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LaMgAl,,O,s: Ti3+ is studied by electron nuclear double resonance (ENDOR) spectroscopy. *‘Al 
ENDOR of Ti3+ in octahedral (2a) sites shows a strong covalent interaction between the Ti3+ ion and 
A13+ ions in the nearest octahedral (12k) sites. The EPR line of titanium in the (2a) site exhibits a 
significant strain broadening. ENDOR experiments show that this effect is due to acrystal field disorder, 
which probably results from a statistical occupancy of the neighboring tetrahedral (4f) site by Mg*+ 
and Al’+ ions. This work also provides evidence that hydrogen atoms diffuse in the spine1 blocks during 
crystal growth. ENDOR of titanium in the octahedral (12k) site shows the existence of a neighboring 
proton trapped between the two oxygen ions bridging two (12k) sites. Our results suggest that this 
proton belongs to a Ti3+(H+ ,M$‘) defect cluster and that it compensates the lack of positive charge 
due to an antisite defect, which is a M$+ ion in the (12k) aluminum site. o 1~91 Academic press. II-C. 

I. Introduction and BeAl,O, (6, 7). Laser action has been 
observed for YAlO, and BeAl*O,. 

Titanium-doped sapphire has been in re- Recently, several groups have manifested 
cent years the major innovation in the field an interest in the LaMgAl,,O,, (LMA) ma- 
of solid state tunable laser materials (I, 2). trix, which can be grown in the form of large 
Several firms are now selling titanium sap- single crystals (8). This material belongs 
phire lasers which can be pumped by lamps to the hexagonal magnetoplumbite 
or by another laser (argon-ion or frequency- (PbFe,,O,,)-type structure (space group 
doubled Nd : YAG lasers). Among the vir- P6,lmmc). The ideal unit cell is made of 
tues of this material are a broad tunability spine&like blocks separated by mirror 
(680-1000 nm) and the lack of ground or planes (Fig. 1). The spine1 blocks contain 
excited state absorption of the laser emis- most of the AP+ and Mg2+ cations distrib- 
sion. Due to the success of titanium sap- uted among octahedral and tetrahedral sites, 
phire, other titanium-activated matrices the Mg2+ ions being mainly located in the 
have been studied recently, among which (4f) tetrahedra (9). The stoichiometric com- 
are MgAl,O, (3), YAlO, (4), Y,Al,O,, (5), position LaMgAl,,O,, corresponds to 50% 

of the (4f) sites being occupied by Mg*+ 
* To whom correspondence should be addressed. ions. The La3+ cations (in 12-fold coordina- 
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FIG. 1. The unit cell of LaMgAl,,O,, with magneto- 
plumbite structure. 

tion) and other A13+ ions (in a trigonal bipy- 
ramidal site) are located in the mirror planes 
(Table I). Thus the LMA matrix offers the 
possibility of three kinds of substitutions: 

-La3+ by other lanthanide ions leading 
to a powerful laser (LNA = La,-,Nd, 
MgA1,,0i9) which gives stimulated emission 
at 1.054 and 1.082 pm) (10). 

-M$+ by divalent transition metal ions 
leading to potential tunable laser materials 
(e.g., LaMg,-,Ni,Al,,O,,, with emission 
around 1.1 pm) (II). 

-AP+ by trivalent transition metal ions 
leading to potential vibronic lasers such as 
LaMgAh-,Cr,019, a red to near infrared 
laser (12) that can substitute for alexandrite 
BeA1,04 : Cr3+. The partial substitution of 
A13+ ions by Ti3+ in the LMA matrix could 
give an alternative to titanium-doped sap- 
phire (8, 13). 

The LMA matrix offers three kinds of oc- 
tahedral sites for titanium ions, namely (2a), 
(4f), and (12k) sites, with D,,, C3”, and C, 
symmetries, respectively (Table I and Fig. 
1). This implies a high titanium solubility, 
up to one atom by formula unit (24). There- 
fore we expect an increased tunability range 
with respect to the a-alumina matrix. We 
recently studied by EPR the distribution of 
Ti3+ among the different octahedral sites 
(25). It was shown that a low doping level, 
86% of Ti3+ occupies the octahedral (2~) site 
(also referred to as site 3) (Fig. 1). The other 
fraction of Ti3+ occupies the octahedral 
sites (12k) (12% occupancy) and (4f) (2% 
occupancy), also referred to as sites 2 and 
1, respectively. The g-tensor of Ti3+ in the 
(12k) site (site 2) was interpreted as resulting 
from a nonidentified defect in a neighboring 
(12k) site. Part of the titanium also enters 
the lattice in the (4+) oxidation state. At 
low titanium content, Ti4+ is found only in 
the (2~) site (1.5). 

This material also exhibits a broad fluo- 
rescence at 775 nm (8, 15) typical of a 
2E-2T2 transition of Ti3+ ions in the octahe- 
dral site (Z-5). The fluorescence lifetime 
was found to be -4 ps at room temperature. 
The EPR results led us to deduce that the 
fluorescence originates from Ti3+ in the 
most populated (2a) sites. 

The polarized optical absorption (OA) 
spectra of LMA : Ti exhibit a more complex 
structure (8,26). When the electric field vec- 
tor E of the polarized light is perpendicular 
to the c-axis, the OA spectrum shows only 
the 2T2-+2E transition of Ti3+ in octahedral 
(2~) sites at -580 nm. However, for E j]c, 
two bands at ~730 and 2980 nm appear in 
addition to the 580-nm band of Ti3+. Similar 
infrared bands, which occur in the expected 
tunability range of the laser emission, have 
also been found in other titanium-activated 
matrices (4). These bands lying in the wave- 
length range of the Ti3+ fluorescence in 
LMA can impede laser applications of the 
material (17). Various attempts to suppress 
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TABLE I 

EPR PARAMETERS AND SITE SYMMETRIES IN LaMgAl,,Olg : Ti 

Direction 
Atoms g factors of g axes Localization Coordination Geometry Symmetry 

A13+, 811 = 1.999 c 4f 6 Distorted octahedron C,, 
Ti3+ site 1 g, = 1.958 

Al3+, g, = 1.975 a 
Ti3+ site 2 g, = 1.926 c 12k 6 Distorted octahedron 

g: = 1.929 CA 

Al3+, gll = 1.9623 c 2a 6 Regular octahedron 
Ti3+ site 3 g, = 1.7962 D3ci 

A13+ M 2+ > g 

A13+ 

La3+ 

4f 4 Tetrahedron C3” 

2b (ideal) 5 (ideal) Trigonal bipyramid D,h 
4e (real) 4 (real) tetrahedron C3” 

2d and (6h) 12 and (8) ht, and (c,,) 

these parasite absorption bands have re- 
cently been described (26). The band peak- 
ing at 730 nm was ascribed to an interva- 
lence charge transfer (IVCT) transition of 
coupled Ti3+-Ti4+ pairs, and the band at 
960 nm was tentatively interpreted as a 
Ti2+-Ti3+ intervalence charge transfer (16). 
The polarization of these bands implies that 
in both cases, the titanium ions of the pair 
are located in adjacent face-sharing octahe- 
dral (4f) sites. 

