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Fluorescence of Cr** ions in the two different octahedral sites of the spinel block of B- and B’'-alumina
have been measured by time-resolved fluorescence line-narrowing spectroscopy. For the excitation ei-
ther a pulsed or a chopped cw-dye laser was used. Lifetimes and splittings of the ground state (*4,) and
of the 2E state have been measured by tuning the excitation energy within the inhomogeneous profile of
the R, and R, lines of the split 2E-* 4, transition. In sodium B"-alumina, we have isolated several ine-
quivalent emitting centers, which are related to different configurations of the stabilizing Mg>* ions.

I. INTRODUCTION

Sodium B’’-alumina is a well-known superionic com-
pound which has been extensively studied as a prototype
of solid electrolytes for Na/S battery applications.! Dur-
ing the last years it has increasingly stimulated optical in-
vestigations after the discovery that it is able to incorpo-
rate a large variety of divalent and trivalent transition-
metal and rare-earth ions in the conduction region of its
structure, via ion-exchange reactions.”® The exchanged
compositions show very rich optical spectra thus making
the material a very promising candidate for opto-
electronic applications. So, for instance, observations of
laser action® and optical phase conjugation® in the Nd**
substituted B'’-alumina have been recently gained, and
other very interesting optical effects have been reported
in partially Cu*-substituted compositions. ¢

In principle, through the ion-exchange technique, it be-
comes possible to prepare a lot of such compositions with
controlled amounts of chromophors in dependence of the
desired applications. This fact, of course, prompted in-
creasing interest in probing the optical performances of
such compound and their derivatives. However, besides
the technological interest, the optical properties of B''-
aluminas doped with transition-metal and rare-earth ions
turn out very attractive also for fundamental studies.

Optical spectroscopy of solids provide important infor-
mation for understanding the fundamental interactions
between the luminescent ion and the host lattice, as well
as the interactions between optically active ions, which
are important mechanisms affecting the energy relaxation
in solids. With this respect, the luminescent ions, incor-
porated via ion-exchange reactions in the conduction
plane regions, constitute very reliable tools for probing
the local structure as well as the energy relaxation in B''-
aluminas, since their fluorescence spectra are very sensi-
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tive to the disordered distribution and motion of the
mobile ion sublattice. In particular, the temperature-
activated diffusion of mobile ions in such systems may
provide new degrees of freedom for energy relaxation: in
fact, this nonradiative decay mechanism has been postu-
lated to occur in Cr®*-substituted B8"’-alumina.”?

An alternative approach exploits the optical properties
of impurity ions incorporated during the crystal growth
process in the spinel block sites, where they suffer much
less the effects of both the disordered distribution and the
ion diffusion occurring in the conduction regions. In pre-
vious studies we have successfully used optical spectros-
copy of Cr** in spinel block sites of sodium B-alumina to
probe the local structure, as well as the disorder in the
conduction plane regions. We have shown that by time-
resolved spectroscopy it is possible to measure the contri-
bution to the luminescence of centers in different crystal
sites.® For all sites, the inhomogeneous linewidths of the
emission lines are quite large, and the temperature depen-
dence of their homogeneous linewidths shows a behavior
similar to that observed in polymers and glasses.' The
homogeneous broadening of the lines in these systems is
believed to be mainly due to the interaction of the opti-
cally active ions with the two-level systems (TLS), origi-
nally introduced to explain the low-temperature
anomalies observed in amorphous systems like glasses
and polymers.!! The TLS presence in B-aluminas has
been clearly revealed by very low-temperature measure-
ments of thermal, dielectric, and acoustic properties. 12
Despite the large variety of their dynamic manifestations,
nevertheless the microscopic nature of such TLS’s has
not yet been established and further studies, in partially
disordered compounds, seem to be very promising to this
aim.

The present paper reports on the results of a detailed
study of the site dependence of Cr** ion luminescence in
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as-grown crystals of sodium 8- and B’'-alumina, Mg stabi-
lized. The luminescence originates from the 2E-* 4, tran-
sition of Cr** substitutional for AI>* ions in the octahe-
dral sites of spinel block. Measurements were carried out
at low temperatures by exciting at different energies
within the inhomogeneous profile. Both lifetimes and
splittings of either the ground or the excited state for the
different set of centers have been measured.

In Sec. II, the crystal structure of B-aluminas is de-
scribed with special attention to the defect nature of their
conduction regions and to the charge compensation
mechanisms occurring for the different crystal forms. In
Sec. III, the sample synthesis and the experimental pro-
cedures used for time-resolved spectroscopy (TRS) exper-
iments are described. The experimental results of TRS
and fluorescence line-narrowing (FLN) measurements on
sodium B-alumina and B'-alumina (Mg stabilized) are
presented in Sec. IV. In Sec. V, a discussion of the main
results of our study is done in terms of disorder within
the mobile cation sublattice and in terms of the local en-
vironment of a Cr’" ion which depends on the charge
compensation mechanisms for the different compositions.
Finally, some concluding remarks about the role of de-
fects on the spectroscopic features of optical emissions
from impurity ions in solids are given in Sec. VI.

II. CRYSTAL STRUCTURE
OF SODIUM B- AND B""-ALUMINA

The B-alumina group of oxides (B- and B'’-) are defect
structures consisting of slabs of four close-packed oxygen
layers interspersed by layers which have a low atom den-
sity and which contain the mobile sodium cations. The
closed-packed oxide slabs, which show mineral spinel
structure, accommodate AI’' ions in both tetrahedral
and octahedral sites.!>!* There are two main subgroups
of B-alumina, whose space structures differ in the stack-
ing sequence of layers up the crystallographic ¢ axis. The
first subgroup (B-Al,0;), which is stacked according to a
twofold screw axis, contains a mirror plane through the
layers of mobile cations (conduction planes), and results
in hexagonal crystal symmetry (space group Dg,*,
P6;/mmc, No. 194).!1* The mobile cations are distribut-
ed over three different sites (BR, a-BR, and mO) of the
conduction plane, with a relative occupation ratio which
depends on the temperature.’® Ionic diffusion occurs,
through the interstitialcy mechanism,'> extensively
within these open planes perpendicular to the c axis, since
closed-packed Al,O; structure prevents any significant
ionic migration along the ¢ axis.

Sodium p-alumina is a nonstoichiometric compound
due to some soda excess present in the conduction plane,
whose amount depends on the crystal growth conditions
and methods.!%!” Generally, authors refer to sodium B-
alumina formula as to (Na,0),,,11Al,0,, where x ac-
counts for the nonstochiometry degree and typically
ranges between 0.1 and 0.3. For the composition
(Na,0), ,311A1,0;, a suggestive picture of Nat-ion dis-
tribution at 78 K has been obtained through the
refinement neutron-diffraction data by Roth er al.'
They locate 64% of Na* ions in Beevers-Ross (BR) sites,

while the remaining fraction of Na* ions shares in pairs
mid-oxygen (mO) sites, thus making about 22% of con-
duction plane cells double occupied by sodium ions. Ex-
tra oxygen ions also locate in mO sites of these doubly oc-
cupied cells, where they bridge a couple of slightly dis-
placed AI(1) ions of spinel blocks adjacent to the mirror
plane. The resulting Al, (1)-Al;(3)-0,(5)-Al,;(3)-Al,(1)
com%ex is usually referred as to a double Frenkel de-
fect.

