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Disorder in P"-aluminas: Dielectric relaxation and x-ray absorption
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P"-aluminas substituted with rare-earth elements (Pr, Nd, Er, and Tb) and Sn have been studied using

near-edge and extended x-ray-absorption 6ne structure (NEXAFS and EXAFS). In addition, dielectric-
relaxation (DR) measurements have been made on Na —p-, Na-p"-, and Na-Er —p"-alumina. Both the
DR and EXAFS results con6rrn that disorder, particularly in the conduction plane, in the vicinity of the
rare-earth ions is a key feature of the p"-aluminas. The NEXAFS studies show that the rare-earth ions
are ionized to trivalency and are highly localized; in contrast, Sn is clearly divalent, as in SnO.

INTRODUCTION

The p"-aluminas are crystalline solid electrolytes con-
sisting of close-packed layers of aluminum and oxygen
ions, chemically similar to A1203 separated every 1.13 nm

by more open regions containing mobile cations (such as
Na+), often referred to as the conduction planes. The
close-packed layers are stabilized by small amounts of
Mg +, which substitutes for Al, yielding a typical compo-
sition of Na, 67MgQ 67A1]0 330]7 for the parent compound,
Na —P"-alumina. In addition, the nonstoichiometric in-
corporation of Na20 in the material leads to substantial
structural disorder in the conduction plane. ' Related to
the high ionic conductivity of the P"-aluminas is the ease
with which Na+ ions can be replaced by a wide variety of
mono-, di-, and trivalent ions. ' Lanthanide-substituted
p"-alurninas have been studied recently, with particular
emphasis on their optical properties, which include, in
some cases, laser activity. ' The observed optical prop-
erties depend critically on the local structural and chemi-

cal environment of the rare-earth ion. While the site oc-
cupancy of the ions have been investigated by x-ray
diffraction, it is clear that conduction-plane disorder is
prevalent in the substituted material at least to the same
extent as in the parent.

In this paper, we report both dielectric relaxation (DR)
and extended x-ray-absorption fine-structure (EXAFS)
measurements which attempt to characterize more pre-
cisely the speci6c nature of the conduction-plane disor-
der, and near-edge x-ray-absorption fine-structure (NEX-
AFS) measurements to assess the degree of charge locali-
zation in the vicinity of the rare-earth ions. In addition
to measurements on Er—,Nd —,Pr —,and Tb —substitut-
ed P"-aluminas, we present results for divalent Sn-
substituted materials.

EXPERIMENT

Substituted aluminas were made from the parent
Na+ —p"-alumina by ion exchange in the appropriate
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salt. The completeness of the exchange process was6

verified through the use of Na tracers. The exchange
was approximately 40% for the lanthanide materials and
100% for the material containing tin. These materials
are extremely hygroscopic, and precautions were taken to
prevent contamination both during preparation and in
the measurements.

The temperature dependence of the admittance was
measured from about 0.1 to 10 K. The admittance mea-
surements were made at seventeen frequencies between
10 and 10 Hz as described previously. Temperatures
below 4.2 K were achieved in a dilution refrigerator and
the higher-temperature work was done using the same
sample holder in the Cryogenics Associates dewar used
for previous work. For the Na —p-alumina, a slab ap-
proximately 1 mm thick, 5 mm wide, and 15 mrn long
was cut from a boule for which NMR measurements
have been previously reported. This allowed measure-
ments parallel to the conduction planes (perpendicular to
the optic axis). As thick samples of Na —p"-alumina were
not available, measurements were made on a polycrystal-
line sample obtained from Ceramatec, Inc. and perpen-
dicular to the conduction planes on a single crystal grown
at UCLA. Finally, measurements were carried out per-
pendicular to the conduction planes on single crysta1s
prepared at UCLA containing both Na and lanthanide
ions.

