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Temperature dependence of homogeneous spectral widths of the 2E-4 A 2 transition
of Cr + in silver P-alumina
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Fluorescence line narrowing was used to measure the homogeneous broadening of the 'E- A2

transition of Cr'+ ions in Al(1) sites, within the spinel blocks, of crystalline silver P-alumina. The
homogeneous linewidth increases as T' in the temperature range 7-200 K. This temperature
evolution is interpreted as being caused by the interaction between impurity ions and two-level sys-

tems, as usually observed in glasses. The glasslike behavior of P-alumina is related to disorder
which is present in the conduction planes and which is the origin of the superionic conductivity of
this compound.

I. INTRODUCTION

The homogeneous linewidth of optical transitions of
impurity ions in crystals is due to processes involving
phonons of the host lattice. When the Raman processes
are dominant, a T temperature dependence is observed
at temperatures T & TD, where TD is the Debye tempera-
ture of the crystal. At lower temperatures the T depen-
dence is stronger (a T temperature dependence is expect-
ed for T approaching 0 K). '

In glasses the mechanisms which give rise to homo-
geneous broadenings of the emission lines are more com-
plex, and produce much stronger effects than in crystals,
leading to an unusual temperature dependence of the
linewidths (I =T", with x ranging typically between 1

and 2). The anomalous behavior of glasses is currently
discussed and accounted for by phenomenological models
based on two-level systems (TLS's), which are typical
of amorphous materials. In these systems, the impurity
ion, during its relaxation, can exchange energy with the
TLS's, as well as with bath phonons. The exponent x de-
pends on several parameters, which usually are difficult
to control: they are, for instance, the form of the interac-
tion between the impurity ion and the TLS's, the density
of states of the latter, and that of the host matrix.

There is no microscopic model which can describe the
TLS's in terms of the defective structure of disordered
solids. On the other hand, it would be useful to test the
theories for the T dependence of the homogeneous
broadening with the help of structurally well-
characterized systems. The family of P-aluminas, i.e., the
binary compounds of M20 (M =Na, Ag, K, Rb, Tl, typi-
cally) and A1203, can play an interesting role in this re-
gard: in fact, it provides a set of crystalline compounds
(space group P63lmmc) in which disordered planes (mir-

0
ror planes) alternate with 11.3-A-thick ordered crystal-
line slabs of A1203 with the spinel structure. The mirror
plane is populated by metal cations and oxygen anions,

which bridge together two adjacent spinel blocks. The
bridging oxygens form a honeycomb network which al-
lows for three unequivalent sets of sites (Beevers-Ross,
anti-Beevers-Ross, and mid-oxygen) available to cations.
The partial, nonuniform occupation of these sites by cat-
ions is the main cause of the disorder present in the con-
duction planes in P-aluminas. Additional disorder in
these planes arises from the lack of stoichiometry in as-
grown crystals; the resulting compounds show remark-
able bidirnensional ionic mobilities, so that these materi-
als constitute a family of very promising solid electro-
lytes.

Among other isomorphs, sodium P-alumina is the most
studied and better characterized one both from the
structural and from the dynamical point of view. ' Be-
cause of their high mobility, sodium ions can be easily re-
placed at moderate temperature by other monovalent cat-
ions. In general, the derivatives of Na P-alumina show
characteristic cation organizations and different degrees
of order in the conduction plane, which are temperature
dependent. So, for example, at very low temperature
silver P-alumina locates the mobile cations preferentially
in Beevers-Ross (BR) and in anti-Beevers-Ross (ABR)
sites, with few Ag+ ions in mid-oxygen (MO) sites, '

showing a considerably different site-occupation degree
from that of Na+ P-alumina. In any case, when the tem-
perature increases the distribution of mobile cations be-
comes progressively more disordered until it approaches
that of a two-dimensional liquid. "