It thus appeared that further spectro- 
scopic investigations were needed to under- 
stand the complex behavior of Ti3+ in the 
LMA matrix. The present paper reports the 
study of LMA : Ti using electron nuclear 
double resonance (ENDOR) spectroscopy 
(18). This technique is complementary to 
EPR spectroscopy, with the advantage of a 
much higher resolution without significant 
loss of sensitivity. In an ENDOR experi- 
ment, we detect NMR transitions of ions 
with nonzero nuclear spins surrounding the 
paramagnetic ion. With this technique, 
weak titanium-cation interactions unde- 
tectable by EPR can be measured. The nu- 
clei which can be studied by ENDOR in 
LMA are 27AI (I = 5/2), 139La (I = 7/2), and 

also possible impurities such as hydrogen. 
Indeed, it is known that protons can diffuse 
in crystals during crystal growth, as, for in- 
stance, in the case of spine1 MgAl,O, (19). 

The initial purpose of this work was to 
obtain information concerning Ti3+ in (4f) 
sites, which is presumably responsible for 
the two infrared parasite absorption bands. 
Our efforts were not successful because the 
titanium occupancy of this site was too low 
to give detectable ENDOR lines, so that we 
could only study the ENDOR of Ti3+ in the 
most populated (2~) and (12k) sites. How- 
ever, we obtained interesting results con- 
cerning these two sites. In particular, we 
could show that Ti3+ in the (2~) site (site 3) 
exhibits a strong covalent interaction with 
AP+ in (12k) sites and no interaction with 
A13+ in the other neighboring (4f) sites. 
Moreover we showed that Ti3+ in the (12k) 
site (site 2) is adjacent to a defect in a neigh- 
boring (12k) site. 

II. Experimental 

Single crystals of LaMgAl,, -XTi,O,, (X = 
0.1) were grown at LET1 by one of the au- 
thors (C.W.) through the Czochralski 
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method using a radio-frequency (t-f)-heated 
iridium crucible under nitrogen atmosphere 
(gas flow: 21 liters * min-‘) (8). The crystalli- 
zation rate was 0.7 mm * hr-’ with a rotation 
rate of 5 t-pm. Blue crystals with a very good 
transparency were pulled from the melt ac- 
cording to the preferential growth u-axis up 
to 50 mm diameter and 70 mm length. Cylin- 
ders of 1 cm length and 4 mm diameter were 
cut along the u-axis for EPR and ENDOR 
measurements. 

EPR spectra were recorded on a Bruker 
220D spectrometer operating at X-band and 
equipped with an Oxford Instrument ESR 9 
continuous flow helium cryostat. ENDOR 
experiments were performed using the 
Bruker ENDOR cavity working in the TM,,, 
mode and a 100 W EN1 broadband power 
amplifier. ENDOR spectra were detected 
using frequency modulation of the rf carrier 
without magnetic field modulation. The 
modulation frequency was 12.5 kHz. With 
this modulation scheme the ENDOR signal 
has the appearance of the first derivative of 
the ENDOR enhancement. 

III. General Features of EPR and 
ENDOR Spectra 

Figure 2 shows the EPR spectra of a 
LMA: Ti single crystal recorded at 20 K 
with the magnetic field B parallel and per- 
pendicular to the crystallographic c-axis. 
These spectra have been previously studied 
and reported separately (25). For B 11 c, the 
spectrum exhibits three lines corresponding 
to Ti3+ ions in three different octahedral 
sites of the LMA structure. The most popu- 
lated site, labeled site 3 in Fig. 2, corre- 
sponds to the regular octahedral site (2~). 
The two other sites, labeled 1 and 2, corre- 
spond, respectively, to the trigonally dis- 
torted (4f) site and to the low symmetry 
(12k) site. When the magnetic field is per- 
pendicular to the c-axis, the EPR line of site 
3 is very broad and well separated from the 
other lines, which essentially belong to site 

350 ml 

SITE 3 r5 - 2OmT 

FIG. 2. X-band EPR spectrum at 20 K of a LMA : Ti 
single crystal. (a) B 11 c. (b) B I c. 

2. Only sites 2 and 3 have been identified 
in ENDOR experiments because their EPR 
lines are sufficiently intense. The ENDOR 
lines of site 1 are very weak and always 
hidden by the ENDOR lines of other sites, 
so that the present work deals only with Ti3+ 
in (2~) and (12k) sites. 

The ENDOR spectra were studied with 
the magnetic field B perpendicular to the 
crystallographic axis a. An ENDOR spec- 
trum is obtained by partial saturation of an 
EPR line and by sweeping the radiofre- 
quency radiation through nuclear resonance 
transitions. Since the EPR lines of sites 2 
and 3 occur at different magnetic field val- 
ues, separate ENDOR spectra of Ti3+ in 
these two sites can thus be obtained. 

Figure 3 shows a stack plot representation 
of the ENDOR spectra recorded with the 
magnetic field B parallel to the crystallo- 
graphic axis c, for different values of the 
magnetic field B,, separated by 1 mT. By 
saturating the EPR spectrum in the magnetic 
field range of site 3, the ENDOR spectrum is 
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B. CrnT) 

27Al ENDOR ‘H ENDOR 

FIG. 3. Stack plot representation of the ENDOR spectra of LMA : Ti recorded at 20 K with B 11 c. 
Modulation depth 50 kHz. The two horizontal axes represent the radiofrequency vrr and the magnetic 
field strength B,. The broad line spectrum at low magnetic field is due to 27A1 nuclei near Ti3+ in the 
(2~) site (site 3). The two sets of narrow lines at high magnetic field are due to “AI nuclei (low 
frequency) and proton (high frequency) near Ti .3+ in the (124 site (site 2). 

composed of five equally spaced and broad 
lines, while in the magnetic field range of 
site 2, it is composed of two sets of relatively 
narrow lines. The number of ENDOR lines 
in each set is not well defined and varies with 
the magnetic field setting. The advantage of 
the stack plot representation shown in Fig. 
3 is to clearly emphasize the differences be- 
tween the ENDOR spectra of Ti3+ in sites 2 
and 3. Although these sites are both octahe- 
dral with similar cation-oxygen distances 
and give EPR lines with similar shapes (Fig. 
2a), the striking difference in their ENDOR 
spectra shows that the magnetic interactions 
of Ti3+ with the neighboring atoms are dif- 
ferent for the two sites. 

