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Molecular-dynamics-based analysis of the absorption spectra of Nd3+-doped Na+ p"-alumina
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The polarized absorption spectra of Nd3+-doped Na+ P"-alumina have been treated theoretically for
five neodymium concentrations. The perturbing crystal field, needed in the Judd-Ofelt analysis, is calcu-
lated from a molecular-dynamics simulation for each composition. Oscillator strengths and Judd-Ofelt
intensity parameters are calculated using a point-charge model at each time step in the simulation for
each of the Nd + ions in the simulation box. A study of the e6'ect of the dynamics of the system on these
parameters was also made. The theoretical results thus obtained are compared to experiment. It is
shown that the absorption spectra can be explained essentially on the basis of the special structural situa-
tion of the Nd + ions in these materials.

I. INTRODUCTION

Sodium P"-alumina is a solid electrolyte with a unique
ability to undergo ion exchange. The structure consists
of close-packed spinel-like blocks, and more open, disor-
dered conduction planes. It is into these that the ex-
change can take place. The material has been studied
primarily for its liquid-like, almost two-dimensional (2D)
transport of ions within these planes; but the possibility
to incorporate transition-metal and lanthanide ions also
has led to investigations of the optical properties of the
ion-exchanged P"-aluminas. Na+ P"-alumina doped
with trivalent rare-earth (RE) ions have been shown to
possess quite unusual optical properties, which can find
application in the areas of solid-state lasers and other op-
toelectronic devices. Attention has earlier been focused
mainly on Nd +-doped systems, but Er -doped Na+
P"-alumina has also been studied. '

Laser action was first demonstrated in Nd +-doped
Na+ P"-alumina by Jansen et al. , and the absorption
spectra revealed an anomalously high oscillator strength
for the hypersensiti Ue transition, I9/2 ~ 65/p The
standard method for analyzing rare-earth transition in-
tensities is based upon the Judd-Ofelt (JO) theory ' in
which, typically, three phenomenological parameters
(0&) are fitted to experimental data. These parameters
can then be used for comparing oscillator strengths and
predicting emission cross sections in different laser ma-
terials. In principle, it is also possible to determine the
oscillator strengths (and Q&.s) a priori by calculating the
ligand crystal field at the RE site. The field is introduced
into the theory as a first-order perturbation, responsible
for the mixing in of opposite parity wave functions into
the 4f states between which the electric-dipole transitions
occur. Earlier attempts to calculate theoretical 0 param-
eters using the original formulation have been more or
less successful, ' ' ' and refinements to the theory have
been proposed (see, for example, Refs. 3 and 8, and refer-
ences therein).

In two previous studies of the absorption spectra of
Nd -doped Na P"-alumina, theoretical JO analyses
were made to explain the experimental spectra. A model

was used for the crystal-field calculation which included
nearest-neighbor atoms only. ' Both attempts met with
little success, however. Different explanations were given
for the discrepancy between experimental and theoretical
JO parameters. The main deficiencies in both studies are
(i) Too little of the local environment is included for the
crystal-field calculations; and (ii) The unusual disordered
structural situation involving the rare-earth ions in these
materials is inadequately treated. The two are clearly re-
lated. The disorder in the conduction plane leads to a
large number of possible environments for the Nd + ions.
One way to treat this problem is to use the technique pro-
posed by Edvardsson, Wolf, and Thomas, where the JQ
theory is combined with molecular-dynamics (MD) simu-
lation to determine the environments of the RE ions.
The positions of the surrounding ions are, at each time
step in the simulation, used to calculate the instantaneous
crystal field and subsequently the JO parameters and os-
cillator strengths. This makes it possible to investigate
how ions in different structural situations contribute to
the absorption spectrum and how the various transitions
are affected by fIuctuations in the local environment, and
particularly by the dynamics of the conduction planes.
In the current work, this technique has been applied to
five differently doped Nd + -doped Na+ P"-aluminas,
where the crystal-field calculations have been made using
a point-charge model. The theoretical results are com-
pared to experimental values to obtain greater insight
into the structure/property relationships in these types of
material.

