It is difficult to detect the 
ESR signal for Bo orientation which are 
more than 10” apart from the [OO.l] direc- 
tion because the shift toward low field of 
the signal is accompanied by a considerable 
broadening of the line. The experimental 
variation of ges shows that the site occupied 
by Fe3+ experiences a strong axial distor- 
tion along the [OO.l] direction. In that case 
the two components of g,E are given by (23) 

glleff = 811 

2.20 _ 
[ 

xgl. PM2 
gleff = 3g, 1 - (20)2 1 (11) 

t 
3 

y 

and 

. 
2.10 _ . 

. 

zoo- 

-10 

tc oxis 

e &rees, lo 

with D being the axial zero-field splitting 
parameter. Since g is almost isotropic (g/l = 
g,) and very close to 2.00 for a Y&,2 ion and 
assuming D %- gpH, we would expect gll = 
2.0 and gleR = 6.0. Under this assumption, 
the angular variation g&e) can be written 
for small values of 8 (23) 

g&d) = g(1 + 8 sin* O)ll*. (12) 
FIG. 9. ESR of Fe3+ in LA,,. Variation of g,E with the 

orientation of the magnetic field B0 with respect to the Figure 9 compares the experimental g,R 
crystallographic axis c ([OO.l] direction). Full line: cal- values and those calculated using expres- 
culated. sion (22). The good agreement confirms 
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that we are in the strong axial field case (D 
@ g/W. 

It should be emphasized that only the site 
Al(5) of the mirror planes (Fig. 1) experi- 
ences a sufficiently strong axial distortion 
to be consistent with the Fe3+ ESR fea- 
tures. This site can be described as a trigo- 
nal bipyramid (symmetry D3h) elongated 
along the C, axis. However, the cation is 
not located in the equatorial plane of the 
polyhedron, but is shifted from the plane 
along the C3 axis. Hence this site should be 
rather described as an axially distorted tet- 
rahedral site with C3, symmetry. X-Ray dif- 
fraction studies (3) have shown that A13+ in 
this site has the oxygen 0( 1) at 1.763 A and 
one oxygen O(4) at 1.996 A, the other oxy- 
gen O(4) being at 2.491 A. It is known that 
in rare earth hexaferrites with magneto- 
plumbite structure (24) Fe3+ in this site ex- 
periences the same shift from the mirror 
plane, reducing the coordination polyhe- 
dron of Fe3+ to a distorted tetrahedron. 

IV.3. Stability of Mn2+ Impurities 

It has been noticed that the transition 4T1 
+ ‘jA1 of Mn2+ ions is responsible for the 
green TSL observed in LA, compounds. It 
is thus important to investigate the stability 
of manganese charge state under irradiation 
and thermal recombination. Figure 10 
shows the MI = $ h.f. line of the MS = f ++ 
-f transition of Mn*+ in LAo.~, , recorded 
before and after exposure to X rays during 
1 hr. Irradiation induces no change of the 
ESR intensity, the small difference being 
due to a misorientation of the crystal in the 
magnetic field. Manganese is thus radiation 
stable, because a valence change of Mn2+ 
upon irradiation would lead to Mn3+ (38) 
and this ion gives no ESR at room tempera- 
ture. The net result would be a decrease of 
the ESR intensity of Mn2+, which is not 
observed in our experiments. The same be- 
havior is found for y > 0.01, and also for y 
= 0 (Fig. 5). 

FIG. 10. M, = 8 hyperfine line of the M, = 1-+ -1 
transition of Mn2+ in L%.,), Full line: before irradia- 
tion. Dotted line: after I hr irradiation by X rays. B. is 
parallel to the [OO. I] axis. 

V. Discussion 

When a crystal is irradiated by X rays, 
electrons and holes are formed in the con- 
duction and valence bands, respectively. 
Electrons and holes can then be trapped at 
defects or impurities if the temperature is 
low enough. In the case of LA, compounds, 
electrons are trapped at Fe3+ impurities and 
holes at oxygen ions adjacent to charge defi- 
cient cationic sites. These defects are iden- 
tified by their OA and, for two of them, by 
their ESR spectra. The following equations 
summarize the effect of X ray irradiation: 

X rays + e’ + h’ 

e’ + Fe3+ + Fe*+ 

h’ + OX, + Vh, ---, (0’ - V&)‘(=defect A) 

(13) 

Hole trapping at other cationic defects 
leads to the formation of defects B and C. 

Thermal recombination of these defects 
is responsible for the observed TSL. A TSL 
peak is due to the recombination of a 
charge, which is thermally released from a 
trap, with the opposite charge which is 
more strongly trapped. Let us first consider 
the TSL peak at low temperature (-95°C). 
It is associated with the complete bleaching 
of defect A and with a partial recovery of 
the OA and ESR spectra of Fe3+. This be- 
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havior indicates that holes are thermally re- 
leased in the valence band from defect A, 
and recombine with Fe*+ to give Fe3+ in an 
excited state (Fe3+)* according to 

(O&&J + O&V’& + h’ 
h’ + Fe*+ + (Fe3+)*. (14) 