The two magnetically abundant nuclei in 
LMA are 27A1 (Z = 5/2, Q = 0.15 x lo-** 
m*, 100% natural abundance) and ‘39La (Z = 
7/2, Q = 0.20 x lo-*’ m*, 99.91% natural 
abundance), where Q is the quadrupole mo- 
ment. It is thus evident that these two nuclei 
must be first considered in the interpretation 

of the ENDOR spectra. In the next two parts 
we study separately the ENDOR of Ti3+ in 
sites 3 and 2. 

IV. ENDOR of Titanium in Site 3 

Figure 4 shows the ENDOR spectrum re- 
corded with B(Ic by setting the magnetic 
field at the center of EPR line 3 (see Fig. 
2a). It is composed of five broad lines with 
a peak-to-peak width, Avppr of about 1 MHz, 
and of very weak and narrow lines (specified 
by dashed arrows in Fig. 4). Upon rotation 
of B in the plane perpendicular to a, the 
following modifications of the ENDOR 
spectrum are observed: 

(i) The separation between the broad 
ENDOR lines decreases when the angle 8 
from the c-axis increases, and the lines 
nearly collapse at angles of 50” to 60” (Fig. 
5b). For these orientations of B, one also 
observes a set of narrow lines with peak-to- 
peak widths Av, = 0.3 MHz. These narrow 
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FIG. 4. 27Al ENDOR spectrum of Ti’+ in site 3 re- 
corded with Bllc. Magnetic field setting Bs = 345.63 
mT. The dashed arrows represent some of the narrow 
ENDOR lines superimposed to the broad line ENDOR 
spectrum. 

lines, which are hardly detectable for 8 = 0” 
(Fig. 4), are now well separated from the 
other broad lines. These two sets of 
ENDOR lines correspond to two different 
kinds of nuclei interacting with Ti3’ in 
site 3. 

(ii) A weak ENDOR line is sometimes 
detectable for B at 8 = 10” from the c-axis. 
Its intensity is maximum at 8 = 30” (Fig. 5a) 
and rapidly decreases with increasing 8. It 
vanishes at 8 about 40”. The weakness of 
this signal and its particular angular varia- 
tion show that it is not due to the same nuclei 
which give the two sets of ENDOR lines 
described in (i). Furthermore it is not ob- 
served in all the samples, which definitely 
indicates that it is not due to the nuclei of 
the LMA matrix (27A1 or 139La). As shown 
in Section V, this additional line is due to 
hydrogen impurities. In what follows, we 

focus exclusively on the intense ENDOR 
lines which are always observed. 

The complexity of the ENDOR spectra 
shows that they cannot be interpreted using 
the simple and well-known expression for 
ENDOR frequencies I”~, 

vti = 1 m,A - a%&& (1) 

where A is the hyperfine (hf) interaction and 
g, the nuclear g factor. Expression (1) pre- 
dicts two ENDOR lines, one for each m, = 
?$ value. Owing to the fact that both 27A1 
and ‘39La nuclei possess a quadrupole mo- 
ment, we must use a more accurate expres- 
sion for the ENDOR frequencies. 

If we consider the axial symmetry of the 
(2a) site, the spin Hamiltonian describing 
the interaction of the unpaired electron spin 
of Ti3+ with a single neighboring nuclear 
spin is given by the expression 

I I I I I I I I 
5 IO I5 20 25 30 

$I (MHz1 

FIG. 5. *‘Al ENDOR spectra of Tij+ in site 3, re- 
corded with B perpendicular to a. (a) I3 at 20” from the 
c-axis, E, = 348.20 mT. The isolated line at about 20 
MHz is a proton ENDOR line. (b) B at 60” from the c- 
axis, B, = 370.28 mT. For this magnetic field orienta- 
tion, the broad “Al ENDOR lines collapse, which 
allows the observation of five narrow lines centered at 
the aluminum nuclear frequency ~~1. 
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H = gPB,S, - g&NBozz + AU 

+ osP{z; - Z(Z + 1)/3}, (2) 

where g is given by g = (gi cos28 + g: 
sin*@” and where A is a nearly isotropic 
hyperfine interaction and P the quadrupole 
interaction. In a first-order treatment, the 
energy levels of the spin states are given by 

@m,, 4) = gPBom, - C&B,‘? 
+ Am,m, + OSP{mf - Z(Z + 1)/3}. (3) 

The second-order corrections, which 
amount to A2/2gpBo = 5 kHz, are much 
smaller than the linewidth Av,, = 1 MHz 
and are thus neglected. The ENDOR transi- 
tions satisfy the selection rules Am, = 0, 
Am, = 21 and we thus expect ENDOR 
lines at frequencies 

vrf = IAm, - gJINBo + P(m, * l/2)/. (4) 

When the hyperfine structure of the EPR 
spectrum is resolved, each EPR line is char- 
acterized by a single ml value, which implies 
that each m, transition can be saturated indi- 
vidually. In that case either a four-line 
ENDOR spectrum (for EPR lines - Z < m, < 
I) or only a two-line ENDOR spectrum (for 
EPR lines m, = ?I) is observed. Experi- 
mentally the hyperfine structure is not re- 
solved in the EPR spectrum of titanium in 
LMA, and thus several hyperline lines 
(characterized by different magnetic quan- 
tum numbers mI) are saturated at each value 
of the magnetic field. This happens because 
the resonance condition at a given magnetic 
field of the EPR line does not define a spe- 
cific set of nuclear quantum numbers. More- 
over if spin diffusion occurs, the EPR line 
will be saturated over a width much greater 
than the spin packet width, allowing all the 
m, = 0, *l/2, . . ., -cZ values to be in- 
volved in the ENDOR transitions. This is 
clearly seen in Fig. 3, where the number of 
ENDOR transitions and their shapes do not 
depend on the magnetic field setting in the 
EPR line of site 3. 