The data were transformed to the complex dielectric
constant, e*=e'—je", using the following procedure.
The polycrystalline sample had a regular geometry and
was large enough for three terminal measurements to be
carried out. From the usual equation for a parallel plate
capacitor,

C =@pe'A /d,
where C is the capacitance, E'p is the permittivity of free
space, and A and d are the area and separation of the
plates, respectively, it was determined that polycrystal-
line p" alumina has a value of e' of about 13.7 at 1000 Hz
and 4.2 K. This was used as the reference value for all

samples and the remaining values of e' were determined
using the approximation that the relative change in e' is
the same as the relative change in capacitance. Finally,
values of e" were calculated using the equation

sured simultaneously to ensure accurate energy calibra-
tion. The spectra shown here have been appropriately
calibrated, and are normalized to an increase in absorp-
tion of unity at the edge.

RESULTS AND DISCUSSION

The x-ray-absorption spectrum consists of a series of
features extending several hundred electron volts above
the absorption edge, as shown by way of example in Fig.
1. This shows the absorption of Pr407 in the vicinity of
the 2p3/p edge of Pr at about 5940 eV. The sharp
features near the edge are the near-edge x-ray-absorption
fine structure (NEXAFS). The broad oscillations in the
range 50—500 eV above the edge are the well-known ex-
tended x-ray-absorption fine structure (EXAFS). In the
spectrum of Fig. 1, the 2p&&2 edge at about 6410 eV is

also apparent.
EXAFS is due primarily to single scattering of the

ejected photoelectron from near neighbors of the absorb-
ing atom. Due to the relatively simple processes in-

volved, it is comparatively easy to obtain structural infor-
mation, including interatomic bond lengths and coordi-
nation numbers, from the extended fine structure, ' at
least in materials which are highly ordered on a short-
range scale. On the other hand, the near-edge features,
due to multiple-scattering processes, are more difficult to
relate in a straightforward way to properties of the ab-
sorbing material. Facilitating interpretation are the di-

pole selection rule characteristic of photo absorption,
which constrains the final-state symmetry, and relation-
ship of the edge position to the chemically significant
core-level binding energy.

EXAFS analysis proceeds by extracting y(k), the oscil-
latory part of the absorption coefficient, weighted by an
appropriate power of k, the wave vector of the outgoing
photoelectron. The result is shown in Fig. 2 for Pr407
and Pr —P"-alumina. The former compound, used as a
reference, is crystalline and the Pr atom is therefore in a

1
I

I S

e"=Ge'/AC,
NEXAFS (2p3/2} Pr407

where 6 is the conductance and co is the angular frequen-

cy of the applied electric field.
The x-ray-absorption experiments were carried out on

beam line X238 of the National Synchrotron Light
Source at Brookhaven National Laboratory, using a
separated-crystal Si(111) monochromator with focusing
optics to concentrate the light on the small ( (1 mm in
area) samples. Measurements were carried out in
transmission. The absorption coefficient was taken to be
the logarithm of the ratio of the transmitted to the in-

cident Aux, as is customary. Due to sample constraints,
some measurements were made in the total yield mode, in
which the total electron yield is measured as a function of
incident photon energy. Standard materials were mea-

0
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FIG. 1. X-ray-absorption spectrum of PrO, in which 2p3/2,

(L ~~~ ) and 2p I ~2 edges are observable. The region extending

from about 50 to 500 eV above the absorption edge is the EX-
AFS region.
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FIG. 5. (a) Real and (b) imaginary parts of the dielectric con-
stant vs temperature for Ceramatec, Inc. Na-P"-alumina.

FIG. 7. (a) Real and (b) imaginary parts of the dielectric con-
stant vs temperature for single-crystal Na —Er —P"-alumina
parallel to the optic axis (perpendicular to the conduction
planes).
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FIG. 6. {a) Real and {b) imaginary parts of the dielectric con-
stant vs temperaure for single-crystal Na —P"-alumina parallel

to the optic axis (perpendicular to the conduction planes).

the TLS relaxation time. ' This is not surprising since
the size of the spinel blocks in P"-alumina is smaller than
in P-alumina. Consequently, it might be expected that
the separation of the inequivalent wells is smaller in P"-
alumina, resulting in a higher tunneling frequency.

