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Optical absorption spectroscopy and electron spin resonance (ESR) techniques were used to study the
site occupations for Nd** in 8" alumina. In partially exchanged compositions (3.2 X 107 Nd/cm®) the
Nd** occupy midoxygen sites primarily. There is some population of the tetrahedral site; however, the
concentration is too low to be clearly observed by ESR. Crystals which were completely exchanged
(~1.8 x 10* Nd/cm®) exhibited rather different behavior. The spectroscopy results for these materials

indicate that there is a combination of both isolated Nd** ions and discrete pairs.

Inc.

1. Introduction

Sodium 8 and 8" aluminas have long been
known for their properties as solid electro-
lytes. The materials possess an anisotropic
crystal structure which consists of spinel
blocks of closely packed AI** and 0% sepa-
rated by loosely packed ‘‘conduction
planes’’ which contain the mobile ionic spe-
cies (i.e., Na*) and O*  (I). The fast ion
transport properties of these materials are
related to the nature of these planes. One
other significant property, particularly for
the B8” aluminas, is their remarkable ion-
exchange behavior. Numerous divalent and
trivalent ions exchange rapidly with sodium
in B” alumina, enabling a wide range of di-
valent and trivalent 8” alumina composi-
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tions to be synthesized (2). The ability to
easily incorporate transition metal and lan-
thanide ions within 8” alumina has led to the
investigation of the optical behavior of ion-
exchanged 8" aluminas.

The optical properties of Nd**-exchanged
B’ alumina have been investigated in some
detail. Partially exchanged compositions
exhibit very substantial small signal gain co-
efficients and lasing has been achieved in
both pulsed and continuous wave modes
(3). One of the more interesting optical
properties of this material is the extremely
high oscillator strength observed for the hy-
persensitive transition at 575 nm. A recent
analysis by Alfrey et al. (4) suggested that
this behavior could result from the Nd3* ion
occupying a midoxygen site, provided the
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ion was slightly displaced toward the col-
umn oxygen ion in the conduction plane to
effectively break the inversion symmetry at
the site. At this time, however, there is rela-
tively little known about the structure of
partially exchanged Nd** 8” alumina and the
ion site occupations within the conduction
plane. In contrast, both X-ray diffraction
and transmission electron microscope
(TEM) studies have been performed on fully
exchanged Nd** g8” alumina. Single-crystal
X-ray diffraction results indicate that the
Nd** are located primarily at the (9d) or
midoxygen sites in the conduction plane (5),
and that the structure is analogous to the
one reported for Gd*>* B” alumina (6). In
addition, high-resolution TEM studies have
found that rare earth ions can form a three-
dimensional superstructure in 8" alumina
(7). This ordering phenomenon is appar-
ently dependent upon heat treatment after
ion exchange. The site occupation for or-
dered materials is rather different from that
reported for the X-ray results, as Nd** was
found to exhibit a significant occupation
for the (6¢) tetrahedral sites, also known as
the Beevers—Ross (or anti-Beevers—Ross)
sites.

The purpose of the present study was to
use optical spectroscopy and electron spin
resonance (ESR) techniques to obtain fur-
ther insight concerning site populations of
Nd** in B8” alumina. A partially exchanged
Nd** B” alumina, whose composition was
similar to that of lasing crystals, was investi-
gated, and the behavior was compared to
that of fully exchanged Nd** 8" alumina.
The results indicate that at low concentra-
tions Nd*>" ions prefer the midoxygen site
and that fully exchanged materials are char-
acterized by the presence of ion pairs.