Since all the mI values are saturated in the 

ENDOR experiment, expression (4) indi- 
cates that we expect 4 * Z = 10 lines for 27Al 
nuclei and 4 . Z = 14 lines for 139La nuclei. 
In addition, this expression shows that the 
ENDOR frequencies ylf vary with the mag- 
netic field B, and that the curves vlf = f(B,) 
should be linear with a slope equal to g,&. 
It is thus possible to measure the g, factors 
and thus to identify the nuclei interacting 
with the unpaired electron spin of Ti3 + . The 
B, dependences of the ENDOR lines of site 
3 give g, = 1.5 + 0.2. This value is close to 
that of 27Al (gA, = 1.457), but does not fit 
with that of ‘39La (gLa = 0.795). We thus 
conclude that the broad ENDOR lines are 
due to neighboring A13+ ions, which is not 
surprising owing to the relatively small 
Ti3+-A13+ distances compared with the 
large Ti3+-La3+ ones (see Fig. 1). 

It should be noticed that each set of 
ENDOR lines (the broad and the narrow 
ones) contains only 5 lines instead of the 10 
lines expected for *‘Al nuclei. Since expres- 
sion (4) indicates that these 10 lines are de- 
composed into two m, sets of 5 lines with 
4 = ?3, we conclude that we observe only 
one m, set of ENDOR transitions. The ab- 
sence of the other set can be understood by 
examination of the probabilities 9 of dipolar 
magnetic transition between nuclear spin 
states, induced by the rf field, which are 
given in the expression (20) 

6 = k[Z(Z + 1) 
- Mm1 * UIU - msAhAJ2, (5) 

where k is a constant. This expression gives 
the relative intensities of the ENDOR lines 
and shows that the two m, sets of transitions 
should have different intensities. The m,- 
dependent term in the right-hand side of ex- 
pression (5) indicates that the relative inten- 
sities in each m, set are 5 : 8 : 9 : 8 : 5 and 
that the m,-dependent part represents the 
enhancement factor of the rf field (20, 21). 

There are two cases where we expect only 
5 lines instead of 10: (i) when A = 0 and (ii) 
when the condition m,Alv*, = 1 is satisfied 
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TABLE II 

“AI-ENDOR PARAMETERS IN LaMgAl,,019 : Ti FOR 
THE MAGNETIC FIELD ORIENTATION B (1 c 

Titanium Aluminum 
site site IAl IPI Av, 

Site 3 (12k) 8.4 (7) 2.5 (6) 1.0 
(2n) Tetrahedral (4~3 ~0.0” 1.6a 0.3” 

Site 2 (24 ;=7.7 zo.4 0.2 

(12k) 

Note. (A I,1 P 1, and Av, are the hyperfine interaction, 
the quadrupole interaction, and the peak-to-peak width 
of the ENDOR lines, respectively. These parameters 
are given in MH,. 

0 Values measured with the magnetic field E at 60 
from the c-axis. 

for one of the two m, values, which gives a 
zero probability for the corresponding 
ENDOR transitions. The 5 broad lines 
shown in Fig. 4 for B 11 c are located at fre- 
quencies IA l/2 + vAl + 1 P 1 (mr + i) with 
IA I = 8.47 MHz, I PI = 2.56 MHz, and 
vAI = 3.838 MHz (Table II). These values 
give 1 m,A I/v,~ = 1.1. Consequently, the en- 
hancement factor of the t-f field (1 - m,Al 
VA,)’ in expression (5) is equal to 4.41 and 
0.01 for the two possible values m, = t-1. 
We thus expect that the ratio of the intensi- 
ties of the two m, sets of ENDOR lines is 
about 440, so that it is not surprising that we 
detect 5 lines instead of 10. It should be 
noted that the relative intensities of the 5 
observed lines significantly deviate from the 
theoretical ratio 5:8: 9: 8: 5. This is be- 
cause the ENDOR probabilities G? in expres- 
sion (5) do not take into account the relax- 
ation mechanisms, which are not known in 
our case. 

Figure 6 represents the experimental an- 
gular variation of the ENDOR lines of tita- 
nium in site 3. The angular variations of the 
broad ENDOR lines are correctly repro- 
duced using expression (4) with an isotropic 
hf interaction (A I = 8.47 MHz. We estimate 
that the anisotropy of the hf tensor is less 

than 0.4 MHz. The quadrupole interaction 
fits rather well with the expression for axial 
symmetry P = P,1(3 cos% - 1) with I PII I = 
1.28 MHz and with the axis of the quadru- 
pole interaction parallel to c, although it ap- 
pears evident that there is a small nonaxial 
component. However, the latter could not 
be measured because of the considerable 
broadening of the ENDOR lines when B 
deviates from the c-axis. 

Let us now consider the narrow ENDOR 
lines, which can be observed only for mag- 
netic field orientations around 0 = 60”, 
where they are relatively well separated 
from the broad ENDOR lines because the 
latter nearly collapse at this angle. Figure 
5b shows that these lines (marked by 
arrows) are centered exactly at the alumi- 
num IIUClCar fIXqUCIICy VAr. Thus they are 
also due to aluminum nuclei, and they occur 
at frequencies given by expression (4) with 
I P’ I = 1.6 MHz and A’ -L 0 MHz (Table II). 
Since a zero hf interaction indicates that 
there is no electron spin density at the 27A1 
nuclei, this narrow line ENDOR spectrum 
can thus be considered as a pure NMR 
spectrum. 

Identification of the Aluminum Nuclei and 
Crystal Field Disorder 

A titanium ion in aluminum site (2a) has 
two different kinds of aluminum neighbors 
(9), as shown in Fig. 1: the six nearest neigh- 
bors at 2.87 A located in distorted octahe- 
dral (12k) sites and the six next nearest 
neighbors at 3.28 A located in tetrahedral 
(4f) sites. The latter also contain Mg2+ ions. 
ENDOR shows that Ti3+ in site 3 exhibits a 
significant covalent interaction only with 
one of the two kinds of aluminum neighbors, 
since only the broad-line ENDOR spectrum 
is characterized by a large hyperfine param- 
eter ) A I = 8.47 MHz. The attribution of the 
high hf interaction to one of the two possible 
sites is not simple since the hf interaction is 
almost purely isotropic, and also because 
contrary to EPR spectroscopy, ENDOR 
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SITE 2 

A’ 

-20° O0 2o” 60’ 80’ lO( 

1 

ANGLE FROM C 

FIG. 6. Angular variation in the plane perpendicular to a of the ENDOR spectrum of Ti3+ in the (2a) 
site (site 3). The dashed area represents the angles at which EPR spectra of sites 2 and 3 are superim- 
posed. Triangles: proton ENDOR. Full circles: broad “Al ENDOR lines due to aluminum in (12k) sites. 
Open circles: narrow 27Al ENDOR lines. The full lines represent calculated angular variations. 

spectra do not depend in a simple manner on 
the number of equivalent nuclei interacting 
with the unpaired electron spin. It was, how- 
ever, tempting to assign the high hyperfine 
coupling (A ( = 8.47 MHz to interaction 
with 27A1 nuclei in the nearest (12k) site be- 
cause of the short Ti-Al distance in that 
case. 