The B"-alumina subgroup is stacked according to the
threefold screw axis, contains no mirror plane, and has
rhombohedral symmetry (space group D3;, R3m, No.
166).'* Its unit cell is 50% larger than that of B-alumina
because of the difference in the stacking sequence. Adja-
cent close-packed slabs are held apart by Al-O-Al spacer
units, but in this structure the sodium atom sites lie
above and below the plane through the center of the ox-
ide spacer atoms and the Na*-ion diffusion path encom-
passes a finite volume (the conduction slab) rather than a
plane as in the PB-alumina structure. The projected
three-dimensional view of the B’’-alumina structure, i.e.,
of the region saddling the conduction plane region, plot-
ted in Fig. 1 clearly shows the layered character of this
material, which consists of close-packed spinel-like
blocks of Al,O; alternating low-density stacking regions
(conduction planes).

Sodium B’’-alumina is a ternary system, usually stabi-
lized by addition of spinel-forming cations, as Mg?* or
Li*, which replace a proper fraction of A1’ ions, prefer-

Na'(BR)

FIG. 1. Stereoscopic view of sodium B’-alumina structure,
showing two half spinel blocks adjacent to the conduction plane
region. The tetrahedral and octahedral sites of AI** ions within
the spinel block are labeled according to Ref. 20. The ligands of
the two octahedral sites are evidenced. Na* ions are located in
Beevers-Ross (BR) sites, but slightly displaced (~0.17 A) out
from the plane of the bridging oxygens O(5). Finally, the stabil-
izing Mg®" ions are substitutional for AI** jons in A1(2) sites.
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entially at the Al(2) tetrahedral sites.'®!® Mg-stabilized
compounds have the general formula
Na,, Mg, Al;;_,0;;. The most studied specimen is
Na, ;Mg ¢7Al}0.33017. Due to the substoichiometric
sodium content, some sites in the conduction plane are
vacant and, therefore, Na*-ion diffusion in B'’-alumina
occurs via a vacancy mechanism. Besides the mechanical
disorder of Na* ions in the conduction region, this com-
pound also presents some degree of chemical disorder in-
side the spinel block, due to the stabilizing divalent cat-
ions at the tetrahedral AI** sites. !®

Within the spinel block of 8- and 8'’-alumina there are
two inequivalent octahedral sites available for substitu-
tion of the AI** ion by the Cr** ion (see Fig. 1 for a pro-
jected view of the neighborhood of the two sites within
the spinel block).!® The site at the middle of the spinel
block, referred as to site Al(4) in the B phase!* and site
Al(1) in the B phase,” respectively, has inversion sym-
metry (site group D,;). The second octahedral site [site
Al(1) in B-alumina'* and site Al(3) in B"’-alumina®], is lo-
cated closer to the conduction region and shows a lower
degree of symmetry (site group Cg ).

III. CRYSTAL GROWTH.
EXPERIMENTAL PROCEDURES

Single crystals of melt-grown sodium B-alumina were
originally supplied by Union Carbide Co. in the non-
stoichiometric (Na,0), ,311A1,0; composition. The sam-
ples used in our experiments were cut from a larger boule
in regular platelets with typical dimensions of 8 X5X0.5
mm?. They showed very high optical quality, being com-
pletely transparent and without any appreciable surface
damage.

Sodium pB'’-alumina crystals, Mg stabilized, were
grown at 1675°C from a melt of Na,O, MgO, and Al,O,
by a flux evaporation method, as reported by Briant and
Farrington.?! They were cut in quite small platelets (typ-
ical size 4X4X0.2 mm3) of nominal composition
Na, Mgy 67A110.33017-

Both these compositions contain traces of Cr’t ions,
incorporated as natural impurities of AI>* ions in spinel
block sites during the crystal growth. In sodium B''-
alumina crystals trace amounts of Mn?* ion were also
detected.??

A different set of Mg-stabilized sodium B'’-alumina
crystals, doped with a controlled (5000 ppm) amount of
Cr,0;, was provided by Airtron Co. These samples
looked slightly red in color, due to the Cr** doping.

Finally, some small (typical size 4 X3X0.5 mm?) single
crystals of Na B-alumina, intentionally doped with Cr’*
ions, were grown by us from a molten flux of Bi,O; fol-
lowing the procedure used by McWhan et al.!” The
crystals were optically clear and transparent, although
they nominally contained about 500 ppm of Cr** ions.

Before the measurements our - and ''-alumina crys-
tals underwent prolonged thermal treatment in an inert
atmosphere at 420 and 450°C, respectively, in order to
get a satisfactory dehydration. During the experiments
they were mounted into an optical cryostat kept under
the vacuum of a diffusion pump.

The excitation spectra were obtained under irradiation
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of a tungsten lamp filtered by a single monochromator,
with a spectral resolution of about 20 cm™!, while the
emission spectra were obtained under excitation of the
514.5-nm line of a cw Ar ' -ion laser. A pulsed dye laser
(linewidth of 0.2 cm ™ !), pumped by an excimer laser, and
a ring dye laser (linewidth of 0.1 cm™') pumped by an
Ar™-ion laser were used for site-selective excitation ex-
periments. The light beam was focused on the sample by
a 25 cm focal length lens. The luminescence was ana-
lyzed by a 0.8-m focal length double monochromator
with a resolution limit of 0.15 cm™!, and detected by a
standard photon-counting system, interfaced to a person-
al computer.

Light pulses of variable duration between 1 and 50 ms
were produced by focusing the filtered light of the lamp
or the cw laser beam on a chopper wheel. The wheel
shape and the chopper speed were chosen in order to
match the temporal response of our samples. The refer-
ence output of the chopper triggered either the scans of
the multichannel analyzer in decay-time measurements or
some temporal windows of detection in the time-resolved
experiments, allowing the simultaneous detection of spec-
tra at different delays.

IV. RESULTS

A. General features of Cr>* -ion fluorescence
in B- and B'’-alumina

The luminescence spectra obtained at 77 K under cw
excitation of the 514.5-nm line from Na B-alumina and
Na f'-alumina, Mg stabilized, are reported in Figs. 2(a)
and 2(b), respectively. Both spectra show a rather com-
plex structure, with several bands of different width.
Nonexponential decays are observed at any frequency in
lifetime measurements on both samples. This indicates
that optically active ions are located in unequivalent sites.
Site selection can be achieved in different ways: in fact,
the shape of the luminescence in time-resolved spectra
depends on the frequency, polarization, and pulse width
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FIG. 2. Luminescence spectra of Cr** ion, obtained in (c,c)
polarization at 77 K under continuous excitation of the 514.5-
nm line: (a) sodium B-alumina; (b) sodium B"-alumina, Mg sta-
bilized.
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of the exciting light, as well as on the polarization of
emitted light and delay of detection. Two main contribu-
tions to the luminescence were isolated by means of TRS
measurements and assigned to the 2E-*4, transition of
the Cr®* ion in the two inequivalent octahedral sites of
the B and B structures.”?® The luminescence spectra
from long-living centers (20 < 7 < 70 ms), shown in Fig. 3,
are assigned to Cr’" in the site with inversion symmetry
at the middle of spinel block, Al(4) in B-alumina and
Al(1) in B"-alumina. On the contrary, the emissions from
centers with lifetimes of few ms, reported in Fig. 4, are
associated to Cr’* ions in the octahedral site with Cg
symmetry, Al(1) in S-alumina and Al(3) in B''-alumina.