II. THE STRUCTURE OF Nd3+-DOPED Na
P"-ALUMINA

The nonstoichiometric compound sodium P"-alumina
(nominally Na, +„Mg„A1» 0,7, with x =

—,') is a solid
electrolyte in which the Na+ ions can be ion exchanged
at relatively low temperatures ( —500—900 K) for a wide
variety of mono-, di-, and trivalent ions as well as some
molecular-ion species (see Ref. 10, and references quoted
therein). This property is a result of the structure of Na+
l3"alumina, which consists of close-packed spinel blocks
comprising Al +, Mg, +, and O ions, and more open,
liquidlike regions (conduction planes), in which the
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mobile Na+ ions are situated in the hexagonal pathways
around a single supporting oxygen ion [O(5) or
column oxygen] T. his atom forms the link between adja-
cent spinel blocks through Al-0-Al bonds. The space
group for the crystalline framework (spinel blocks and
column oxygen) is R 3m; with hexagonal axes
a =b =5.614 A and c =33.85 A. Schematic illustrations
of the structure and the conduction plane are given in
Fig. 1. Two possible sites for the cations are indicated in

Fig. 1(b): the seven-coordinated Beevers-Ross (BR) site
and the eight-coordinated midoxygen (mo) site with C3,
and Czh symmetry, respectively. In Na+P"-alumina,
sodium ions occupy, on average, five out of six BR sites.
While this nonstoichiometry is essential to the ion-
exchange and ion-transport properties, it makes it
difficult to define a local structure on the basis of the
space- and time-averaged picture of the ionic distribution
obtained by difFraction. It is this local structure which is
needed to calculate, for example, the Stark field. It is
clear that the effective point symmetries within the con-
duction plane, as defined by the spinel-block and
column-oxygen atoms, is broken by the mobile ions in the
conduction layer.

X-ray-diffraction studies have so far been made of two
differently Nd +-doped Na P"-aluminas: 100% (Ref.
ll) and 64% (Ref. 12). In the fully exchanged sample,
95% of the Nd + ions were found at mo sites and the
rest at BR sites; in the mixed-ion system, the neodymium
ions were distributed between the BR and mO sites
roughly in the ratio 1:2. Electron-spin resonance (ESR)
and optical-absorption spectroscopy have further shown
that Nd + ions behave quite differently depending upon
the degree of exchange. In a sample with low Nd + con-
centration (18%), the exchanged RE ions were observed
only as isolated species while, in a fully exchanged sam-
ple, there were indications that Nd + ions occurred both
as isolated species and as discrete pairs. '

III. JUDD-OFELT THEORY

(b)
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The Judd-Ofelt ' theory was developed to explain the
observed intensities in optical-absorption spectra for RE
ions. Radiative transitions between 4f states within
these ions are found to be predominantly electric-dipole
in nature; the theory takes into account the mixing of
4f '5d and 4f '5g states with the 4f states by the
odd-parity terms static crystal-field expansion. This mix-
ing renders these otherwise parity-forbidden transitions
allowed. For this work, a slightly modified theory has
been used which takes account of polarization depen-
dence in biaxial and anisotropic uniaxia1 crystals, thus
making it possible to analyze polarized spectra, i.e.,
averaging is not made over all directions tEq. (15) in Ref.
4]. All formulas relating to the present work and a more
detailed description of the theory can be found in Ref. 9.
Only the essentials are summarized here.

The easiest way to calculate the crystal-field parame-
ters (CFP) in an atomic compound is to consider the envi-
ronmental ions as consisting of point charges. The ex-
pression for the CFP's can then be written

1/2

2t +1

FICx. 1. Schematic block structure of Na+ P"-alumina (a),
and the 2D conduction planes (b).

where the sum runs over all point charges ( —ge) located
at positions (R, 6,@),where the spherical coordinate sys-
tem has its origin at the RE site. These parameters are
then included in the expression for the oscillator strength
via the 0 parameters:
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P =y g Qi l&4f"[L,S]JllU' 'llf"[L', S')J')
hA, =2,4, 6

in which

(2)

Qi q= g (2A, +1)A,* A, :-(t,X):-(r,k)
1 A, t 1

where t = 1,3, 5, 7; ~= 1,3, . . . , t; p = —~, —v.+ 1, . . . , ~, and

:-(t,A, )=2 g(21 + 1 )(2l'+ 1 )( —1 )'+'
l' t l

& nl lr n'l' ) &nl lr'In'l')
0 0 0 b.E (n'l') (4)

where the sum runs over values of n ' and l' of the excited
configurations.