A quantitative proof for this attribution 
was obtained from an analysis of the EPR 
lineshape (Table III). The hf interaction of 

TABLE III 
THE RESIDUAL EPR LINEWIDTH AEM AND THE 

DISTRIBUTION WIDTHS ugil AND uE) OF gll AND OF THE 
CRYSTAL FIELD SPLITTINGS FOR I?+ IN THE (2a) SITE 

ABhf 8 UB 
(mT) 811 uk.11 (cm-‘) (cm-‘) 

3.11 1.9623 1.2 x 10-Z 1200 200 
3.04” 

a Calculated from expression 6 for “AI nuclei in (124 
sites. 

an unpaired electron spin with N being the 
equivalent nuclear spin Z = 512 should give 
5N + 1 EPR lines. In the more complicated 
situation where this hf structure is not re- 
solved, this should result in a contribution 
A@ to the full width at half amplitude of 
the EPR absorption given by the expression 
(-72) 

(uhf)2 = !j!$J(,&!$+ (6) 

where A is the aluminum hf interaction mea- 
sured by ENDOR. N = 6 is the number of 
aluminum ions in the (12k) shell, since the 
latter is almost exclusively occupied by Al3 + 
ions (9). Moreover taking into account the 
mixed occupancy of (4f) sites by A13+ and 
Mg2+ ions in equal proportions (9), this 
leads to N = 3 for this site. With these two 
N values, expression (6) gives ABhf = 3.04 
mT and Uhf = 2.15 mT for A13+ ions in 
(12k) sites and (4f) sites, respectively. 

The true EPR Iinewidth contains the con- 
tribution ABhf and a strain-broadening con- 
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tribution, crB, due to the distribution of the 
resonance field B,, produced by crystal field 
disorder. These two kinds of inhomoge- 
neous broadening lead to a Gaussian EPR 
absorption with full width at half amplitude 
ABIiZ, and a first derivative of the absorption 
with a peak-to-peak linewidth, AI&, given 
by the expressions (24) 

A&,, = Mm2 + 2 112 W) 1 
AB,, = (2 In 2)-1’2AB,,2. 

(7) 

A& was measured experimentally and ABhf 
was calculated for the two possible sites. 
The strain-broadening contribution crB must 
thus be determined in order to obtain the 
experimental value of ABhf and to identify 
the actual aluminum site responsible for the 
large hf interaction. 

A Ti3+ ion in the (2a) site lies in a crystal 
field with II,, symmetry, which splits the r2g 
levels of the d orbitals in the purely octahe- 
dral field into a, and e levels separated by 
the energy 6 (Fig. 7). Ti3+ thus-has a 2A, 
ground state characterized by the resonance 
condition for the EPR line: 

with g(8)2 = gi cos28 + gi sin28. (8) 

The gll and g, factors are given in this case 
by the expressions (21) 

gll = (2 + k) cos 2y - k 

g, = (1 + cos2y - eksin2yl 
(9) 

with tg2y = (A@/@ + h/2). Experimental 
results (15) give 6 = 1200 cm-‘. The param- 
eter k = 0.8 is the orbital reduction factor 
which takes into account the effect of cova- 
lency, and h = 154 cm-’ is the free ion 
spin-orbit coupling constant. 

On the other hand, if a certain amount 
of crystal field disorder exists, this should 
modify the energy levels of d orbitals from 
site to site. If the resonance condition and 
the g factor are given by expressions (8) and 
(9) for one site, a slightly different crystal 

FIG. 7. Splitting of the 3d energy levels of titanium 
in the nearly octahedral crystal field of the (2~) site 
with D,, symmetry. A = 17,500 cm-’ is the octahedral 
crystal field measured by Optical absorption (8). 6 i= 
1200 cm-’ is the splitting of the trg level due to the 
trigonal component of the crystal field, measured by 
EPR (15). as = 200 cm-’ is the width of the distribution 
of the crystal field splitting 6, due to the crystal field 
disorder at the (2~2) site. UC? is obtained from the combi- 
nation of EPR and ENDOR. This figure also shows the 
projection in the ab plane of the titanium (2~) site and 
the neighboring tetrahedral (4f) sites. These sites are 
occupied either by A13+ or by Mgr’ ions in the ratio 
l/l. A statistical distribution of these ions in the (4f) 
shell is presumably responsible for the distribution US 
of the crystal field splitting 6. 

field at another site will result in a shift, A6 
of the energy splitting of t,, and, through 
expression (9), in shifts AgI1 and Agl of the 
g factor which results in a shift, Ag(f3), of 
g(0) in expression (8), 

As(e) = (gll cos2~ AgIl 
+ g, sin26 Asks@), (10) 

which in turn will cause a shift, A&B), of 
the resonance field B, given by 

(11) 
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It should be noted that Ag,, and Ag, are not 
independent and expressions (9) give the re- 
lation Ag,/Ag,( = 3. If we further assume 
that the distribution of the crystal field split- 
ting 6 is Gaussian, this will result in 
Gaussian distribution of the g factor (24) 
with a full width at half amplitude u-g(8), 
which in turn will give a Gaussian distribu- 
tion of the resonance field B, with a full 
width at half amplitude c&(8) deduced from 
expression (II), 

&((j) = hv-@) 
P SW2 ’ (12) 

with the corresponding relation ug,/ug,, = 
3. The resulting peak-to-peak linewidth 
A&,(8) is deduced from expressions (7) and 
(12): 

ABpp(0) = (2 In 2)-1’2 
[ 

(mhf)2 

+ (pygq”‘. (13) 

hBhf does not depend on the magnetic field 
orientation since we know from ENDOR 
measurements that the aluminum hf interac- 
tion A is almost isotropic. Consequently ex- 
pression (13) gives 

= (2 In 2))‘” ($I(; - -$ (ag,,)2. (14) 

From the experimental values gll = 1.9623 
and g, = 1.7962, and from the EPR line- 
widths (A&,)li = 3.20 mT and (A&,), = 
8.00 mT for B 1) c and B I c, respectively, 
expressions (14) and (13) give ogll = 1.2 x 
low2 and hBhf = 3.11 mT. The latter value 
is close to Uhf = 3.04 mT and significantly 
different from ,hBhr = 2.15 mT previously 
calculated for an unresolved hf interaction 
with aluminum nuclei in (12k) and (4f> sites, 
respectively. 