On the other hand, it is apparent from Fig. 7(a) for the
Na —Er —P"-alumina, that the minimum has shifted to a
higher temperature than is observed for the pure
Na —P"-alumina. Consequently, the presence of the erbi-
um ions affects the TLS. Anthony and Anderson have
also observed that exchanging monovalent ions affects
the TLS." They concluded that the low-energy excita-
tions in P-alumina involve only ions associated with the
conducting planes. Since that is the most likely possibili-

ty, the present results suggest the same for the P"-
aluminas. Consequently, the DR data support the results
of the EXAFS studies which indicate that the disorder is
primarily in the conduction planes.

It should be pointed out that for both the single-crystal
Na —P"-alumina and the Na —Er —g"-alumina a minimum
in the dielectric constant is observed "parallel to the op-
tic axis. " It is a very shallow minimum when compared
with the data for the polycrystalline material. In fact,
Anthony and Anderson" were unable to observe a
minimum for Na —P-alumina parallel to the optic axis.
They attributed observed variations with temperature to
fringing field effects, i.e., some fraction of the electric field

being perpendicular to the optic axis. That may also be
the case for the present studies of single-crystal Na —P"-
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0 =6' EGO, (3)

alumina as fringing field effects are significant because of
the geometry. Experiments are underway in an attempt
to resolve this issue.

Plots of the imaginary part of the dielectric constant as
a function of temperature are shown in Figs. 4(b) —7(b).
Those results can be compared with previously reported
electrical conductivity, o., data. "' since 0
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where ~ is the angular frequency and eo is the permittivi-

ty of free space. Consequently, for a given frequency, o.

is merely proportional to e". The general form of the
curves for the Na —P-alumina agrees reasonably well with
previously published audio frequency data" though the
results of the present work are more detailed and show
additional features. However, there is a difference be-
tween the present data and the previously reported high-
frequency results. ' At the lowest temperatures, the
high-frequency conductivity reported in previous work, '

increases as temperature decreases. The present low-
frequency data, which are similar to the previous audio
frequency results, " show decreasing conductivity with
decreasing temperature. This difference is attributed to
the difference in frequency and temperature ranges over
which the data are taken.

It is apparent from Figs. 4(b) —7(b) that two loss peaks
are observed below 30 K for all samples. This is reminis-
cent of tan5 data (which is again approximately propor-
tional to e" because tan5 =a"Ie') for fused silica contain-
ing 1200 ppm of OH where a peak is found below 1 K
and another is found at about 20 K. ' In the case of the
fused silica, e" approaches zero above the second peak
whereas in the present case the loss continues to increase
as temperature increases. " The increasing loss in the
case of the P- and P"-aluminas is attributable to the ionic
conductivity. The similarity between dielectric loss data
for the various P- and P"-aluminas and fused silica con-
taining hydroxyl ions once again confirms the existence
of disorder in the P- and P"-aluminas, presumably in the
conduction planes.

Additional information about the local electronic
structure is available from the fine structure near the x-
ray-absorption edge (NEXAFS). As mentioned, this
structure is difficult to analyze quantitatively; we there-
fore proceed by comparison with standards. In Fig. 8(a),
we compare the 2@3/2 (Liii) edge for Pr40» to that of
Pr —P"-alumina. The prominent peak or "white line" in
this spectrum is due to dipole-allowed transitions into
unoccupied final states of d symmetry (the Pr 5d band, in
this case). This feature is even more prominent and
sharper in the alumina than in the oxide. There is no evi-
dence of a second feature, as would be the case as seen in
the mixed valent Pr40&&. In the simplest interpretation,
the peak amplitude reflects a higher density of empty d
states in the vicinity of the absorbing Pr ion in the oxide.
The sharpness, which is characteristic of isolated-atom
absorption, indicates that these states are highly local-
ized, unhybridized by interaction with the states of near-
by ligands. %'e conclude that the Pr is in a localized, al-
most atomiclike, trivalent state. This localization may

I I ~ I I I I I I I I I i I I I I ~ I s I I I i I s i ( I I s a I I
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FIG. 8. (a) 2p3/2 (L$$g) and (b) 2s (L,) absorption edges of
Pr40„and Pr-substituted p"-alumina.

account for the optical-absorption characteristics gen-
erally observed in the lanthanide P"-aluminas. In par-
ticular, localization coupled with the large cation separa-
tion deduced from x-ray-diffraction measurements may
also be an important factor in the long fluorescence life-
times of these materials.