The q is introduced to take account for the polariza-
tion dependence: q =0 corresponds to m polarization
(Elle) and q =+1 to o polarization (Elc). The Ui ' are
the doubly reduced matrix elements between the initial
and final manifold, &nllrln'l') are the interconfiguration
radial integrals, and EE(n'l') are the energy separations
between the ground configuration (4f ) and the excited
configurations [4f '(n'l')].

IV. MOLECULAR-DYNAMICS SIMULATION

The molecular-dynamics (MD) simulation technique
has been used for several p"- and p-aluminas to obtain a
better understanding of the conduction mechanisms
within these materials (see, for example, Refs. 14 and 15).
The method treats the system as a classical ensemble of
particles (ions), and the interactions between the particles
are expressed through potential functions. In this work
these were assumed to be of the Born-Mayer-Huggins
form [Eq. (10) in Ref. 9], where the velocities and posi-
tions of the particles are obtained by simultaneously solv-
ing Newton's equation of motion for each particle in the
simulation box. The technique makes it possible to study
individual ions, and also provides local order not obtain-
able from conventional diffraction studies of the P"- and
P-aluminas. The principles of the method are given in
Ref. 9, and will not be repeated here; only specific details
relating to the present system will be referred to.

A 6a X 6b X 1c simulation box was used in which the
initial positional parameters for the ions were taken from
diffraction study, and the values for the parameters 3, p,
and C in the potential function where taken from the

literature, ' ' with the exception of the Nd -Na+ po-
tential, which was assumed to be of the same form as the
Al +-Na+ potential; and the Nd +-Nd + interaction, for
which a Coulomb term only was used. The assumption
was made that the material is totally ionic, i.e., the
charges on the Nd, Al, Mg, Na, and 0 where taken to be
+3, +3, +2, +1, and —2, respectively. MD simulation
were made for five different compositions: 20, 30, 40, 60,
and 100%%uo Nd + exchange. The number of cations in
one of the conduction planes, as well as the total number
of ions in the simulation box is given in Table I. To en-
sure that the ions in the conduction planes move freely
and independently of their initial configuration, the simu-
lation was started with a "heat treatment, " i.e., each sys-
tem was initialized and equilibrated at a high tempera-
ture (1000 K) for a minimum of 4000 time steps, each of
2.0 fs. The temperature was then lowered in two steps,
each of at least 2000 time steps, to the final value of 300
K. After this treatment, the ionic positions could be
stored for the subsequent analysis.

Comparing results from the MD simulations to crystal-
lographic results (64 and 100%%uo exchange), it was found
that the ionic distribution in the conduction plane agreed
quite satisfactory. A rough comparison is made in Table
II (for 500 time steps) of the Nd + distribution over BR
and mO sites in one of the conduction planes. The Na+
ions only occupy BR sites. Occasionally however, they
will pass through mO sites when diffusing from one BR
site to another. The trajectories for 4000 time steps in
the fully exchanged composition at 300 K are shown in
Figs. 2(a) and 2(b) both as a section through the simula-
tion box in the conduction plane, and superposed into
one cell for comparison with the crystallographic result
[Fig. 2(c)].

TABLE I. Numbers of Na+ and Nd + cations in the conduc-
tion plane and the total number of ions in the simulation box for
the different Nd +-doped Na P"-alumina compositions.

TABLE II. Nd + site occupations (in %%uo) in BR and mO sites
obtained from MD simulation and crystallography (Refs. 11 and
12).

% (Nd +) No. of Na+ ions No. of Nd + ions Total No. % (Nd'+) mO

20
30
40
60

100

48
42
36
24
0

4
6
8

12
20

3180
3168
3156
3132
3084

60
64

100
100

MD
Cryst.

MD
Cryst.

43
35

57
65

95
95
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V. ANALYSIS AND DISCUSSION

A. Method of calculation

z=5/6 T=300K

It is necessary that the number of Nd + ions in the
simulation box should be as large as possible to properly
represent the large number of diA'erent structural situa-
tions for the Nd + ions. The ions chosen for the analysis
were taken from one of the conduction planes of the
simulation box (see Table I). It is clear, however, that the

limited number of discrete neodymium ions in a 6 X 6 X 1

simulations box will be insufhcient to represent all possi-
ble types of Nd + environment, especially at low concen-
trations.