Because of their peculiar structure and dynamics, these
compounds are the ideal systems for studying the homo-
geneous linewidth of optical transitions in disordered
solids. As a matter of fact, impurity ions can be easily in-
serted in a P-alumina crystal, either inside the spinel
block during the crystal growth, or in the conduction-
plane sites, via ionic exchange reactions. Optically active
ions can partially replace, within the spinel blocks, Al +

ions, which are both octahedrally and tetrahedrally coor-
dinated to next-neighboring oxygen atoms. So, for exam-
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pie, Cr + ions enter substitutionally for Al + ions in oc-
tahedral sites, where they show luminescence spectra as-
sociated with the E- Az transition with typical shapes
and decay times. ' Moreover, they experience different
static and dynamical effects due to the disordered ar-
rangement of mobile cations in the conduction planes.

Cr + ions in Al(4) sites, at the center of the spinel
block and relatively far away from the conduction planes,
show emission spectra typical of Cr + ions in octahedral
sites with the E- A2 transition split in two lines by the
trigonal component of the crystal field. The inhomogene-
ous broadening of these lines is less than their splitting
values, and the spectra are rather insensitive to the
mobile cation species of the conduction plane. ' '

On the contrary, Cr + in Al(1} sites, located close to
the conduction plane, is more sensitive to the specific
disordered arrangement of different cations in P-
alumina. ' ' Therefore, the measurement of the homo-
geneous linewidth as a function of temperature can give
useful information on the dynamical interaction of these
impurity centers with the mobile ion sublattice.

Hereafter we shall report on a study of the temperature
dependence of the homogeneous broadening of the
E- Az transition of Cr + ions in the Al(1} sites of silver

P-alumina. A behavior similar to that observed in glasses
is found, thus gaining new, independent evidence which
supports the hypothesis' of a glasslike structure and dy-
namics of this crystalline material.

A brief account of part of this work has been recently
presented. '

II. EXPERIMENT

The crystal of silver P-alumina:Cr + used for the
present measurements is the same that was studied in
Ref. 15. It was intentionally doped with chromium (mo-
lar fraction Cr203.A1203=0. 1%%uo) during the growth. For
the present measurements it was mounted into a
temperature-controlled optical cryostat, whose tempera-
ture could be controlled within +1 K.

The luminescence spectra were obtained under excita-
tion by the 514.5-nm line of an Ar+-ion laser. The con-
tribution from centers with different decay lifetimes was
selected by mechanically chopping the laser beam and by
detecting the spectra in time resolution. For the
fluorescence-line-narrowing (FLN) spectra, a pulsed dye
laser, with a 0.2-cm linewidth, pumped by an excimer
laser was used as selective excitation. The fluorescence
was analyzed by a double monochromator (resolution
limit of 0.15 cm ') and detected using the photon count-
ing technique. In FLN measurements a time delay of 20
ps and a temporal window of 4 ms (the lifetime at
14104.5 cm ' was 1.8 ms at 4.2 K) were employed in or-
der to avoid the stray light.

III. RESULTS AND DISCUSSIQN

In Fig. 1 we report the time-resolved fluorescence spec-
tra obtained at 78 K under excitation by the 514.5-nm
line in the A2- T2 broad band. The spectrum shown in
Fig. 1(a) shows the emission associated with the E A2-
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FIG. 1. Luminescence spectra of silver P-alumina:Cr'+ crys-
tal at 78 K, obtained under excitation by 514.5-nm laser line: (a)
continuous excitation; (b) pulse width w =1 ms and simultane-
ous detection; (c) w=42 ms and detection from 22 to 50 ms
after laser switch-off.

transition: zero-phonon lines (ZPL's) and relative phonon
sidebands are not well resolved. Spectra shown in Figs.
1(b} and 1(c},obtained under pulsed excitation, show the
presence of centers with short (v=1.7 ms at 78 K) and
long (v=47 ms at 78 K) decay times.