On the other hand, the 2s (Li) spectrum of Pr40, i and
Pr —P"-alumina shown in Fig. 8(b) is remarkably different
from the 2p; no prominent peak is present. This is ex-
pected because, for the 2s level, dipole-allowed transitions
are to empty p states, which, in trivalent Pr, are much
less localized and have a much lower partial density of
states.

Similar results are obtained from the near-edge spectra
of NdF3 and Nd —P"-alumina, compared in Figs. 9(a) and
9(b). NdF3 is more purely ionic that the corresponding
oxide; accordingly, the 2p3&2 peak is sharper and more
prominent that in Pr40». Nevertheless, the Nd —P"-
alumina 2p3/2 spectrum exhibits a still sharper and more
prominent peak. This indicates that the rare-earth ele-
ment in the alumina is highly ionic, oxidized to trivalency
by complete removal of three electrons, and remains as
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FIG. 9. (a) 2p3/2 (LIMNI) and (b) 2s (L, ) absorption edges of
NdF3 and Nd-substituted P"-alumina.
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an essentially isolated ion in the alumina matrix. Once
again, the 2s spectrum of these materials, which probe
unoccupied p states, do not show effects due to the high
local density of d states.

In Fig. 10 we compare the 2p3/2 spectrum for Tb407 to
that for Tb —P"-alumina. The alumina has a much

sharper and larger white-line feature, reflecting, as for
other rare-earth elements, the large localized density of
unoccupied d states in this material. The highly ionic na-

ture of lanthanide ions in p"-alumina has also been in-

ferred from site-selective spectroscopic measurements of
Eu(III)-substituted P"-alumina. '

Finally, we compare in Figs. 11(a) and 11(b) the L-shell

spectra of Sn compounds, Sn02, SnO, and Sn —p"-
alumina. The valence band of Sn is an sp hybrid, so that
oxidized Sn has a high density of unoccupied p states.
These are inaccessible via a dipole transition from an ini-

tial p state. Therefore, no prominent peak is visible at the

2p3/2 edge in any of these materials, while a very large

peak is apparent at the 2s edge which can directly fill

these states. This is the opposite of the situation for the
rare-earth elements, and is a direct consequence of the
different final-state symmetry. A number of small, sharp
peaks are observed for SnOz, and to a lesser extent for
SnO. While no detailed calculations of the near-edge
structure are available for these materials, these peaks in-

dicate effects due to ionicity and crystal-field splitting.
The effects are weaker and broader in the alumina,
presumably due to the absence of crystal-field splitting,
reAecting either a highly symmetric site or, more likely,
effective angular averaging due to random disorder. The
2S peaks in the alumina is much smaller than in the ox-
ides, probably a consequence of the lower density of
unoccupied states in the alumina. This is also different
from the rare-earths elements, which, as noted, are

I t t t I t t & I gg i I t t I s t s I t r
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FIG. 11. (a) 2p3/2 (L»&); and (b) 2s (L, ) absorption edges of
Sn02-, SnO-, and Sn-substituted P"-alumina.

characterized by a high density of very localized d states.
The p states are more extended. Although the alumina
spectrum is not exactly like either oxide, it is much closer
to SnO, indicating that the Sn ions in Sn —p"-alumina are
predominantly divalent, as in SnO, and are clearly not
tetravalent as in Sn02. This is also different from the
rare-earth case.

CONCLUSIONS

Disorder is a key feature of the rare-earth-substituted
p"-aluminas, as evidenced by both dielectric relaxation
and EXAFS results. Both experiments indicate that this
disorder is primarily in the conduction plane.

NEXAFS results indicate that substituted rare-earth
ions are ionized to trivalency and are highly localized.
This is demonstrated dramatically for the case of Nd-
substituted p"-alumina, which exhibits a sharper absorp-
tion edge than NdF3 standards. The localized electronic
nature of the rare-earth ions is largely responsible for the
optical properties of the doped p"-aluminas. Finally,
Sn-substituted p"-alumina is predominantly divalent, as
in SnO, and is clearly not oxidized to tetravalency, as in

Sn02.
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