2. Experimental

The Nd** 8” alumina samples were pre-
pared by ion-exchange techniques (2). In
this approach, single crystals of Na* g"
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alumina (nominally, Na1,67Mgo_67A110,33O|7)
were grown by a flux evaporation method
and then doped to different Nd** concentra-
tions by ion-exchange procedures. The par-
tially exchanged samples were obtained by
immersing single crystals of Na* 8” alumina
in a NaCl-NdCl; flux at 700°C for 30 min.
These materials contained a Nd** concen-
tration of approximately 3.2 X 10® cm™ and
corresponded to the composition Naj,
Nd0_56_ng0.67A110.33017 with x = 0.48. For
complete exchange, Na* 8” alumina crys-
tals were placed in NdCl; melts at 800°C for
1 h. In this case the Nd** concentration was
nearly 1.8 x 10! cm™ (x = 0.01).

After exchange, the crystals were washed
and dried according to the usual procedures
(2). The extent of exchange was determined
by both gravimetric and X-ray absorption
techniques. These synthesis methods did
not include any extended annealing treat-
ments and would not be expected to pro-
duce the highly ordered structures dis-
cussed by Davies et al. (7), but rather
correspond to ‘‘quenched’’ materials. Opti-
cal absorption spectra between 250 and 2000
nm were taken over the temperature range 4
to 300°K using an Oxford Instruments
cryostat in conjunction with a Beckman
5270 UV spectrometer. The ESR measure-
ments were made at X band using a Bruker
220D spectrometer equipped with an Ox-
ford Instruments helium flow cryostat. The
data were acquired at 20°K because of the
relatively short spin lattice relaxation time
of the Nd** ion.

3. Results

3.1. Optical Absorption

The optical spectra for the partially ex-
changed materials were such that the vari-
ous optical transitions for an isolated Nd**
ion could be readily identified. The *Iy, —
2Py, transition (420—430 nm) at liquid helium
temperatures is of most interest because the
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number of absorption lines gives the num-
ber of Nd** sites in the structure. The 2P,
level is not split by the crystal field (J + 3 =
1) and, therefore, at low temperatures,
when only the lowest *Io, Stark level is pop-
ulated, there will be a single line for each
Nd** site. Figure la indicates the presence
of two distinct lines at 427 and 430 nm sug-
gesting that Nd** occupies two sites in 8"
alumina. Other transitions in the optical
spectra are consistent with the ‘Iop, — 2Py,
result. That is, the transitions exhibit more
components than would be expected if only
one site was occupied. In most cases, how-
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FIG. 1. Absorption spectrum of Nd** 8” alumina at
4.2°K for the *Io; — Py, transition. The beam (unpo-
larized) was propagating along the ¢ direction. (a) Low
Nd** concentration, 3.2 x 10 cm™ sample thickness
= (.04 cm; (b) high Nd** concentration, 1.8 x 10* cm™3
sample thickness = 0.03 cm.
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Fi1G. 2. Absorption spectrum of Nd** 8" alumina at
4.2°K for the “Iyn — *Gsp, Gy transition. The beam
(unpolarized) was propagating along the ¢ direction. (a)
Low Nd** concentration; (b) high Nd** concentration.

ever, the lines for a given transition show
considerable overlap and it is difficult to ob-
serve all the lines expected for two sites. An
example of this overlap is shown in Fig. 2a
for the hypersensitive “Iop — *Gsp, G
transition. There are more than the seven
lines expected for one Nd*" site, but it is
difficult to clearly identify all the com-
ponents expected for two sites. We have
also investigated the temperature depen-
dence of the Iy, — *Py, transition and found
that this transition is rather independent of
temperature. Over the temperature range
4-300°K the two peaks exhibited only slight
broadening and no change in their relative
ratio.
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The high concentration Nd** 8" alumina
crystals show distinctly different behavior.
The “Iy, — 2Py, transition exhibits two new
lines at 424.5 and 420 nm. (Fig. 1b). Both of
these lines are shifted to shorter wave-
lengths than the peaks observed for partially
exchanged B” alumina in Fig. la. The origi-
nal peaks are still evident, but they are ex-
tremely weak. The trend to have new
groups of lines at shorter wavelengths is
also apparent for other transitions. The hy-
persensitive transition (Fig. 2b) exhibits
new lines and considerable broadening to-
ward the shorter wavelengths (560-570
nm). In the 585-570-nm range, the spectra
are comparable, although the absorption in-
tensity for the fully exchanged Nd** g’
alumina is greatly reduced.