The long-lived luminescence spectrum [Fig. 1(c)],origi-
nating from Cr +-ion emission in the Al(4) site, ' ' con-
sists of two ZPL's, hereafter referred to as R 1 and R 2 in
order of increasing energy, and of a well-defined low-
energy phonon sideband. The R1 and R2 ZPL's origi-
nate from the splitting of the E state in the low-
symmetry crystal field. The very long lifetime is typical
of a center with inversion symmetry, for which the opti-
cal transition is electric-dipole forbidden.

The short-time spectrum [Fig. 1(b)] consists of a broad
band whose linewidth is greater than 100 cm '. It origi-
nates from the E- A2 transition of Cr + ions in Al(1)
sites, and its relatively short decay time (r= 1.8 ms at 4.2
K} reAects the absence of inversion symmetry of the oc-
cupied site. In this case both the splitting of the E level
and the sideband are not resolved because of the large in-
homogeneous broadening. As previously reported, ' '
the spectrum of type 1(c) is not very sensitive either to
the nature of or to the temperature-dependent arrange-
ments of mobile cations in the conduction planes. These
factors strongly affect the fluorescence from Cr + ions in
the Al(1) sites, and produce quite a broad distribution of
the E- A2 transition energies. ' ' However, it is possi-
ble to overcome the inhomogeneous broadening and to
observe the splitting of both the A2 and E states in the
low-temperature FLN spectra, by selectively exciting a
narrow set of centers inside the broad profile. Typical
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FLN spectra, carried out at various experimental resolu-
tions and extending over different energy ranges, are
shown in Figs. 2, 3, and 4: these were obtained by excita-
tion at 14104.5 cm ', i.e., at the maximum of the inho-
mogeneous luminescence line.

Figure 2 reports the low-resolution (5v;„st,=3 cm ')
FLN spectrum, which shows the unresolved resonant
ZPL together with its sideband, which is spread over
about 900 cm '. This part of the spectrum contains
features which are also observed in the vibrational spec-
tra of the crystal. ' A direct comparison with the Raman
or infrared spectra is not possible, since in these experi-
ments, only the scattering from phonons with nearly zero
wave vector is observed, while in our case phonons from
the whole Brillouin zone should be coupled with the
E- Az transition. However, the relatively more intense

band centered at =20 cm ' from the resonant ZPL, with
a shoulder at =50 cm ' (see Fig. 3), reflects the splitting
of the E level. In fact, when we excite the system at a
given energy within the inhomogeneous profile, two sets
of centers will be selected, whose R 1 or R 2 lines are reso-
nant with the exciting energy. At very low temperature,
this last set of centers quickly relaxes to the lower excited
level, from which the R1 line originates, and subsequent-
ly it emits at a different energy. The large width of the
peak shows that the energy spreading of the E splitting
is comparable with the splitting itself. On the other
hand, it should be noted that optical phonons in the ener-

gy range of 20 cm ' have been observed in silver P-
alumina. ' '

In order to discriminate between electronic and vibra-
tional contributions, one usually compares FLN spectra
recorded after excitation in diff'erent parts of the homo-
geneous profile. In particular, by excitation in the low-
energy edge of the band, only R1 absorption should
occur. This method does not work very well in our case
because the electronic splitting (about 20 cm ') is too
small with respect to the inhomogeneous linewidth of the
band (I;„„,& 100 cm '), which, furthermore, has a long
tail toward low energy. However, on the basis of the
present data we are not able to isolate the electronic con-
tribution from that of the vibrational sideband, and
therefore we cannot derive the e6'ective density of states
of the host crystal which interacts with our impurity
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FIG. 3. As in Fig. 2, but with improved resolution (=1
cm '), and limited to the first 100 cm ' from the resonant line,
showing the energy distribution of the E splitting.
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The splitting of the A z ground state is well resolved in