The luminescence spectrum of long-living centers in -
alumina, recorded at 4.2 K [Fig. 3(a)], shows a zero-
phonon line (ZPL) at 14265 cm™! with a full width at
half maximum (FWHM) of about 40 cm ™!, and a struc-
tured vibronic sideband (SB) on the low-energy side. In
B’'-alumina [Fig. 3(b)] the ZPL appears shifted to higher
frequencies and splitted in three bands which seem to
hide further internal structures.

Lifetime measurements performed at different wave-
lengths in B-alumina present a fast decay in the first few
ms and a long tail, which can be well fit by a single ex-
ponential giving a lifetime of about 70 ms. If we set time
delays greater than 20 ms in order to completely cut the
contributions of short-lifetime centers, the spectra are in-
dependent from the delay. Therefore, the luminescence
of Fig. 3(a) is characterized by a lifetime of 70 ms. The
same measurements on [’’-alumina show that only for
some wavelengths the time decay pattern can be fitted by
a single exponential even in the long delay tail. In gen-
eral, at least two lifetimes are necessary to reasonably fit
the long delay data, indicating that the observed lumines-
cence originates from different sites. In fact, lifetime
values ranging between 20 and 65 ms are observed and
the actual shape of the spectrum sensitively depends on
the time setup.
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FIG. 3. Time-resolved luminescence spectra of Cr** ions at
4.2 K in (a) Na B-alumina and (b) Na B"-alumina: (a) pulse
duration 50 ms and detection from 40 to 90 ms after laser
switchoff; (b) pulse duration 40 ms and detection from 30 to 80
ms after laser switchoff.
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FIG. 4. Time-resolved luminescence spectra of Cr3" ions in
(a) Na B-alumina and (b) Na B’’-alumina obtained at 4.2 K un-
der excitation at 514.5 nm. Pulse duration (a) 4 ms and (b) 3 ms
with simultaneous detection.

The spectra originated by short-living centers are
characterized by larger inhomogeneous linewidths. In -
alumina [Fig. 4(a)] a single band, centered at 14 100 cm ~!
with a FWHM of about 100 cm™!, is observed, while in
B'’-alumina the spectral range of ZPL’s spans more than
300 cm~!. In both the spectra, due to the large inhomo-
geneous broadening, ZPL’s and SB’s are not well separat-
ed and FLN experiments have been performed in order to
isolate the respective contributions. Moreover, several
lifetimes, in the range between 1 and 7 ms, are observed
in the full spectra of both compositions, so that their
shape strongly depends on the time setup, especially for
B'’-alumina where the spread in the decay times is
greater.

The strength of the crystal field at the impurity site can
be obtained from excitation spectra. Typical excitation
spectra of Cr** in Na ”-alumina are shown in Fig. 5.
The two bands, centered at about 550 and 400 nm, are
due to the spin-allowed *4,-*T, and *4,-*T transitions
of Cr** ions in octahedral sites. The crystal-field param-
eter Dg, deduced from the energy of the *A4,-*T, transi-
tion, is 1720 and 1930 cm ™! for the centers with shorter
and longer lifetimes, respectively [Figs. 5(b) and 5(c)]. In
a crystal field lower than cubic the two quartets should be
split, but possible internal structures of the bands are not
resolved in the spectra of Fig. 5. In the spectrum of Fig.
5(c) a weak structure is present at 15125 cm™~!. It has to
be assigned to the *A4,-2T; transition, but even in this
case the expected internal structures, due to the spin-
orbit interaction and trigonal field, are not observed. The
spectra of Fig. 5 are taken by detecting at 14320 cm ™! at
the lowest-energy peak of ZPL structure of Fig. 3(b). Ex-
citation spectra taken at different detection energies are
very similar: the large homogeneous widths of the *4,-
4T, and *4,-*T, bands tend to hide the inhomogeneous
effects. The time-resolved excitation spectra of B-alumina
do not present important differences from those of B''-
alumina.
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FIG. 5. Time-resolved excitation spectra of a Cr** ion
recorded at 77 K in Na B’’-alumina, for emissions observed at
14320 cm™!: (a) continuous excitation; (b) pulse duration 5 ms
with simultaneous detection; (c) pulse duration 60 ms and detec-
tion from 20 to 70 ms after laser switchoff.

B. Sodium B-alumina

The luminescence spectra of Na S-alumina present a
simpler structure with the respect of 8’ isomorph. At 4.2
K the luminescence with long lifetimes (7=70 ms) con-
sists of a broad ZPL (R, line) and its sideband. At
higher temperature a second line (R,) appears at higher
energy (AE=113 cm™!) and the lifetimes decrease (62 ms
at 77 K, 44 ms at 300 K). The intensity ratio of the two
lines has a temperature behavior which is well fitted by
the equation Ig,/Ip,~exp(—AE/kyT), indicating
thermal equilibrium between the population of the two
Kramers doublets of the 2E split state.

The intensity ratio of the two lines, at a given tempera-
ture, depends on the polarization of the luminescence.
Figure 6 shows the room-temperature luminescence spec-
tra from long-living centers in different polarizations.
The spectra were collected in the 90° geometries:
a'(c,a’)a [Fig. 6(a)], a’'(c,c)a [Fig. 6(b)], and a’(a,a)c
[Fig. 6(c)], with the usual notation for a scattering experi-
ment, i.e., direction of incident laser beam (polarization
of incident beam, polarization of emitted light) direction
of emitted light. The two unoriented orthogonal direc-
tions in the mirror plane are labeled with a and a’, while
¢ is the direction normal to the plane.

The shape of the spectra depends on the polarization of
the emitted light, while the intensities depend also from
the polarization of incidence and from the scattering
geometry. The spectra in Figs. 6(a) and 6(b), recorded for
the same sample orientation, differ only for the detection
polarization and are indeed directly comparable. Spec-
trum 6(c) was obtained in a different geometrys; its intensi-
ty was scaled to that of Fig. 6(a), in order to give the
same intensity on the sidebands, which have more or less
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FIG. 6. Time-resolved luminescence spectra of Cr** ions in
Na B-alumina obtained at 300 K, under excitation at 514.5 nm,
in different polarization settings: (a) a’(c,a’)a; (b) a’(c,c)a; (c)
a’(a,a)c. The directions of the electric and magnetic fields of
the emitted light are reported. Pulse duration 40 ms and detec-
tion from 25 to 50 ms after laser switchoff.

the same shape. This normalization procedure is based
on the assumption that the sideband is of pure electric-
dipole (ED) character, and, therefore, its intensity de-
pends only from the direction of the electric field of the
emitted light. A comparison of the three spectra shows
that the ZPL’s have mainly magnetic-dipole (MD) char-
acter because their intensity is much more sensitive to the
magnetic- than the electric-field direction of the emitted
light.

For a more quantitative analysis of the results of Fig.
6, the intensity ratios of the lines in the different polariza-
tions are reported in Table I. The intensities of the R,
lines was multiplied for the factor exp(+AE /kyT), in or-
der to take into account the lower thermal populations of
the upper doublet of the 2E state. Finally, the values are
normalized to that of the R, line in H||c polarization.