3.2. ESR

The Nd** ion behaves as an ion with fic-
tive spin 8’ = % (only the lowest Kramers
doublet of the *Iy;; is populated at 20°K). The
spectra for a crystal containing isolated
Nd** ions will consist of a central line for
each Nd** site plus hyperfine satellites due
to *Nd and ¥’ Nd isotopes of nuclear spin §
(natural abundance 12.7 and 8.3%, respec-
tively). For samples with low dopant con-
centration, only central lines are observed.
The linewidth is quite broad, generally
greater than 25 mT, and this prevents obser-
vation of the hyperfine interaction.

Figure 3 shows the angular variation of
the ESR signal in the ab plane (i.e., By L ¢)
for partially exchanged Nd** 8" alumina.
The lines are calculated from the formula for
an orthorhombic site,

g0, ) = llg.)* + [mg,}* + [ngJ, (1)

where [, m, and n are the direction cosines
of B, with respect to the g-tensor axes. Eq.
(1) is valid for one site, and it is apparent
that it satisfies all the experimentally ob-
tained points. Three lines are expected to
arise corresponding to sites 1, 2, and 3 in the
ab plane. These three sites are crystallogra-
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F1G. 3. Angular variation of the ESR signal for Nd**
B" alumina (low concentration). The applied magnetic
field is in the ab plane. The experimental points are
indicated. There are three crystallographically equiva-
lent sites in the ab plane whose x and y g-tensor axes
are shown, taking ¢ (x;) = 0.

phically equivalent but their g-tensor axes
(which we attribute to being the x- and y-
axes of the g-tensor, and along which one
line should be at its extremum in field) are
rotated by 120° from each other. These three
lines with the corresponding g, and g, val-
ues are indicated in Fig. 3. Experimentally,
we observed only one or two lines for each
value of ¢. The reason is that the linewidth
for By > 240 mT was greater than 25 mT and
we were, therefore, unable to extract any
additional information from the back-
ground. The dependence of linewidth on the
magnetic field is shown in Fig. 4. From the
data and the curves in Fig. 3, we are able to
establish that g, = 5.82 and g, = 1.17. The
latter value represents a best fit using the
calculated curve.

The third g parameter, g,, can be deter-
mined from the angular variation of the ESR
signal in a plane containing the c-axis. The
data are shown in Fig. S where it is evident
that all three lines could be observed. As the
crystal was turned toward the c-axis (i.e., as
B, became parallel to the c-axis), the field
became far too large to be measured by the
spectrometer, and it was not possible to ob-
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F1G. 4. The linewidth for the ESR signals shown in
Fig. 3 as a function of the applied magnetic fieid.

tain a value for g, experimentally. The fact
that this line is an extremum suggests that
the c-axis must correspond to g, (i.e., g, and
gy are in the ab plane). Each of the three
lines in Fig. 5 corresponds to one of the lines
in Fig. 3 taken at a constant value of ¢. The
specific values of ¢ were determined by
comparing the values in Fig. 5 at 6 = 90°
(i.e., the ab plane) with the observed angu-
lar variation in the ab plane (Fig. 3). It was
found, as expected, that the values at ¢ =
90° fit along a single vertical in Fig. 3 which
thus identified the ¢ values associated with
each of the lines in Fig. 5.