the spectrum shown in Fig. 4(a), where two satellite lines
are coupled with the resonant line, with an energy shift of
about 1 cm '. The width of the central component is the
convolution of the instrumental resolution with the
homogeneous linewidth. At 4.2 K, however, the homo-
geneous linewidth is negligible. The two satellite lines ap-
pear to be broader than the central line, rejecting an en-
ergy spread in the ground-state splitting. By increasing
the temperature, the linewidths become larger and larger
until the central line masks the two satellites [see Figs.
4(b) and 5]. At higher temperature, moreover, the band
at 20 cm ' also contributes to the spectrum: its contribu-
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FIG. 2. FLN spectrum obtained at 4.2 K by exciting at
14104.5 cm '. The resonant line is reduced by a factor 100.
Instrumental resolution (laser-plus-spectrometer linewidth) is
about 3 cm
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FIG. 4. FLN spectra of the E- A & transition on Cr + ions in
Al(1) sites of a Ag P-alumina crystal at (a) 4.2 K and (b) 13.2 K,
respectively. The laser excitation energy is 14104.5 cm ' for
both spectra. The smooth curve on spectrum (b) is obtained by
convolution of a Lorentzian shape with the three-peaked spec-
trum of Fig. 4(a}, corrected for the temperature-dependent pop-
ulations of the two ground-state sublevels. The instrumental
resolution is 0.3 cm
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FIG. 6. Homogeneous linewidths vs temperature for the
2E-422 transition of Cr3+ ions in Al(1) sites in a Ag P-alumina
crystal, excited at 14104.5 cm '. The data are fitted by a
straight line with slope 1.74+0.07.
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FIG. 5. FLN spectra at different temperatures, obtained by
exciting at 14 104.5 cm

tion appears as a shoulder which is more intense on the
side of lower energy, and produces an asymmetrical line
shape. This fact, however, does not prevent measure-
ment of the homogeneous linewidth with good accuracy.
The fitting procedure of the experimental data is based on
the convolution of a Lorentzian shape with the three-
peaked spectrum of Fig. 4(a). However, the relative pop-
ulations at the two ground-state sublevels are tempera-
ture dependent: in the low-temperature spectra the
Stokes-shifted line appears to be more intense than the
anti-Stokes one. The T dependence of the relative inten-
sities of the three lines has been studied between 1.5 and
10 K. The three-peaked spectrum used in the convolu-
tion procedure has been therefore corrected for its tem-
perature dependence. In Fig. 4(b) we show the results of
such a procedure (continuous curve} applied to the FLN
spectrum carried out at 13.2 K (dotted curve).

The homogeneous linewidth, which is half the
Lorentzian linewidth which provides the best fit, is plot-
ted versus T in a log-log scale in Fig. 6: the behavior over
the whole T range is least-squares fitted in terms of a
power law, I ~ T", with x = 1.74+0.07.

Let us now discuss our results in terms of the current
models for the homogeneous line broadening in disor-
dered systems. In a crystalline material the dominant
contribution to homogeneous broadening comes from
Raman scattering processes by phonons at the impurity
center. Its T dependence is very strong (I a ~T ) for
T &&T~, where Tz indicates the Debye temperature of
the compound, and approaches to a T law for T »TD.
One-phonon processes are also important in the low-
temperature regime, when ground or excited electronic
states are split (in our case they are both split). However,

their contribution should be comparable to that observed
in ruby, " and indeed completely negligible.