Table I also reports the values of MD intensities calcu-
lated taking into account the spin-orbit (s.0.) coupling be-
tween the 2E and *T, states in trigonal symmetry. In a
perturbative approach, the MD transition probabilities
between the |*4,m?) ground-state sublevel and the ex-
cited [2Ey°m¢) state, is proportional to the following ex-
pression:

TABLE 1. Relative transition probabilities for R, and R,
components of the 2E—*4, transition as obtained from the
data of Fig. 6. The calculated MD transition probabilities in
trigonal symmetry are also reported (see text).

Rl R2
Pol. Expt. (Calc. DM) Expt. (Calc. DM)
Elc,H|ja’ 0.4 0.5-A 0.49 0.83-A
E|a,Hjc 1 1 0.5 0.33
E|a,HJja’ 0.44 0.5-A 0.55 0.83-A
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2
(4A2ms"!Mq FTy'm) T, y'ml|H, , PEy*m)

Y m

where M, is the g component of the MD operator; v and
y' are the orbital components of 2E, *T, states in trigonal
symmetry; m?, m¢, and m/ are the spin components.
Notice that the transition probabilities depend on the
energy difference between the two states coupled by the
spin-orbit operator H, , . In trigonal symmetry the orbit-
al part of the T, state splits into a doublet E(x, ) and a
singlet A (x,), the further splitting due to H,, being
negligible for important trigonal fields. The ZE state
splits into two doublets: 2A4(u?,,,u”,,) and
E(uZ,,,,ul,). Since
(“Ayml M, *Tyy'm) =ML MI'T)8 8, 0 (2)
transitions with H||c (g =0) are allowed to the x (y'=0)
state and transitions with Hlc (¢ ==x1) are allowed to
the x . ,x _ states. Different values for the energy gap ap-
pear in Eq. (1) if the *T, state is splitted by the trigonal
field. The A factor in Table I accounts for this effect and
is given by

Ae E(*T,x,)—ECE) |
E(*T,x,)—E(E)

(3)

In Egs. (1) and (3) the small 2E splitting (AE ~113 cm ™ !)
is neglected.

The overall best agreement between the experimental
and calculated MD transition probabilities is achieved for
A=0.7-0.8, i.e., with the E (x_ ) state at a higher energy
than the A4 (x,) state. The effects of the trigonal crystal
field are described by the parameters v,v’.2* The *T,
splitting is given by

E(*Tyxo)—E(*Tyx,)~v/2 , @)

being almost independent of v’. The *4, and ’E split-
tings are complicated functions of v,v»’ and of the spin-
orbit parameters &, since many perturbative terms give
important contributions.?>?® In accordance to the
method developed in Ref. 26, assuming Dg=1930 cm ™'
from the excitation spectra of Fig. 5(a), and taking for the
other parameters those proper for ruby (B=650 cm™l,
C=3120 cm™!, £=238 cm™!, £'=199 cm™') the ob-
served splittings of the 2E and *4, states (113 and 0.1
cm ™, respectively, as we will see later) are reproduced by

=1900 cm™! and v'=250 cm~'. From Eq. (4) we
would obtain a splitting of the *T, state of v/2~950
cm ™!, the x, sublevels being at a lower energy with
respect to the x, one. This, in turn, would give A=1.3,a
value which lowers the agreement between observed and
MD calculated intensities of Table I.

It should be noticed that the * 4, —*T, band does not
appear to be split in the excitation spectra. On the other
hand, most of the intensity of the band is expected to be
of ED character as it occurs for the * 4, —2E, due to the
coupling with the odd vibrations. This fact could possi-

o E(*T,y'm!)—ECEy‘m¢)

, (1)
i

[

bly hide the splitting because in trigonal symmetry ED
transitions to x are expected to be much more intense
than to the x state, as observed, for example, in ruby.
Alternatively, it is possible that the actual value of v is
much lower than the exhibited one on the basis of the 2E
splittings. In fact, in many systems the perturbative ap-
proach for the calculation of a large 2E splitting was
found to fail. 2728

In conclusion, our results indicate that most of the
4 4,—’E ZPL transition probability is of MD character,
but only a partial agreement is obtained for the intensities
calculated in a perturbative approach. Furthermore, the
lack of observation of the splitting of the * 4, —*T, band
does not allow a definite determination of the parameters
v and v’ which describe the effect of the trigonal field.

The ratio R =Ig45/Izp; of SB to ZPL intensities, ob-
tained at 77 K, where the different contributions are easi-
ly separated, are about 2 and 3 in the geometry of Figs.
6(a) and 6(b), respectively. This result is in agreement
with the assignment of MD nature to ZPL and of ED to
SB. In fact, the 2E-* 4, transition is weakly coupled to
vibrations so that most of its intensity usually occurs in
the ZPL lines (for instance, in ruby R=0.2 in Elc).?
However, when the ZPL is ED forbidden, a relatively
strong sideband is observed due to parity mixing induced
by odd vibrations (R=2 in Mg0).*® Also the observed
lifetime of 70 ms is indicative of an ED forbidden transi-
tion. A direct comparison can be made with ruby where
the transition is ED allowed by the low symmetry of the
crystal field (7=3.4 ms). In fact, the spin-forbidden
2E —*4, transition gains intensity mainly by spin-orbit
mixing of the E state with the *T, state, so that its oscil-
lator strength is proportional to the square of inverse of
the *T,<>2E energy separation [see Eq. (1)]. The excita-
tion spectra show that the energy separation in pB-
aluminas is more or less the same as in ruby. Therefore,
the much longer lifetime with respect to ruby must be at-
tributed to a smaller oscillator strength of the *4,—*T,
spin-allowed transition of the Cr’* ion in a site with low
distortion from the ideal D,;; symmetry, which does not
allow ED transitions.

At 4.2 K, where the homogeneous broadening of the
lines is negligible, the R, line has a nearly Gaussian
shape with a FWHM of 40 cm~!. By narrow laser exci-
tation inside the inhomogeneous profile the line is nar-
rowed to the experimental resolution (0.2 cm™!). Figure
7 shows FLN spectra obtained exciting in the R line at
T=115 K. At this temperature the homogeneous
linewidth is not negligible, and the resonant luminescence
has a distorted Lorentzian-like shape, with a pronounced
tail toward the center of the inhomogeneous profile when
the excitation occurs in the wings of the emission line.
The line shape originates from the sum of spectra of
different centers excited by the narrow laser band. As-
suming that each center emits in a Lorentzian L of width
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I centered at its mean frequency transition v', we have
for the luminescence line shape I (v)*!

I(v)sz(v’)L(v—-v’,F’)dv’ . (5)
The distribution of the excited sites N (v') is given by
NW)=L(W—v,,[")G(V), (6)

where G (v') is the density of sites having the transition at
v' (i.e., the inhomogeneous profile of the absorption line),
and

L(v' —v,,T)=(C/2m)/[(V —v, ?+(T'/2)*]

gives the probability of exciting at v; a site having the
transition centered at v'.

The experimental curves were fitted in the free parame-
ter I'' by using Egs. (5) and (6) and taking for G (v') a
Gaussian centered at 14260 cm™! with FWHM=40
cm™!. With these values we fit quite well the low-
temperature inhomogeneous profile, apart for a little
thermal shift (at 4.2 K the line is centered at 14265
cm™!). The fits give I'=6 cm ! for all the excitation en-
ergies in the inhomogeneous profile: the crystal-field in-
homogeneities do not affect very much the coupling of
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FIG. 7. Time-resolved luminescence spectra of Cr’* ions in
Na B-alumina obtained at 115 K in (c,c) polarization. Pulse
duration 50 ms and detection from 30 to 80 ms after laser
switchoff. (a) Inhomogeneous profile of ZPL obtained under ex-
citation of the 514.5-nm line in the * 4,-*T, band, (b)—(h) excita-
tion energy set by the arrow.
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the ion with the vibrational dynamics of the host system.