The same set of U' ', radial integrals, and energy
denominators were used, to facilitate comparison with re-
sults from the two previous a priori calculations for these
materials. ' However, the values for the radial integrals
taken from Ref. 4 are interpolated from calculations for
Pr + and Tm +, and the energy denominators from ex-
perimental values of Yb + and Ce +. The radial in-
tegrals have therefore been recalculated here (see Sec.
V F) using the Hartree-Fock-Dirac method with Slater-
type orbitals. Furthermore, the value for the energy
denominator b,E(5d) [see Eq. (4)] was the one given in
Ref. 18. See Table III. The &nl ~r" ~n'l') integrals for u

even are included, since the approximation is made that

z=5l6 T=300K

g (nl ~r~n'l') & nl ~r'~n'l') =
& nl ~r'+'~n'1')

n'

for I'=g.
The positions for all ions in the simulation box were

stored for 500 time steps. The Nd + ions from the z =
—,
'

or —,
' conduction planes were extracted at each time step,

and with them (for each Nd ion) all surrounding ions
within a radius of 12 A. These constituted the calcula-
tion spheres used for the calculation of the crystal Geld
for each Nd ion [Eq. (1)]. The A, parameters [Eq.
(1)] and subsequently the 0& and P parameters [Eqs.
(2) and (3)] were evaluated at each time step. This calcu-
lation was facilitated by reproducing the original 6 X 6 X 1

simulation box in the a, b, and c directions in such a way
as to create an 18a X 18b X2c cell. The calculation could
then be performed for the ions in the central box. The

0
12-A radius for the calculation sphere was the result of a
practical limit set by our present computer capacity.
Ideally, a larger radius should be used to calculate the A2
parameter, since Q& is determined by the 3, parameters
with t =A, —1 and A. +1, and these vary as R "+" [see
Eq. (1)]. Values of A6 and 04 should thus converge
within a 12-A sphere, while the R dependence of 2] p
may result in a very slow convergence for Q2 for increas-
ing radius. This will depend, however, on the site sym-

' l'. ''

I

I

I

A~
/

FIG. 2. Trajectories of the ions in the conduction plane ob-
tained from 4000 MD time steps at a target temperature of 300
K for the 100%%uo composition: (a) The projected 6a X6a X lc
simulation, (b) A superposition into the crystallographic unit
cell, (c) The crystallographically determined ion distribution
(Ref. 11).

Integral

&4f ~rl&d )
&4f lr'I&d )
&4fl "ISd )
&4f r'~4f )
& 4f lr'14f )

&4fl~' 4f &

A(5d)
h(n'g)

'Reference 18.

Ref. 4

0.87
5.17

47.1

1.39
4.96

36.4
450

0.26
0.76

This work

0.83
4.45

37.3
1.22
3.87

26. 1

307
0.32'

TABLE III. Values of radial integrals and energy denomina-
tors (in atomic units).
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FIG. 3. The variation of Q,q parameters calculated for
different calculation-sphere radii, for one particular ion at a
given time step for the 30% composition: (a) A2, (b) A4, and
n, .

metry (A, may be zero), and on the type of material.
The effect of using different calculation spheres is
displayed for the 30% Nd + composition in Fig. 3. A
12-A radius essentially reproduces the crystal field ob-
tained for an "infinite" radius, since this value includes

0
nearest-neighbor conduction planes (11 A away). In-
creasing R to 13 A results in the inclusion of some of the
next layers of O ions. This brings about the increase of
the 02 parameter seen in Fig. 3(a). Alternative ap-
proaches would be (i) to create a spherical environment
comprising a set of adjacent unit cells; or (ii) to use an
Ewald summation. ' Both alternatives demand a compu-
tational capability beyond our current resources.