The linewidth of Cr + in P-alumina is more than an or-
der of magnitude higher than in ruby, " in the whole
temperature range sampled, and is also higher than in the
mullite glass. Moreover, we measure a slope lower than
2, a result which is usually found in glasses. These con-
siderations suggest that the dominant mechanism respon-
sible for the broadening is the same as in the "true"
glasses, where the elementary excitations connected with
the structural disorder (TLS's} strongly couple to optical
impurities. Low-energy excitation modes, other than
phonons, have been found in P-alumina crystals in low-
temperature thermal measurements, ' which exhibit
the same anomalies as those observed in glasses and in
polymers. ' A nearly energy-independent density of
TLS's has been postulated to occur in P-alumina, due to
the glasslike structure of its conduction plane. Therefore,
although it is a crystalline compound, we can try to use
the same models developed for glasses in order to account
for the measured T dependence of the homogeneous
broadening. According to these models, the resulting
linewidth is the sum of the individual widths due to in-
teractions of optical centers with each TLS. An average
is carried out over the TLS's parameters, such as the
asymmetry of the double-well potential, the tunneling
matrix element, and the strength of the interaction V
which is assumed to have a multipolar character
( V=r ', with s =3 for dipole-dipole and s =4 for
dipole-quadrupole interactions, respectively}. In a
homogeneous glass a uniform distribution of TLS states
is assumed: in our system the defect structure is confined
in planar regions 11.3 A apart from each other. ' How-
ever, for dipole-dipole and for dipole-quadrupole interac-
tions, it has been found that a large number of TLS's are
active. Because of the long-range nature of such an in-
teraction, the assumption of a homogeneous spatial dis-
tribution of TLS states in P-alumina should not be too
bad an approximation. The expected slope in the
(logI }-(logT) plot is x = 1+p+d(1 —3/s ), where p gives
the density of states of TLS's p(E)=E", s measures the
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strength of the TLS—impurity-centers interaction
V(r) =r ', and d gives the spectral dimension of the cou-
pling vibrations. As for the nature of the interaction, it is
reasonable to assume the TLS's behave as dipoles, if they
are related to the motion of Ag+ ions among inequivalent
sites of the conduction plane, while the E- A2 transition
of the Cr + ion should have comparable dipole and quad-
rupole characters. The measured slope for the tempera-
ture dependence of the linewidth is well reproduced as-
suming a dipole-quadrupole interaction with a flat densi-
ty of TLS's (p=O), and mediated by phonons (8=3);
this results in x = 1.75, which is quite close to the mea-
sured value. However, we want to point out that 1values
different from 3 should not be rejected a priori, due to the
possible localization of the vibrations in the disordered
region of the conduction plane.

IV. CONCLUSIONS

Our FLN measurements show that the homogeneous
broadening of the emission lines of Cr + ions in spinel-
block Al(l) sites in silver P-alumina shows a behavior
which is similar to that observed in glasses. This result is
both interesting and intriguing at the same time. In fact,
the system shows a crystal structure, made up by ordered
spinel blocks; such a crystal structure is reflected by the
Raman spectrum, ' whose high-frequency features are
characteristic of a typical phonon spectrum with sharp
and well-shaped peaks. Nevertheless, the interaction be-
tween optical impurities and the dynamics of the defec-
tive structure of the conduction planes turns out to be the
dominant mechanism responsible for the homogeneous
broadening of the emission lines. The system looks very
promising in view of further optical spectroscopy mea-

surements in disordered media. In fact, it is possible to
change some parameters such as the content of mobile
cations in the conduction planes, either by partial or by
total ion replacement. Moreover, the impurity ions
(transition-metal or rare-earth elements) can be intro-
duced either in spinel-block sites [Al(4) and Al(l) sites, as
in our crystal], or in the conduction-plane sites (BR,
ABR and MO sites, as was done in sodium P"-alumina
crystals ' ), with different degrees of coupling with the
mobile-cation sublat tice.

In this respect, P-aluminas are much more interesting
than glasses, where there are only minor possibilities of
controlling the parameters which affect the interaction
between optical centers and TLS states. Finally, in the
case of P-aluminas, it should be very interesting to corre-
late the microscopic nature of TLS's with the diffusional
dynamics of the mobile cations among the nearly
equivalent sites of the conduction plane, and, therefore,
to try to connect the observed homogeneous broadenings
to ionic conductivity data.
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