Figure 7 shows that the thermally excited lumines-
cence in the R, line is also narrowed. The R-R, split-
ting remains constant at 113 cm ™! by changing the exci-
tation energy across the R line.

The inhomogeneous linewidth presents a value (40
cm™!) intermediate between that observed in crystals (of
the order of 1 cm™!) and in glasses (hundreds of cm ™ !):
the mirror plane structure is highly defective like a glass
but the Al(4) site, at the middle of the spinel block, has a
short-range crystalline environment.

The poor resolution of our apparatus (~0.2 cm ™~ !) and
the weakness of the signal do not permit resolution of the
expected low-temperature three-peaked structure due to
the ground-state splitting (GSS). The GSS in the Ag -
alumina sample, doped with 1000 ppm of Cr’*, was
found by extrapolating to zero field the data from FLN
measurements under magnetic fields along the c-axis
direction up to 5 T. The *A4, (£3)>*4,(£1) splitting is
about 0.1 cm ™!, the former doublet being the lower in en-
ergy. The GSS for Na B-alumina should be similar to
that of Ag [B-alumina because the luminescence of the
Cr’” ion in the Al(4) site is not very sensitive to the na-
ture of the mobile cation.!® In fact, these ions occupy
sites in the conduction planes which are relatively far
from the Al(4) site (~5.62 A).

The luminescence with the shorter lifetime [Fig. 4(a)] is
characterized by a lower crystal field, a smaller sideband
over the ZPL intensity ratio (R), and a larger inhomo-
geneous linewidth. These facts lead one to assign this
luminescence to Cr’" ions in the octahedral Al(1) sites.’
In fact, these sites are expected to present a crystal field
lower than that of the Al(4) site because of the higher O-
Al average distance [the average Al(1)-O distance is 1.917
A, while Al(4) site has 6 equidistant O ligands at 1.895
A1 Furthermore, shorter lifetimes and smaller R
values are consistent with the ED character of the transi-
tion which is allowed by presence of odd components of
the crystal field at the Al(1) site, which has the low-
symmetry C;.

The nearness of the Al(1) site to the mirror plane, with
its defective structure, causes rather large site-to-site fluc-
tuations in the crystal-field parameters. As a conse-
quence, even after selective excitation in energy, a single
exponential decay is not observed and a nearly continu-
ous distribution of lifetimes in the range 1-3 ms appears.
Moreover, a quite large spread of the R,-R, splitting is
observed, which varies from 130 to 160 cm ™!, thus indi-
cating a poor site-to-site correlation. The observed value
for the GSS, taken at the maximum of the inhomogene-
ous line shape, is about 1.2 cm ™.

The same kind of measurements were performed on in-
tentionally Cr’*-doped Na B-alumina crystals, grown in
our laboratory with 5000 ppm of Cr®* ions. Two
different decay time regimes were still observed. As
shown in Fig. 8, the centers characterized by a longer
lifetime show a spectrum very similar to that of the not
intentionally doped samples. However, some significant
differences are present: the ZPL linewidth is larger
[Trwam =350 cm ! in Fig. 8(b) versus I'gwpn=40 cm ™!
of Fig. 8(a)]; the ratio Igg/Izp; is smaller (R=2 versus
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FIG. 8. Time-resolved luminescence spectra recorded at 77
K in (a) undoped Na B-alumina and (b) 5000-ppm Cr3*-doped
Na B-alumina, under excitation at 514.5 nm. The emitted light
was analyzed with Elc and Hla. Pulse duration 50 ms and
detection from 30 to 60 ms after laser switchoff.

R=3). Moreover, a shoulder appears at the highest-
energy side and at least two distinct lifetimes are record-
ed (7,=50 ms and 7,=40 ms versus the single lifetime
7=70 ms in the undoped compound); the shorter one is
related to the shoulder structure at the high energy of the
more intense ZPL. These results clearly reveal a more
disordered structure with an average stronger distortion
of the Al(4) site. This should be due to the defects
present in the spinel block, induced by the Cr’* content
with possible pair effects, although we cannot rule out
that they are related to a different sodium content.

C. Sodium f'’-alumina, Mg stabilized

As for the case of B-alumina, the luminescence of Cr’*
jons substituting for AI** ions in the middle of the spinel
block [site Al(1) in B’’-alumina] can be isolated in the
large delay time-resolved spectra [Fig. 3(b)]. By excita-
tion in the homogeneously broadened *4,-*T, band,
Cr’™ ions at all sites can absorb, so that the inhomogene-
ous profile of the low-temperature luminescence gives a
good measure of the site-to-site energy distribution of the
R, line. However, this is not exactly true because all the
parameters affecting the luminescence are site dependent:
absorption coefficients and line shapes in the *A4,-*T,
transition, lifetimes and ZPL/SB ratios in the 2E-*4,
luminescence, and possibly quantum yields. In particu-
lar, the shape of the luminescence spectrum depends on
the excitation frequency and on the detection delay after
the laser pulse even for delays larger than 20 ms.

The three-peaked inhomogeneous profile of the R, line
extends over a range of about 300 cm ! and there is not a
sharp separation between ZPL’s and SB’s. The shape of
the sideband can be obtained by a FLN measurement, as
reported in Fig. 9(a), by exciting in the low-energy tail of
the R, three-peaked luminescence in order to reduce oth-
er effects which complicate the spectrum, such as excita-
tion of the R, line. In Fig. 9(c), the contribution to the
sideband is estimated by convoluting the SB shape of Fig.
9(a) with a ZPL line shape, approximated with three
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FIG. 9. Time-resolved luminescence spectra recorded at 4.2
K from long-living centers in S'-alumina, Mg-stabilized: (a)
sideband spectrum obtained in the low-energy tail of the three-
peaked R, transition at 14 330 cm ™~ !. The ZPL has been filtered,
its intensity being about 0.7 times the integrated intensity of the
SB. Pulse width 40 ms and detection from 25 to 70 ms after
laser switchoff; (b) spectrum of Fig. 3(b); (c) estimated contribu-
tion of the sideband (see text).

Gaussians. The SB line shape for v;<14250 cm™! is

very well reproduced in the crude model which assumes
the same R =Igg/I,p; =1.5 ratio for all the centers.
Moreover, it results that relevant SB contributions are
also present in the region of R emission, due to the pres-
ence of the strong structure in the SB at low energy
(AE =30 cm™!). The nature of this structure will be dis-
cussed elsewhere.