B. Previous studies

Accurate experimental studies have been performed for
samples with approximately 27.5% (Ref. 3) and 38.5%
(Ref. 7) of the Na+ ions exchanged for Nd3+ ions. In the
study made by Alfrey et al. , other concentrations were
reported, but the results were only presented graphically.
In a more recent study, both ~- and o.-polarized spectra
were obtained, while only o.-polarized spectra were ob-
tained in Ref. 3. In both studies, it is emphasized that ~-
polarized spectra are more difficult to handle experimen-
tally, partly because of the shape of the crystals: They
are usually several millimeters in the a and b directions
but only a fraction of a millimeter in the c direction; and
also since light propagated in a direction perpendicular to
the c axis is essentially waveguided through the crystal by
the 2D conduction plane; this tends to scramble the po-
larization of the incident light, resulting in randomly po-
larized data. We therefore focus here mainly on the o.—

polarized case. In both these studies, a priori calculations
of the 0 parameters were made for the Nd +-doped P"-
alumina to explain the absorption spectra. In one study,
only the nearest-neighbor oxygens were included in the
calculation of the crystal field. Their coordinates were
then treated as independently adjustable parameters to
study how these afFected the resulting values. Unfor-
tunately, although the applied distortions gave a reason-
able agreement, they were not consistent with crystallo-
graphic observations. " It was nevertheless concluded
that displacements of the Nd + and 0 ions from their
mean positions were essential to a complete understand-
ing of the absorption spectra. Dai and Stafsudd includ-
ed nearest-neighbor oxygens, but used both mO and BR
sites for the Nd + ions. An additional term to take ac-
count of ligand polarizability was also included in the ex-
pression for the 2, parameters. This resulted in fair
agreement for the 02 and 06 parameters for the mO site,
and the A2 parameter for the BR site, while the A4 and
06 parameters for the BR site were roughly an order of
magnitude smaller than the experimental JO parameters.
They suggested that this was due to neglect of the shield-
ing effect, and exclusion of contributions from the 4f
wavefunction expansion in the lattice. No investigation
was made of the explicit effect on the numerical values
obtained.

C. Osci1lator strengths and JO parameters

Figure 4 plots the JO intensity parameters for Nd
ion site for various concentrations. The experimental
values taken from Refs. 3 and 7, and the average theoreti-
cal values taken over all sites and MD steps are also in-
cluded. The average values are also given in Table IV,
while Fig. 5 shows the calculated oscillator strengths
(averaged over all MD steps and sites) for the 30%%uo com-
position, compared to the experimental values for the
27.5% exchanged sample. In making comparison with
experimental results, the wavelengths given are generally
a superposition of a number of unresolved transitions.

We see that individual ions acquire a wide range of A&
parameters. This suggests that the number of ions used
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2p (o)
C0

CD

Q 10-
9-
8-

G % (Nd +) 02 Q4 n6.

TABLE IV. (a) Calculated o-polarized JO intensity parame-
ters averaged over all ions, and corresponding values for the
27.5% and 38.5% compositions (Refs. 3 and 7). (b) As (a), for
the calculated m-polarized parameters and experimental values
for the 38.5%, in units of 10 cm .

(a)

3-

H Experiment
G Average

20
30
40
60

100

42(11)
56(28)
77(69)
74(34)
75(43)

8.9(2.9)
10.3(4.4)
9.9(5.0)

10.1(3.6)
4.9(3.2)

2.9(2.3)
5.5(3.7)
5.5(2.5)
6.3(2.9)
2.7(2.2)

20-

E

CD

10-
rr 9

8

I I I I I I I I I I

10 20 30 40 50 60 70 80 90 100

Exchange (%)

(b)

27.5 (expt. )

38.5 (expt. )

Exch. (%%uo)

20
30
40
60

100

51.9
39.6

Q2„

42(10)
67(31)
81(68)
87(32)
83(43)

(b)

9.73
5.62

Q4

12(5)
16(9)
15(7)
17(7)

7.9(6.0)

9.71
5.09

n6.
4.7(5)
10(8)

9.5(5.0)
11(6)

4.3(4.0)

G Experiment
Q Average

38.5 (expt. ) 10.7 10.3 7.5

I I I I I I I I I I

10 20 30 40 50 60 70 80 90 100

Exchange (%)

for the analysis is far too small (especially at low concen-
trations) to provide a statistically valid sample. A
significantly larger simulation box and a larger number of
time steps should be used. This is practically unrealistic
for the time being. The present results should be seen
rather as providing values typical of the real situation.