We may thus conclude that the strong tita- 
nium-aluminum hf interaction occurs ex- 

elusively with aluminum nuclei in the near- 
est (12k) sites. There is no hf interaction 
with aluminum nuclei in the next nearest 
(4f) sites, which are presumably responsible 
of the narrow 27Al ENDOR lines character- 
ized by A = 0 MHz. 

Moreover, the important widths agIl = 
1.2 x 10e2 and gg, = 3.6 x 10e2 of the g 
tensor distribution show that Ti3+ in the (2~) 
site experiences an important crystal field 
disorder, which seems fairly general in these 
types of hexaaluminates (23). We may esti- 
mate the distribution width (~8 of the crystal 
field splitting S around the mean value 6 = 
1200 cm-’ (Fig. 7). The slopes of the curves 
q = f@) and g, = f(s) given in expressions 
(9) yield a6 = 200 cm-‘. 

This very important strain broadening of 
the electronic energy levels should perturb 
the optical properties of the material. In par- 
ticular, it could likely be at the origin of the 
important broadening of the zero phonon 
transition that was observed for the 2E+2T, 
emission of Ti3+ in the (2a) site (2.5). This 
crystal field disorder at the (2~) site could 
originate from a disorder in the next nearest 
cationic (4f) shell, which is occupied by 
A13+ and Mg2+ ions in the ratio l/l for the 
stoichiometric composition LaMgAl,,O,,. 
A schematic representation of Ti3+ in the 
(2~) site surrounded by the six tetrahedral 
(4f) sites is shown in Fig. 7. Owing to the 
mixed occupancy of these sites by Al3 + and 
Mg2+, the (2a) site can assume a symmetry 
lower than D,,, which varies from site to 
site depending on the exact Al/Mg configu- 
ration in the (4f) shell. Taking into account 
the important difference between the ionic 
radii of A13+ (0.53 A) and Mg2+ (0.71 A) (25), 
a significant strain should result from the 
existence of many different cationic config- 
urations in the (4f) shell surrounding Ti3+ in 
the (2~) site. 

HyperJine Parameters 
The titanium (2u)-aluminum (12k) hyper- 

fine interaction is normally composed of an 
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isotropic A, and an anisotropic term A, ac- 
cording to the relation 

A(a) = A, + A,,(3 cos2a - l), (15) 

where cx is the angle between B and the 
titanium-aluminum direction. Experimen- 
tally, the very small anisotropy of (A 1, less 
than 0.4 MHz, implies that 1 A, 1 is less than 
0.13 MHz. A, arises from the presence of 
unpaired electrons in s orbitals of A13+ due 
to covalent bonding. A, is the sum of a point 
dipole-dipole interaction A,, between the 
27A1 nucleus and the unpaired electron spin 
of Ti3+, and A, and A, interactions arising 
from the presence of unpaired electrons in 
p, and p, orbitals of A13+ due to covalent 
bonding. The total anisotropic interaction 
A, is given by (26) 

A, = A,, + A, - A, 
with A, = gpg,&Rm3. (16) 

From the Ti3+-A13+ distance R = 2.87 w 
(9), we obtain A, = +0.87 MHz. The exis- 
tence of a negative contribution, A, - A,,, 
of covalent bonding, which amounts to 
- 0.7 or - 1 .O MHz depending on the sign 
of A,, could explain the quasi-isotropy of 
the hf interaction. The largest contribution 
to the hf interaction is due to the isotropic 
term A, which amounts to (A, 1 = 8.2 or 8.7 
MHz, depending on the sign of A,,. 

The spin transfer in aluminum s orbitals 
occurs either via a Ti3+-02--A13+ bond, 
as with cation-cation interactions in other 
aluminates (27), or via a direct Ti3++A13+ 
interaction. In the first case, we expect a 
small and negative spin density (27) at the 
aluminum s orbital originating from a polar- 
ized transfer of unpaired spin from filled ox- 
ygen p orbitals to empty (antibonding) e or- 
bitals of titanium, i.e., A, < 0. In LMA, the 
isotropic hf interaction is, however, signifi- 
cantly higher than the value A, = - 1 .ll 
MHz measured for CIJ+-AP+ interactions 
in LaAlO,, which occurs by the same mech- 
anism (27). Alternatively, a small amount of 
direct Ti3++A13’ spin transfer should result 

in a positive spin density (26) at 27A1 nuclei, 
i.e., A, > 0. Unfortunately we could not 
measure the sign of the hf interaction, so 
that it was not possible to determine the 
origin of the large covalent interaction be- 
tween Ti3+ and A13+ in (12k) sites. 

The quadrupole interaction Pii is related 
to the electric field gradient 4 at the 27A1 
nucleus and to its quadrupole moment Q by 
the expression: 

P,, = (3c2Q~)l(4Z(2Z - 1) 
with eq = aE,ldz. (17) 

The experimental quadrupole interaction 
) PII) = 1.28 MHz gives the value 1 q 1 = 
2.94 x 104’ V mm2 C-’ for the electric field 
gradient q at the aluminum nucleus in the 
(124 site. 

V. ENDOR of Titanium in Site 2 

Figure 2 shows the EPR line of Ti3+ in 
site 2 for two orientations of the magnetic 
field B with respect to the crystallographic 
axis c. The g tensor (Table I) indicates that 
this site corresponds to the octahedral (12k) 
site of the spine1 blocks (Fig. 1). Despite the 
low EPR intensity, we obtained a strong and 
well-characterized ENDOR spectrum for 
site 2 because the corresponding EPR line 
is always well separated from that of site 3, 
and also because the ENDOR lines are 
much narrower than those of site 3. 