Figure 10 shows the time-resolved luminescence spec-
tra obtained by exciting with a narrow band laser within
the inhomogeneous profile [Fig. 10(a)]. Site selection is
achieved, but the spectra are rather intriguing because
three different sets of Cr’" ions can be excited by pump-
ing in the R, line, in the R, line, or in their sidebands.
The first set of centers, which are excited in the R line,
will luminesce in a sharp resonant line (R ) and the relat-
ed sideband. In the low-temperature spectra, when the
homogeneous linewidth is negligible, the width of the line
is limited by the experimental resolution: the line is very
sharp and intense so that it is plotted in the figure with an
intensity reduced by a factor 20. The second set of
centers, which are excited in the R, line, after relaxation
to the lower doublet of the 2E state, will luminesce at
lower energy in the R line and its sideband. Finally, the
third set of centers, which are excited in the sidebands
relative to R, or R, line, will luminescence in their R,
line or sideband, giving rise to broad, poorly structured
bands. The peaks of Figs. 10(b)-10(i), apart for the reso-
nant ones, indicated by the arrows, correspond to R,
luminescence after excitation in the R, line. A continu-
ous distribution of R,-R, splittings is not present:
several rather narrow bands appear. This indicates the
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presence of some sets of Cr*" sites, which should be re-
lated to different structural defects in the nearest neigh-
bors. Each set has rather well-defined values of the life-
times and of the R -R, splittings, and appears for excita-
tion just in limited energy ranges. It is possible to follow
their behavior by comparing many spectra taken at
different near excitation frequencies: the contribution of
each set grows and decays with a nearly Gaussian shape,
so that it is possible to localize peak energies and inho-
mogeneous linewidths. For instance, the set labeled A4
gives a contribution to Figs. 10(f)-10(i) with a nearly con-
stant R,-R, splitting of 111 cm~!. Actually the mean
splitting slightly increases from 108 cm ™! in Fig. 10(f) to
113 cm™! in Fig. 10(). The analysis allows one to define
an A set with a 2E splitting of 111 cm ™!, a lifetime of
40-65 ms, with the R, line centered at 14334 cm ™!, and
a distorted Gaussian shape with FWHM =65 cm ™!, hav-
ing a long tail toward the low-frequency region.

The sharpness of most lines in the FLN spectra of Fig.
10 is due to a low residual inhomogeneous broadening:
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FIG. 10. Time-resolved luminescence spectra of Cr** ions in
Na B’’-alumina obtained at 4.2 K: (a) inhomogeneous profile of
the three-peaked ZPL emission obtained under excitation of the
514.5-nm line; (b)—(i) are the FLN spectra under excitations at
energies within the inhomogeneous profile, shown by the ar-
rows. The intensities of the resonant ZPL are reduced by a fac-
tor 20. Labels refer to different sets of centers (see text). Pulse
width 40 ms and detection from 25 to 70 ms after laser
switchoff.
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within a particular set of similar sites the 2E splitting is
less sensitive to crystal-field fluctuations than the R, and
R, energies themselves. In the case of set A4, for in-
stance, the residual inhomogeneous linewidth is about 9
cm~!, the R, and R, inhomogeneous linewidth being
about 65 cm~!. The C and G sets have a different
behavior: in fact, the residual linewidth is comparable to
the R, and R, linewidths.

A similar study was performed by exciting with a
pulsed dye laser in order to enhance the luminescence
from centers Al(4) with short lifetimes. Some spectra are
reported in Fig. 11 together with the inhomogeneous
profile of Fig. 4. The features of these spectra appear
much broader than those of Fig. 10 and a detailed
analysis in terms of different sites is not possible. With
the label L we group the overall contribution to the
broadband peak at 14 300 cm ™!, whose internal structure
is not resolved. Only two well-defined sites, labeled by H
and I, are isolated by exciting in the high-energy tails of
the inhomogeneous line shape as it results from the spec-
tra of Figs. 11(b)-11(d). Lifetimes and R,-R, splittings
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FIG. 11. Time-resolved luminescence spectra of Cr** ions in
Na fB"-alumina obtained at 4.2 K: (a) inhomogeneous profile
obtained under excitation of the 514.5-nm line; (b)-(i) are the
FLN spectra under laser excitations at energies within the inho-
mogeneous profile, shown by the arrows. The intensities of the
resonant ZPL are reduced by a factor 100. Labels refer to
different sets of centers (see text). Pulse width 20 ns and detec-
tion from 0.2 to 1.7 ms.
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for the most relevant contribute to the luminescence
seems to show a continuous distribution of centers. For
laser energies lower than 14300 cm ™!, as in Fig. 11(h),
only centers in the R; line are excited so that the SB
shape is the only nonresonant contribution. It should be
noted that the spectra of Figs. 10 and 11 are normalized
to their maximum for graphical reasons, so the intensity
behavior is not directly observable. The relevant oc-
currence of Cr3" ions in the different sites can, however,
be obtained from the observed intensities. The latter,
however, strongly depend on the experimental conditions
as evidenced in Fig. 12, where the spectra obtained with
different time intervals of excitation and detection for ex-
citation at a fixed energy are compared. The use of both
pulsed and cw laser sources is indeed essential in order to
have even a rough estimate of the relative contributions
from centers with different lifetimes. The relative oc-
currence was obtained from the rate equations, knowing
the lifetime and assuming the following hypotheses: (i)
the quantum yield is equal to 1; (i) the emission in the SB
has the same probability for any Cr**: parity mixing in-
duced by odd vibrations is assumed to be site indepen-
dent; (iii) the ratio of absorption rate in R, and R, lines
is site independent. We estimate a typical error of 50%
for the obtained values, but possible systematic errors due
to the simplifying assumptions cannot be excluded.
Figures 13 and 14 show the luminescence spectra ob-
tained with higher resolution in the range across the exci-
tation laser line. The ground state * A4, is split in two
doublets (m;==13,+1) for any crystal field of symmetry
lower than octahedral. Therefore, the R, line of each
center is also split in two lines (R;,, R, ). Site selection
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FIG. 12. Time-resolved luminescence spectra of Cr’" ions in
Na B”-alumina obtained at 4.2 K by exciting at 14428 cm™!
with different laser sources: (a) and (b) with a cw laser, mechan-
ically chopped (40-ms pulse width); and (c) and (d) with a pulsed
laser (20-ns pulse width). The detection windows are (a) from 25
to 70 ms after laser switchoff; (b) from 17 to 29 ms; (c) from 17
to 31 ms; and (d) from 0.2 to 1.7 ms.
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is achieved for two groups of ions, those having the R,
or R, resonant with the narrow laser line, respectively.
Each group will, in turn, luminescence from the 2E lower
doublet in the two lines producing a three-peaked spec-
trum. The central peak correspond to resonant R,
(R ;) luminescence after excitation in R,, (R,). It is
very sharp at low temperature and actually its line shape
in Figs. 13 and 14 is due to the experimental setup. The
bands on the two sides of the central peak correspond to
absorption in R, and luminescence in R, or vice versa:
their shape reflects the distribution of ground-state split-
tings. The thermal population ratio of the two *4, dou-
blets regulates the intensity ratio of the bands on the two
sides. At 4.2 K for *4, splittings AE>1 cm™!, the
thermal populations of the two doublets are appreciably
different as it appears in Figs. 13(e) and 13(f) and in Fig.
14. The spectra are not corrected for the spectrometer
response which is asymmetric. The apparent higher in-
tensity of the higher-energy component in Fig. 13(a) is a
spurious effect. Wide distributions of ground-state split-
tings are evident from Fig. 13, which is relative to the
long-living centers. As for 2E, there is not a continuous
distribution of splittings, but different sets of Cr’* ions
with rather defined ground-state splittings appear at any
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FIG. 13. FLN spectra of the 2E-* 4, transition of Cr** jons
in Al(1) sites of Na B'-alumina crystal at 4.2 K for six different
excitation energies within the inhomogeneous profile as shown
in the inset: (a) 14358 cm™'; (b) 14474 cm™!; (c) 14456 cm ™ };
(d) 14425 cm™%; (e) 14413 cm™'; and () 14330 cm™!. Pulse
width 40 ms, detection from 30 to 80 ms after laser switchoff.
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FIG. 14. FLN spectra of the 2E-* 4, transition of Cr** ions
in Al(4) sites of Na B’-alumina crystal at 4.2 K for four different
excitation energies within the inhomogeneous profile as shown
in the inset: (a) 14150 cm™'; (b) 14300 cm™; (c) 14423 cm ™ };
and (d) 14505 cm™!. Pulse width 20 ns and detection from 0.2
to 1.7 ms.