The inability to measure g, directly re-
quires that we compute it using Eq. (1). Al-
though we know the appropriate values of
gx» 8y, ¢, and 8, we find that fitting the lines
in Fig. 5 is extremely sensitive to the ac-
curacy of these values. It is evident that g,
has a value close to zero. In fact, when we
substitute g, = 0 in Eq. (1), the curves for
g(0) at constant ¢ (Fig. 5) fit the experimen-
tal data away from the c-axis rather well.
Unfortunately, in the region closer to the
c-axis (6 < 30°) this is not the case. Attempts
were made to fit the g(6) data by using a
series of g, values close to zero. These cal-
culations, however, could not be optimized
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successfully because of extreme sensitivity
to the parameters in Eq. (1). Thus, at the
present time, we are unable to ascertain a
precise value for g,, other than to indicate
that it is a value close to zero. Nonetheless,
for the purpose of the current investigation,
where we are interested in structural infor-
mation such as the site and symmetry of
Nd**, these ESR results are still quite useful
to us.

In addition to the measurements at 20°K,
the ESR spectra were taken over a range of
temperature. At temperatures above 50°K,
the spin lattice relaxation time had short-
ened sufficiently so that the linewidth in-
creased greatly. The ESR line was no
longer evident above 70°K.

The fully exchanged Nd** 8” alumina ex-
hibited rather different behavior as com-
pared to the partially exchanged materials.
We determined the angular variation for the
ESR line when By was turned in a plane
containing the c-axis and found that some of
the points exhibited a similar angular varia-
tion to that obtained for the lower Nd** con-
centration sample shown in Fig. 5. How-
ever, there were many other points which
either displayed no angular variation or, in
contrast, a very substantial one. As a result,
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Fic. 5. Angular variation of the ESR signal for Nd**
B’ alumina (low concentration) where the magnetic
field is applied in a plane containing the c-axis. The
orientation of the c-axis is shown. The three sites cor-
relate with those indicated in Fig. 3.
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the ESR spectra were too complicated to
interpret meaningfully. The linewidths for
these materials were also quite broad and,
once again, it was not possible to observe
the hyperfine interaction.

4. Discussion

4.1. Partially Exchanged Nd*>* p"
Alumina.

The spectroscopy results offer a fairly
consistent interpretation regarding the site
occupancy of Nd** ions in 8” alumina for the
partially exchanged compositions. The opti-
cal absorption measurements indicate Nd**
is present in two sites. Using the expla-
nation developed by Caro et al. (8, 9) for the
nephelauxetic effect for Nd**, it is possible
to associate these lines with Nd** site popu-
lations. Caro and Derouet (8) related the
coordination number for Nd’' and the
Nd-O distance to the position of the P,
level. In general, a larger Nd-O distance
and coordination number produce an ab-
sorption line at shorter wavelengths. In 8"
alumina, the octahedral (mO) site will be
characterized by larger Nd-O distances
than the tetrahedral (BR or aBR) sites.
Therefore, one expects the line at 427 nm to
correspond to Nd** present in mO sites
while the line at 430 nm corresponds to the
occupation of the BR (or aBR) site.

The ESR data provide complementary in-
formation regarding the site distributions.
The fact that all the ESR lines can be ex-
plained by the use of Eq. (1) indicates that
the Nd** are located in a single site. Since
the intensity of the ESR -signal is known to
be proportional to the concentration of a
given species, if Nd** ions occupy a second
site (whose signal may be hidden by the
broad linewidth), the concentration must be
rather small. Significantly, the ESR results
also identify the nature of the predominant
site. Figure 3 clearly indicates that the g
parameters in the ab plane are not equal and
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that the Nd** ions lie in an orthorhombic
site. This behavior is consistent for Nd**
ions located in the octahedral mO positions
which are characterized by C;, symmetry.
In contrast, BR sites possess C3, symmetry.
If such sites were occupied, the ESR spec-
trum would be characterized by axial sym-
metry, with the axis along the ¢ direction. It
is evident from our present investigation
that the Nd** ions in 8” alumina do not re-
side in tetrahedral sites.