The general ENDOR features of site 2 are 
clearly emphasized in the stack plot repre- 
sentation of Fig. 3. For this magnetic field 
orientation (B 11 c), the spectra are composed 
of two sets of relatively narrow ENDOR 
lines located at different frequencies of the 
rf field. The first one, which occurs in the 
frequency range 4.0 to 8.5 MHz, is com- 
posed of 10 to 12 narrow lines (linewidth 
%P = 0.2 MHz), while the other set (line- 
width Avpp = 0.4 to 0.5 MHz), which lies 
in the frequency range 15 to 20 MHz, is 
composed of one pronounced line sur- 
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a) 

FIG. 8. Two representative ENDOR spectra of Ti3+ 
in the (12k) site (site 2) showing 27A1 and ‘H ENDOR 
lines. (a) B Ilc; magnetic field setting B,, = 353.85 mT. 
(b) B I a, at 50” from the c-axis; magnetic field setting 
B, = 347.98 mT. 

rounded by two or three weaker lines. The 
number of apparent lines in each set is not 
well defined and varies with the magnetic 
field setting B,. Figure 8a shows an example 
of an ENDOR spectrum for the orientation 
B I( c, recorded by setting the magnetic field 
at the center of the EPR line (B,, = 353.85 
mT). 

Upon deviation of the magnetic field B 
from the c-axis, there is no shift of the low- 
frequency ENDOR lines. However, the 
number of lines and their relative intensities 
vary with the orientation of B (Fig. 8b), so 
that it was not possible to follow the angular 
variation of each line. Consequently, their 
angular variation is only represented by a 
shaded area in Fig. 9. In contrast, there is a 
dramatic modification of the high-frequency 
part of the spectrum when B deviates from 
the c-axis. The first modification is a rapid 
broadening of the less intense lines and their 
progressive disappearance. The strongest 

line splits into three lines, and one of them 
migrates toward high frequency upon in- 
creasing the angle 13 between B and the c- 
axis (Figs. 8b and 9). This shift is accompa- 
nied by a line broadening, so that the ampli- 
tude decreases, and the line is no longer 
detectable when the angle 8 between B and 
the c-axis is larger than 60”. The two other 
lines exhibit only a small shift toward low 
frequencies and merge into one line for 8 
larger than about 60”. The resulting angular 
variation of all the ENDOR lines of Ti3+ in 
site 2 is shown in Fig. 9. 

Owing to the position of the (12k) site with 
respect to the mirror plane containing La3+ 
ions, the question to be addressed is that of 
the identification of the nuclei interacting 
with the unpaired electron spin. The differ- 
ent behaviors of the two sets of ENDOR 
lines show that they belong to different nu- 
clei. The first evidence comes from the lack 
of quadrupolar splitting of the lines at high 
frequency, which indicates that they belong 
to the nuclear spin Z = 8. Such nuclear spin 
does not normally exist in LMA. On the 
other hand, the low-frequency set of 
ENDOR lines exhibits a pronounced quad- 
rupolar splitting, which is normal behavior 
for *‘Al or ‘39La nuclei with nuclear spins 
Z = & and Z = Q, respectively. The identifi- 
cation of the nuclei is possible from the mag- 
netic field dependence of the ENDOR fre- 
quencies for B 11 c (Fig. 3). From plots of the 
resonance frequency yrf with respect to the 
magnetic field strength B,, (expressions (1) 
and (4)), we obtain g, = 1.7 -+ 0.3 for the 
ENDOR lines at low frequencies and g, = 
5.9 -+ 0.6 for the ENDOR lines at low and 
high frequencies, respectively. The former 
value is close to the nuclear g factor of *‘AI 
h = 1.457) and significantly higher than 
that of ‘39La (gLa = 0.795). Consequently, 
we attribute the narrow lines at low fre- 
quency to *‘Al ENDOR. The other experi- 
mental g, value measured for the high-fre- 
quency ENDOR lines is close to the nuclear 
g factor of the proton (gn = 5.586, Z = 4) 
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FIG. 9. Angular variation of ENDOR of Ti’+ in the (124 site (site 2), in the plane perpendicular to 
the a direction. Circles: experimental points. Full lines: calculated angular variation. Dotted line: 
variation of the proton nuclear frequency. The shaded area represents the frequency domain of 27A1 
ENDOR lines. 

and 19F (gr = 5.258, Z = 4, 100% abun- 
dance). Since there is no objective reason 
for an accidental diffusion of fluorine in the 
LMA crystals and owing to the well-docu- 
mented evidence of hydrogen diffusion in 
the spine1 MgAl,O, (Z9), we attribute these 
ENDOR lines to protons trapped near Ti3+ 
ions in (12k) sites. 

For the same reasons, we also attribute 
to proton ENDOR the high-frequency line 
sometimes observed in spectra of Ti3+ in 
site 3 (see Section IV and Figs. 5a and 6) 
because it takes the same g, value as the 
proton ENDOR lines of site 2. However, 
this proton line is often absent or very weak 
in the case of site 3. In contrast, proton lines 
are always present in the case of site 2, and 
their intensity is high, especially when B is 
not parallel to the c-axis. Consequently, a 

large fraction of Ti3+ in site 2, if not all, 
possesses a neighboring proton defect. This 
agrees with the previous EPR investigation 
which suggested that this Ti3+ ion is adja- 
cent to a cationic defect (IS). 

It should be noted that the ENDOR lines 
shown in Fig. 8, which were recorded by 
setting B, at the center of the EPR line, 
correspond only to one m, state, although 
Eq. (l), which applies for proton ENDOR, 
predicts one line for each m, = +B state. 
However, the missing lines are observed at 
low frequencies, although very weak, at 
high amplification, or when B, is set at the 
low field flank of the EPR line (see, for ex- 
ample, Fig. 3 for B, = 349 to 352 mT). Such 
phenomena, i.e., the observation of only 
one m, state for a given field setting, have 
already been observed when the nuclear 
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spin lattice relaxation time T,, is much 
longer than the electron spin lattice relax- 
ation time T,, (28). 

Identification of the Proton Defect 

We have measured the principal values Ai 
(i = 1,2,3) of the proton hf interaction from 
the angular variation of the ENDOR lines 
(Fig. 9), which allowed us to deduce the 
localization of the proton site with respect 
to that of the Ti3+ ion. Taking into account 
the small anisotropy of the EPR line in the 
plane perpendicular to a (Table I), the g 
factor can be neglected in the calculation of 
ENDOR frequencies, which are given by 
the following expression for an arbitrary ori- 
entation of B. 