The efFect of thermal motion of the Nd + ion environ-
ment on the Q& parameters is plotted in Fig. 6 for one ion

10-
9-

E 8-
7-
6-

0
Q 4

G

Q Experiment
G Average

50x10 '-

04

40—

CIt

30—

v/Yzz3 Theop—Experiment

3-

20—

10—

30 40 50 60 70 80 90 100

Exchange (%)

I I I I I I I I I I

10 20

432 487 517 576 739 793 868
Wavelength (nm)

FIG. 4. Calculated Az parameters averaged over 500 time
steps for the individual Nd'+ ions: (a) 02, (B) Q4 and (c)
06 . The average value taken over all sites, and the experimen-
tal values at 27.5% and 38.5% are also included from Refs. 3
and 7.

FIG. 5. Schematic comparison of experimental (27.5%) and
theoretical (30%) oscillator strengths (cr polarization). The
theoretical values are the averaged values over all sites, 500 MD
time steps, and the transitions specified in Ref. 7.
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FIG. 6. Variation of the Qz parameters for one ion during
200 time steps of an MD simulation for the 40% composition at
300 K.

Ion No.

1

2
3
4
5
6
7
8
9

10
11
12

Site

mO
mO
mO
BR
mO
BR
BR
mO
mO
mO
BR
BR

136
96.1

69.5
70.4
49.7
35.7
29.2

103
88.4

102
63.6
50.1

Q4

12.1
9.4

14
10.5
3.7
7.8

13.3
6.1

10.3
5.9

12.8
15.7

8.3
4.7
7.7
8.2
1.6
7.1

7.9
5.3
2.9
1.8

10.4
9.6

TABLE V. JO intensity parameters (Qz ) for the individual
Nd'+ ions in the 60% composition. The values are averaged
over 500 time steps, and expressed in units of 10 ' cm ~

for the 30% exchanged sample at 300 K during 200 time
steps (0.4 ps). The plot confirms that 02 is the sensitive
parameter. ' It further shows the necessity of using an
average value for a succession of MD time steps. In an
analysis of a p"-alumina structure, studies of this type are
of extra importance because of the dynamics in the con-
duction planes and the nonstoichiometry. If, for exam-
ple, a sodium ion moves between two sites, there will be a
significant change in the crystal field experienced by the
neighboring ions.

A particularly interesting feature of the experimental
absorption spectra is the anomalously high value for the
oscillator strength of the hypersensitive transition
I9&z~ G5&2. It has been shown that the 02 parameter

varies as the square of the electric field created by the
ligands at the RE site and, in combination with a large
value of the reduced matrix element U' ', this results in
hypersensitivity. We see here that the highest 0,2-

parameter values are obtained when the ion is situated in
a relatively high electric field. A typical example of this
is the high value obtained for one of the ions in the 40%%uo

composition [see Fig. 4(a)]. The square of the electric
field for this particular ion was roughly a factor ten larger
than that for the other ions. This type of effect is unlikely
to occur in low concentration samples, where sodium
ions are more evenly distributed around the individual
Nd + ions, leading to a lower, somewhat more "smeared
out" electric field. In particular, the range of Qz values
is smaller for lower concentration samples. This, to some
extent, compensates for the poor statistics for these con-
centrations, since the number of ions included in the cal-
culations is smaller (cf. Fig. 4).

It emerges clearly from these calculations that, for
disordered systems like p"-alumina, the concept of point
symmetry in the context of JO theory loses much of its
relevance. This implies that it is not possible to predict,
on the basis of crystallographic point-symmetry con-
siderations, how an ion in a BR or mO site will contrib-
ute to the spectrum. Theory requires that an ion at an
mO site should not contribute to the spectra, since it is a
center of inversion in the structure (leading to A, =0 for
t odd). We can note, however, that the highest 02 param-
eters are actually obtained for ions at these mO sites in

the 60% case (see Table V). The ions in the disordered
conduction planes break with the local average crystal
symmetry. There is, on the other hand, at least a tenden-
cy for BR-site ions to actually yield higher Q6-parameter
values than ions occupying mO sites, in accordance with
the simple symmetry requirements. Clearly, nearest
neighbors (the oxygens of the crystalline framework) are
more important in determining the 06 parameter, due to
the R dependence of the crystal-field parameters [cf. ear-
lier discussion and Fig. 3(b)].