excitation frequency. By comparing lifetimes and spectra
obtained at different excitation energies in the range of
R, occurrence, it was possible in most cases to relate the
data relative to *4, and 2E states. For the short-living
centers of Fig. 14, once again as for the case of the 2E
state, it does not appear a discrete number of sets of
centers with well-defined ground-state splittings. A con-
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FIG. 15. Time-resolved excitation spectra recorded at 77 K
(@) in Na B"”-alumina: Cr’*. Pulse duration 60 ms and detection
from 20 to 70 ms after laser switchoff. The emission is observed
+2 +1 0 -1 =2 at (a) 14508 cm™!, (b) at 14445 cm™!, and (c) at 14320 cm ™},

the energies of three peaks of Fig. 3(b).

tinuous distribution of splittings from about 0.6 to 1.2
cm™! is observed in Figs. 14(a) and 14(b). The mean
splitting increases by increasing the R, energy. In the
high-energy tail of the R, inhomogeneous profile, the
ground-state splitting is very well defined, as it appears
from the sharp peak in Figs. 13(c) and 13(d). It is indeed
possible to assign a GSS of 1.2 cm ™! to set I, which origi-
nates the peaked luminescence centered at 14 505 cm !
in the inset of Fig. 14. The data relative to the different
sets of Cr>™ ions, which we were able to isolate by means
of the present analysis, are resumed in Table II.

It was not possible to select for each set of centers of
Table II, the excitation spectrum, which would give the

TABLE II. Characteristic parameters of Cr**-ion luminescence in 8- and B"-alumina at 4.2 K. For
each set of sites, whose contributions were isolated, we report the energy position (cm™!) of the R line,
its inhomogeneous linewidth (cm™'), its residual inhomogeneous linewidth (cm™!), i.e., the R,
linewidth after narrowband excitation in its R, counterpart, the 2E and * 4, splittings (cm ™), the life-
times, and the relative occurrence estimated on the basis of the observed intensities.

FWHM FWHM ‘4, Relative
Site R, R,-R, inhom. resid. split. 7 (ms) occurrence

Na B” A 14334 111 65 9 0.2 40-65 1

B 14431 84 50 12 1 30 1

C 14454 128 35 20 0.7 25-30 0.2

D 14503 44 35 7 35 0.2

D 14521 25 20 10 1.2 20 0.1

F 14 365 60 44 30 1 4-6 1

G 14420 60 33 27 1.15 8-10 0.2

H 14395 50 46 40 14 5

I 14 505 40 30 28 1.2 3

L 14300 130-150 > 100 0.6-1.2 1.5-3 ~25
Na B8 Al(4) 14265 113 40 15 <02 70

Al(l) 14130 150 100 60 1.2 1.7
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energy position of the *T, and *T, levels. In Fig. 15 we
report the time-resolved excitation spectra taken on the
maxima of the three-peaked long-lifetime luminescence.
The spectra indicate that the crystal fields are very simi-
lar (Dg ~1930 cm~!) and show a small shift towards low
energy of the * 4,-*T, broadband as the 2E-* 4, detection
energy is increased. Therefore, the centers which
luminesce at higher energy are characterized by a lower
crystal field. The energy of the small structure due to the
* A, 2T, transition does not change appreciably. As for
the luminescence with a shorter lifetime, i.e., sites L, a
lowe1]' value of the crystal field is observed (Dg~1720
cm™ ).

V. DISCUSSION

Let us focus our attention on the luminescence relative
to Cr’* ions in the site at the center of the spinel block.
In sodium B-alumina a single set of Cr’™" ions, following
the classification procedures of Table II, is observed: life-
times, 2E and *4, splittings were similar for all the
centers. A nondefect crystalline surrounding for Cr’*
ions was deduced and inhomogeneities were ascribed to
the disordered structure of the conduction planes which
cause relatively small site-to-site fluctuations of the crys-
tal field at the Al(4) site for Cr*™.

The data of Table II suggest a more complex situation
for f'-alumina. The centers with long lifetimes (7> 20
ms), i.e., sets 4 —E, have to be ascribed to Cr** ions in
the AIl(1) site, which correspond to the Al(4) site in S-
alumina. The centers L, with lifetimes of the order of
1-3 ms, should be assigned to the Al(4) site. Sites F-1,
which present intermediate lifetimes, will be considered
later. Therefore, in §''-alumina we are faced with at least
five different, quite well-defined, sets of Cr®* in Al(1) site.
This fact can be understood if we consider that in B''-
alumina, in addition to the disorder of the Na*-ion sub-
lattice, a defect structure is expected in the spinel block
due to the replacement of some AI’* by Mg?* ions. One
is indeed led to a find a simple correlation between the
different sets of Table II and the discrete number of
Mg?*t configurations in the neighbors of Cr’* ions,
which should produce rather well-defined energy level se-
quences and transition probabilities. The disorder of the
defective structure of Na* ions in the conduction region
should add a distribution of fields which produces a line
broadening, as for the case of B-alumina.

By assuming the nominal composition
Na, ¢sMg 67Al;.330,; for B”-alumina, it would result
that two of 33 AI’* ions in the unit cell are substituted
for Mg?* ions, originating a defect with net negative
charge which stabilizes the mean concentration of 5 Na™*
ions in the three conduction planes of the unit cell. From
neutron-diffraction measurements it results that the re-
placement preferentially occurs in the site Al(2) with a
much smaller occupation of the other tetrahedral site
Al(4).3 The simplest model can indeed assume that, on
the average, two of the sixth nearest Al(2) around the
AI(1) sites in B"-alumina are occupied by Mg?* ions.
Table III gives a schematic representation of the possible
nonequivalent configurations with 0, 1, 2 Mg?* ions. The
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Al(1)-Al(2) site separation is about 3 29 A. The six Al(2)
sites are dlsplaced by about +0.57 A along the crystallog-
raphy c axis, with respect to the plane containing the
Al(1) sites, in an alternate way. The net negative charge
associated to a Mg?* ion will produce an electric field at
the Al(1) site with a relative stronger component perpen-
dicular to the c axis (Elc) and a weaker parallel one
(E||c). A simple point-charge model, without lattice re-
laxation, gives the electric field reported in Table III for
the different configurations in units of the field (Elc) gen-
erated by the replacement of a single Mg?" ion. The
probabilities of occurrence reported there are calculated
by assuming random distributions of the Mg?* ions in
the Al(2) sites with a probability value . The following
effects are expected.

(i) The electric field will cause an odd distortion which
removes the inversion symmetry and by parity mixing al-
lows the ED transition, with a shortening of the lifetime.