A previous spectroscopy study by Alfrey
et al. (4, 10), performed on crystals of simi-
lar Nd** concentration, reached analogous
conclusions. Using a Judd—Ofelt analysis of
the absorption spectrum intensities, Alfrey
et al. proposed that the anomalously high
oscillator strength of the hypersensitive
transition resulted (in part) from Nd** ions
being somewhat displaced (by 0.1-0.2 A)
from the midoxygen site. In addition, based
upon a more detailed analysis of the optical
transitions, they suggested that Nd** was
probably located in more than one site. In
the present study, we find rather direct evi-
dence for both of these features. It is clear
that Nd** ions populate two sites, and that
the midoxygen site is dominant. It is also
significant to note that the results described
here are consistent with those obtained
from X-ray diffraction studies on com-
pletely exchanged compositions (5).

One notable feature regarding the temper-
ature dependence of the optical spectra is
the fact that only slight changes were ob-
served over the range 4 to 300°K. This sug-
gests that the first Stark level of the “Ioy is
widely separated from the next level. Such
behavior is fairly consistent with the ESR
spectra, where the lines were found to dis-
appear at temperatures (70°K) which are
rather high for Nd** ions.

At the present level of investigation and
without additional information regarding
the wave functions of different levels, it is
not possible to provide a more detailed in-
terpretation of the ESR transitions. None-
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theless, we are able to compare our results
with the large number of previous investiga-
tions which correlate g values and symme-
try considerations. The g values obtained in
the current study are not unusual for Nd**.
Similar results were reported for Nd*>* in
Ca0-2A1,0; (11) and Y,0; (12) hosts. Both
cases are particularly relevant to the present
work because the Nd** were found to reside
in C; sites. The significance here is that a C,
site is expected in 8” alumina when Nd>* are
displaced slightly away from the center of
the mO site. Such displacements were pro-
posed by Alfrey et al. (4) to account for
the optical absorption of the hyperfine
transition.

4.2. Completely Exchanged Nd** B"
Alumina

In general, the completely exchanged
Nd** g” alumina compositions are quite dif-
ferent spectroscopically from the partially
exchanged materials. This difference is par-
ticularly evident in the ESR spectra where it
appears that magnetic pairing occurs. The
angular dependence for some of the ESR
lines is comparable to the low concentration
samples and thus represents the presence of
isolated Nd** ions which are unperturbed.
However, it is also quite apparent that new
species are present. The nature of the line-
shape suggests that we do not have Nd**
clusters. Instead, there seem to be sets of
discrete pairs. The magnetic axes for the
Nd** pairs are within the conduction plane.
These pairs would be expected to give rise
to a number of different angular depen-
dencies, as observed experimentally.

The existence of Nd** pairs may be re-
sponsible for the changes observed in the
optical spectra (Figs. 1 and 2). The two lines
observed at 424.5 and 420 nm are at too high
energy to be the Iy, — *Py, transition of
isolated ions (8). This is an indication that
the peaks correspond to another type of
Nd** species. Pairs of interacting Nd*>* ions
will give rise to new levels. If some of the

241

new levels develop at higher energies, then
the combination of isolated Nd** ions and
Nd?* pairs would be able to account for the
changes which occur in the optical spectra
of the concentrated Nd’* samples. How-
ever, it must also be recognized that the
magnetic interactions observed from ESR
may not necessarily be associated with the
changes that result from optical transitions.

5. Conclusions

Optical absorption and ESR measure-
ments were used to identify site occupations
for Nd&®* in 8" alumina. For partially ex-
changed samples, Nd** ions are located pri-
marily on midoxygen sites with some occu-
pancy of a second site. No detailed
information regarding the location of the
second site was obtained. The temperature
dependence of the optical absorption indi-
cated that the separation of the Stark levels
of the “I,, are sufficiently wide that only the
lowest level is occupied. The crystals con-
taining high Nd** concentration exhibited
rather different behavior. The presence of
discrete Nd** pairs is suggested and the
ESR spectra indicated that fully exchanged
Nd** 8” alumina contained a combination of
discrete pairs and isolated Nd** ions.
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