If the other possibility holds-i.e., the 
thermal release of the electrons from 
Fe*+-we should expect a complete resto- 
ration of Fe3+ spectra and a partial decrease 
of the intensity of the three hole centers A, 
B, Land C simultaneously, in contradiction 
with our observations. Since the holes mi- 
grate in the valence band formed by oxygen 
orbitals, the iron-excited state which forms 
when O- reaches the vicinity of a Fe3+ ion 
probably corresponds to the charge-trans- 
fer state (O--Fe3+). This state is also 
formed when Fe3+ in its ground state ab- 
sorbs a 4.8-eV photon (see reaction (9)). 
Partial deactivation of (Fe3+)* via radiation- 
less multiphonon processes leads to Fe3+ 
excited into the 4T1 level. The 4T1 + 6A1 
transition of Fe3+ in cubic symmetry is 
rather frequently observed in luminescence 
spectra of minerals (26). For example, it 
occurs at 15,255 cm-l (-660 nm) for Fe3+ in 
tetrahedral sites of LiAlSOs spinel. It is then 
obvious that the transition does not contrib- 
ute to the green TSL in LA,,, occurring at 
19,230 cm-’ (520 nm) and which was attrib- 
uted to the 4TI + 6A1 transition of Mn*+ in 
tetrahedral sites of LA, spine1 blocks. Since 
manganese retains its 2+ oxydation state 
during both irradiation and thermal recom- 
bination processes, the Mn*+ emission is 
most probably due to a transfer of excita- 
tion from Fe3+ to Mn*+ according to 

]Fe3+(4Tl)l* + Mn2+(6A ,) + Fe3+(6A ,) 
+ [Mn’+(4Tl)]* 

[Mn2+(4Tl)]* + Mn2+(6A J 
+ hv (520 nm) (15) 

From this point of view, the TSL of LA, 
can be considered as a sensitized TSL, with 

Mn*+ acting as ion activator. Nevertheless 
it should be noticed that there is probably a 
large energy mismatch AEsa of approxi- 
mately 4000 cm-t between the Fe3+ and 
Mn*+ transitions. Since AE,, is several 
times the highest phonon energy of oxide 
materials, the energy transfer should take 
place via a multiphonon process (27). In 
this case a transfer between ions without 
electronic energy overlap is possible pro- 
vided that the overall energy conservation 
is maintained by the simultaneous annihila- 
tion of several phonons. However, the en- 
ergy mismatch AE,, could be smaller than 
4000 cm-l since ESR has shown that Fe3+ 
occupies a strongly distorted tetrahedral 
site of C3, symmetry. Its 4T1 state is thus 
split by the axial crystal field into 4A2 and 4E 
states. One of these two states, raised in 
energy with respect to the 4TI state, could 
then approach the energy of the 41’1 Mn*+ 
state. 

The mechanism for the two TSL peaks at 
210 and 320°C is probably similar to that of 
the peak at 95°C since it involves the same 
electron trap Fe3+ and the same Mn*+ acti- 
vator ion. The hole traps are now B and C 
centers and the higher temperatures of the 
TSL result from higher binding energies 
(1.0 and 1.2 eV instead of 0.7 eV) of the 
holes in B and C centers. 

The variation of the green TSL intensity 
with respect to the temperature of the glow 
peaks in LA0 (Fig. 3) can be qualitatively 
explained according to the multiphonon as- 
sisted energy transfer discussed above. Al- 
though center A is the most important hole 
trap, its thermal recombination at 97°C 
leads only to a very weak green TSL while 
recombination of defects B and C at higher 
temperature- at which more phonons are 
available to assist the energy transfer-lead 
to a strong green TSL. If N is the number of 
phonons involved in the process, the en- 
ergy transfer rate rises steeply with temper- 
ature as Ww[kT/hoY” (27). For a given con- 
centration of hole centers, the intensity of 
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the manganese emission should thus in- higher is the concentration quenching effi- 
crease as IaTN. ciency. 

The increase of manganese concentration 
y in LA, results in two effects: (i) From y = 
0 to y = 0.01 there is a strong increase of 
the peak intensities at all temperatures. References 
This effect is particularly important at low 
temperature; (ii) for y 2 0.07 there is a con- 
centration quenching of the TSL. This ef- 
fect increases with temperature so that the 
TSL intensity at low temperature is only 
slightly affected by the increase of y while 
the TSL peaks at 210 and 320°C strongly 
decrease with increasing y and vanish, re- 
spectively, for y 2 0.27 and y 2 0.15. These 
last features can be explained by an in- 
crease of the efficiency of the concentration 
quenching process with increasing temper- 
atures. At high manganese concentration, 
energy migration between Mn2+ ions can 
occur. Because of the efficiency of this en- 
ergy transfer between identical ions (27), 
the excitation may ultimately reach a 
quenching trap, and dissipate thermally 
(27). A previous ESR study of Mn2+ in LA, 
compounds (10) has shown that these ions 
experience crystal field disorder and (or) 
statistical distribution among different 
sites. Thus some Mn*+ with their 4Tl levels 
lying at lower energy than the other Mn2+ 
ions can act as luminescent traps. Under 
these conditions, the evolution with tem- 
perature of the intensity of the green TSL in 
LA, 0, > 0.07) can be tentatively explained 
in the following way. 

(i) Near room temperature, Fe3+ [4T1] 
transfers its excitation to a neighboring 
Mn2+ [4TJ trap from which the green lumi- 
nescence occurs. 

(ii) At higher temperatures, 4T1 states of 
regular Mn2+ ions are thermally populated 
at the expense of the Mn*+ [4T1] traps. The 
excitation is again transferred along chains 
of Mn2+ ions until it comes into the vicinity 
of a quenching trap. Consequently the 
higher the temperature the lower is the pop- 
ulation of the luminescent traps and the 
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