(ii) The substitution in the Al(2) site of a Mg?* ion
should modify the crystal field at the Al(1) site because of
the different charge and_the bigger ionic radlus ©0.72 A
for the Mg?* ion, 0.5 A for the AI’* ion®). This fact
should also vary the crystal-field parameter Dg which
determines the energy position of the *4,-*T, band.
Moreover, a lowering of the crystal-field symmetry from
the D, one should influence both the GSS and the ’E
splitting. On the basis of the above considerations, we
can now try to correlate the centers A —FE to the different
configurations depicted in Table III. The set 4 presents
spectroscopic properties (lifetime, energy of 2E, ground
state, and *E splittings) which are closest to those of the
site Al(4) in B-alumina and therefore it is assigned to the
configuration without Mg?* ions. The lifetime and rela-
tive occurrence induced to assign the B luminescence to
the site with one Mg?* around, the C, D, and E lumines-
cences to sites with two Mg?' ions around. Among
these, the emission E with the shortest lifetime should
correspond to the last configuration which shows the
strongest odd-parity electric field and the emission D,
with longer lifetime, to the third configuration which is
symmetrical. We would like to find a confirmation of the
above assignments, based on the lifetimes, from the other
spectroscopic properties, i.e., energy positions and split-
tings of the levels. The energy position of the baricenter
of the 2E level, (Eg,+Eg;)/2, shifts to higher energies
passing from the center 4 to B and to C, D, E. At the
same time the * 4,-*T), transition shifts to lower energies,
as shown by the excitation spectra of Fig. 15. From the
Tanabe and Sugano diagrams*® one expects a weak in-
crease of the energy of the 2E state as the crystal field in-
creases: the s.o. interaction between the 2E and *T,
states mainly governs this behavior. The opposite
behavior in B-aluminas indicates that the low symmetry
field contributions dominate on the s.o. coupling in
affecting the energy position of the 2E state. As for the
’E and *4, splittings, no systematic trend is observed.
On the other hand, it is well known that an accurate es-
timation of these splittings is possible only in few cases
even in well-defined symmetry as trigonal or tetrago-
nal, 24.25.34,35

At the present time, the evaluation of the splittings for
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the low symmetry configurations of Table III does not
seem to be possible. In fact, the symmetry of the site be-
comes very low when the distortions are summed to the
trigonal one along the c axis. Moreover, it should be no-
ticed that the signs of the splittings of the centers of
Table II are known only for the Al(4) site in B-alumina.
Finally, one should also note that the residual disorder of
the structure does not have the same effect on the various
sets, as it results from the quite different FWHM’s.

There is not a close correlation between the relative oc-
currence of the A-E centers and the distribution of
probabilities (Table II) calculated on the assumption of a
random distribution of two Mg?™ ions in the unit cell. It
is possible that some correlations Mg-Mg and Mg-Cr ex-
ist. However, we notice that, still assuming a random oc-
cupation of the available sites, a better agreement would
be obtained with a lower content of Mg?™ ions, for in-
stance, 1.5 Mg?™" ions in the unit cell. On the other hand,
we observe other relatively intense contributions to the
luminescence, sets F and G, which seem to be related to
Cr** ions in strongly distorted Al(1) sites rather than in
Al(4) ones, mainly on the basis of their lifetimes. It is
possible that other defects, such as AI’* vacancies, give a
relevant contribution to the charge stabilization in com-
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petition with that of the stabilizing Mg>* ions. Such de-
fects should strongly affect the crystal field acting on the
Cr** ion in the Al(1) site and should produce effects on
its spectroscopic properties like those observed for the
sets F and G: a well-defined crystal-field parameter with
strong distortion from the original trigonal symmetry,
which produces, in turn, relatively sharp lines with short
lifetimes.

The intense luminescence L, and possibly the lumines-
cences H and I, have to be assigned to Cr*" ions in Al(4)
sites due to their lower lifetimes and higher sensitivity to
the disorder. In fact, the lifetime and the splittings of
both ground and excited states of set L are very similar to
those of Cr®* in the Al(1) site of B-alumina. The strong
effect of the Nat disordered distribution on such
luminescence prevents a more detailed analysis and a
clear identification of different sets as for the 4-G
centers.

VI. CONCLUSIONS
A detailed analysis of the luminescence of 3''-alumina

shows properties which are typical of the particular
disordered structure. Two kinds of defects which have

TABLE III. Schematic representation of unequivalent local arrangements for Mg?* ions around the
Cr’* ion at the Al(1) site in Na B”-alumina. Elc and E||c are the components of the electric field E (in
units of E||c) at the Cr** site perpendicular and parallel to the crystallographic c axis, respectively. P
gives the probability of the different configurations for specific Mg?* -ion content per unit cell (see text).
Finally, the last column gives a tentative correlation between the different configurations and the sets of

Table II.
Configuration E, E|c |E| P(1/3)% P(1/4)%  Set
©
s\ Le 0 0 0 8.8 17.8 A
°
v 1 18 1.016 26.3 356 B
Q- -0
b
‘ 0 0 0 6.6 5.9 D
- -©
9
, /3 0 1.73 132 11.8 C
o- -©
Q
1 35 1.06 132 11.8 E
3\ f-o
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different effects on the luminescence can be identified.
The Na% ions’ distribution in the conduction regions acts
as a random strain, which broadens the lines to a nearly
Gaussian line shape and gives rise to a distribution of the
other parameters as lifetimes and splittings. On the con-
trary, the defects due to Mg?™ substitutional for AI**
ions give a relatively well-defined crystal-field perturba-
tion.

By means of FLN measurements, different sets of
centers with characteristic luminescence parameters can
be isolated. Even if a close correlation between the ob-
served luminescences and the expected configurations of
defective Mg?" ions is not always found, the defective
structure of the system is well evidenced. The presence
of centers with strong crystal-field distortion suggest the
presence of other charge compensation mechanisms as
such A" vacancies.

The complex structure of the luminescence has
relevant consequences on the study of the temperature
dependence of the homogeneous linewidth. In fact, the
homogeneous linewidth is site dependent, so that the line
shape can be fitted by a single Lorentzian curve only
when the contribution to the luminescence from a single
set of sites is isolated. In general, the actual line shape
contains contributions of various sites, and in some cases,
as shown in Fig. 4 of Ref. 36, the nearly equivalent con-
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tributions can be isolated by fitting the line shape with
two Lorentzian curves. Detailed results will be presented
elsewhere, but we want to stress here the particular
difficulty that we have found in this study. In order to
study the evolution of the linewidth with temperature one
should select by FLN a particular set of centers and
maintain it under observation when raising the tempera-
ture. This is not so easy, in general, because all the pa-
rameters which identify the different sites, as the energy
transitions and lifetimes, are continuously varying with
temperature. In this way it may happen that the ob-
served luminescence comes from a set of sites continuous-
ly changing with temperature and so the temperature
dependence of the linewidth loses an important part of its
physical meaning. Such a difficulty, while in this system
is well evidenced due to the coexistence of different sets
of sites with rather well-defined parameters, is even hard-
er to overcome in fully disordered systems.
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Al(4)

Al(2)/Mg**

FIG. 1. Stereoscopic view of sodium B'-alumina structure,
showing two half spinel blocks adjacent to the conduction plane
region. The tetrahedral and octahedral sites of AI** ions within
the spinel block are labeled according to Ref. 20. The ligands of
the two octahedral sites are evidenced. Na* ions are located in
Beevers-Ross (BR) sites, but slightly displaced (=0.17 A) out
from the plane of the bridging oxygens O(5). Finally, the stabil-
izing Mg?™" ions are substitutional for A1** ions in Al(2) sites.