$ hf (m,A, - vH)2 I”, (18) 
i=l 3 

where hi is the direction cosine between B 
and the ith hyperfine tensor axis. The fact 
that the lines nearly collapse when B is par- 
allel to the c-axis indicates that all the 
Ti3 + -proton pairs are equivalent for this ori- 
entation and that the Ti3+-proton directions 
are perpendicular to the c-axis. This orienta- 
tion corresponds to h, = 1, h, = h, = 0 and 
expression (18) is thus reduced to v(m,) = 
/ msA, - vu I. The existence of a maximum 
of three lines in the angular variation shows 
that there is no site splitting, which implies 
that the two other components of the hf in- 
teraction are parallel to two crystallographic 
axes in the basal plane ab. The solid lines 
in Fig. 9 represent the angular variations 
calculated using the following hf parame- 
ters: A, = +61.2 MHz, A, = + 5.07 MHz, 
and A, = + 2.64 MHz. The A, axis is paral- 
lel to the a-axis, which indicates that the 
Ti3+-proton pair is oriented along a 
(12k)-( 12k) direction. 

The isotropic component A, of the proton 
hf interaction is found to be equal to A, = 
(A, + A, + A3)/3 = +23.0 MHz, which 

gives a spin density at the proton equal to 
mu = + 16.2 x 10m3. The most important 
term for the estimation of the titanium-pro- 
ton distance is the anisotropic part of the hf 
interaction. Normally, if this contribution is 
a purely point dipole-dipole interaction, A,, 
we expect an axial A tensor with A3 = A, + 
2A, and A, = gpg&Re3. However, the 
small anisotropy A, - A, = 2.43 MHz mea- 
sured in the present case indicates that in 
addition to A,, there is a small contribution 
of a finite spin density in p orbitals of the 
oxygen ions forming the OH bond. If this 
contribution is neglected, Ad is estimated to 
be A, = + 19.1 MHz, which gives R = 1.6 
A for the titanium-proton distance. It 
should be noted that this distance is approxi- 
mately half the distance 2.80 A between two 
adjacent (12k) sites, which strongly suggests 
that the proton is trapped at an interstitial 
position between the two 02- ions sharing 
two (12k) sites, forming a (OH0)3- complex 
as in the cases of YAG (30) and a-Al203 
(31). 

The structure proposed for the Ti3+-H+ 
pair is shown in Fig. 10. It should be empha- 
sized that the proton is exclusively localized 
between two adjacent (12k) sites, although 
there are many possible configurations for 
the (OH0)3- complex around the (12k) site. 
The existence of a specific localization for 
the proton suggests that it acts as a charge 
compensator for a cationic defect in the 
(12k) site adjacent to Ti3+. This defect is 
most probably a Mg2+ ion substituting an 
A13+ ion. In LMA, the normal site of Mg2+ 
is the tetrahedral (4f) site (9), but an antisite 
disorder involving a small amount of inter- 
change of Mg2+ and A13+ between (4f) and 
(12k) sites appears very likely, as in the case 
of the spine1 MgAl,O,. Substitution of an 
A13+ in the (12k) site by a Mg2+ ion induces 
a local excess of negative charge which can 
be compensated by a defect with positive 
charge (32). We thus propose that the tita- 
nium center previously labeled Ti3 + (site 2) 
is a neutral Ti3+ (H+, Mg’+) defect cluster, 
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FIG. 10. Proposed model for the Ti3+ (site 2) defect 
cluster. This defect is a (TiAIXHi’ . Mg,‘) cluster formed 
by a Ti3+ ion in the (124 position, adjacent to a Mg*+ 
ion in a neighboring (12k) site. The proton is trapped at 
the interstitial position between the two bridging O*- 
ions, forming a (OHO))- complex. 

denoted (Ti,tHi’ * Mg,,‘) in Kroger-Vink 
notation. EPR intensity measurements 
show that the concentration of this titanium 
center is about 2 x 10” cmp3 for the compo- 
sition x = 0.1. This value also gives the 
lowest limit for the proton concentration in 
LMA. 

Aluminum hf Interaction 

Because of the complicated pattern 
shown by the 27Al ENDOR lines of site 2 

(Fig. 8), we could not derive precise hf pa- 
rameters. However, the center of gravity of 
the aluminum ENDOR lines occurs at about 
the same frequency for site 2 and site 3 (Fig. 
3). The existence of a complex spectrum for 
site 2 indicates that the unpaired electron 
spin interacts with slightly nonequivalent 
aluminum nuclei. If we compare the alumi- 
num ENDOR spectra of Ti3+ in these two 
sites (Fig. 3), it appears that the differences 
arise from the linewidths and the quadrupole 
splitting of ENDOR lines, which are smaller 
for site 2. Applying Eq. (4) for the 27Al 
ENDOR lines recorded with B/c (Figs. 3 
and 8a), the parameters (A ) -‘I 7.7 MHz and 
1 P / = 0.4 MHz are obtained (Table II). 

The neighboring aluminum sites which 
can give hf interactions with Ti3 + in the (12k) 
site are one (12k) site at 2.78 A, one (2~) site 
at 2.87 A, three tetrahedral (4f) sites at 3.30 
A, and two octahedral (4f) sites at 3.32 A. 
The existence of a very small quadrupole 
interaction, (P,, ( = /P l/2 = 0.2 MHz, indi- 
cates that the site of the 27Al nucleus is not 
distorted, which is the case for the (2a) and 
the tetrahedral (4f) sites. Owing to the 
smaller (12k)-(2a) distance and to the previ- 
ous evidence of a strong Ti3+ (2a)-A13+ 
(12k) interaction (see Part IV), we attribute 
the 27Al ENDOR lines of site 2 to Ti3+ 
(12k)-A13+ (2a) interactions. 

VI. Conclusion 

Crystals of LaMgAl,,O,, doped with Ti3+ 
were studied by electron nuclear double res- 
onance spectroscopy. Among the three oc- 
tahedral sites occupied by titanium, only the 
most populated (2a) and (12k) sites have 
been identified in the ENDOR experiments. 

ENDOR of 27Al nuclei showed that there 
is an important covalent interaction be- 
tween Ti3+ and A13+ ions in (2a) and (12k) 
sites of the spine1 blocks. In addition, an 
important crystal field disorder prevails for 
Ti3+ in the (2a) site, presumably due to a 
statistical occupation of the neighboring tet- 
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rahedral (4~7 sites by Mg*+ and A13+ ions. 
It was also shown that a proton impurity is 
trapped near Ti3+ in octahedral (12k) sites. 
This proton is localized between two oxygen 
ions sharing two (12k) sites, forming a 
(OH0)3- complex. A defect model in which 
the protons act as charge compensators for 
Mg2+ ions substituting A13+ ions in (12k) 
sites adjacent to the Ti3+ ions is proposed. 
This neutral species is described as a 
(Ti,tH,’ Mg,,‘) cluster. 
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