D. Nd +-rich Na+ P"-alumina

The 0& -parameter values calculated here fall gen-
erally in the same range as the experimental values ob-
tained for comparable concentrations (given in Fig. 4 of
Ref. 3). A notable exception is the Q2 parameter for
Nd +-rich Na+ P"-alumina. This sample had a Nd +

concentration of 1.7 X 10 ' cm, corresponding to 92%
exchanged (a Na+:Nd + ratio of —1:4). The correspond-
ing Qz -parameter value was —1 X 10 cm, while oth-
er experimental A2 parameters lie in the range
3—6X10 cm . Theoretical average values all lie in the
region 4—7.5X10 cm (see Table IV). The reason for
this discrepancy is somewhat obscure: No such variation
was observed in recent experimental studies of Er +-
doped Na+ P"-alumina. ' ESR and optical-absorption
measurements indicates the possible formation of Nd +

pairs at higher concentrations. ' Such pairs would give
rise to new levels at higher energies, and it was suggested
that a combination of pairs and isolated Nd ions could
account for the differences in the optical spectra at higher
concentrations. No discussion of what defines a "pair"
was given, however. Since the presence of such pairs
would also be expected to give rise to new absorption
peaks at slightly difFerent energies, these should naturally
be included in the JO analysis. Experimental studies us-

ing high-resolution TEM have given evidence of superlat-
tice formation amongst the Nd + ions of high-
concentration Nd +-doped Na+ p"-alumina. This or-
dered structure was found to coexist with approximately
equal quantities of a "disordered" structure, and was also
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highly dependent on heat treatment after ion exchange.
The effect of such ordering on the optical properties is
unclear, and it would thus be relevant to perform
optical-absorption experiments for samples with different
thermal histories. The time scale of the annealing pro-
cess ( —hours) makes it impossible to probe this ordering
directly with the MD technique.

E. m-polarized spectra

The calculations of the ~-polarized spectra can only be
compared with experiments performed on the 38.5%
composition [see Table 4(b)]. It is seen that agreement
for the Qz parameter is quite poor. It is a matter of
some concern that crystal-field calculations give reason-
able agreement for o-polarized spectra, but not for the
vr-polarized case. Further studies of other compositions
under well-controlled experimental conditions are needed
before a more detailed analysis is meaningful.

F. Choice of radial integrals and energy denominators

As has been discussed by several authors, ' ' ' a num-
ber of effects are not properly accounted for in the JO
theory (ligand polarizability, shielding, penetration of the
ligand wavefunction into the RE ion, etc.). Moreover,
numerical uncertainties also arise as to the appropriate
values for the radial integrals and energy denominators
[see Eq. (4)]. Our present treatment retains the original
formulation of the theory. We have examined the effect
of using different radial integrals and energy denomina-
tors, however. Using the second set of values, given in
Table III, we see that averaging 0& parameters over 125
time steps of the 100% composition simulation causes
02 to decrease from 70 to 36X10 ' cm, A4 from 4.6
to 2. 1X10 ' cm, and 06 from 2.4 to 1.0X10 ' cm .

This clearly indicates that special care must be exercised
in the calculation and measurement of these parameters.

VI. CONCLUSIONS

We see then that it is possible to achieve both a qualita-
tive and quantitative understanding of the intensities of
the absorption spectra of Nd +-doped Na+ P"-alumina,
using a simple point-charge model for calculating the
crystal-field parameters. The criteria for this are (i) Prop-
er account must be taken of the range of possible environ-
ments experienced by the Nd + ions, (ii) The thermal
motion of the ions in the conduction plane must be in-
cluded in the calculation, and (iii) A of a sufficiently large
calculation sphere (or the Ewald summation method)
must be used in the calculation of the 3, parameters.
This we have done by using a molecular-dynamics (MD)
based Judd-Ofelt analysis as described in Ref. 9. A com-
plete test of the crystal-field calculation and the structur-
al model should also include treatment of the energy lev-
els. This can be done in a similar manner. We have
seen that the complexity of the P"-alumina structure and
limited computational capacity impose certain limitations
on this work, e.g. , size of simulation box, number of ions,
number of time steps, size of calculation sphere. Other
factors, such as choice of radial integrals and energy
denominators, must also be considered in a more rigorous
JO treatment.
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