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SPECTROSCOPIC STUDIES OF Nd°* IONS IN POCR,

by

A. Watanabe

ABSTRACT

Experimental results are reported for a spectro-
scopic study of Nd®t ions dissolved in POC& ,-based
aprotic solvents. The splitting of the N3 - "1

3/2 9/2
fluorescence band in local electric fields of cubic
L and non-cubic symmetries is discussed. Fluorescence

excitation spectra which illustrate the transfer of
energy from optically pumped UO22+ lons to fluorescent
- Nd®*t ions are shown.

1. INTRODUCTION

There exists today a wealth of information about the spectroscopy of
Na®t ions in crystals and glassesl’z. The recent work of Heller®»%»5:% ang
Schimitschek’ have revealed some of the interested properties of Nd3* fons in
POCR,-based solvent systems. In this note are presented detailed results of
some aspects of these studies: an analysis of fluorescence spectra arising
from local electric fields of cubic and non-cubic symmetries, a reinterpreta-
tion of a previously published crystal-field spectrum of Nd3* ions in POCR,
ZrC%,, a study concentration quenching effects and the observations of energy
transfer from U022+ ions to Nd3t ioms.

2. APPARATUS AND EXPERIMENTAL METHODS

The solutions were prepared from dried neodymium salts and vacuum-

’- distilled liquids, following the preparative techniques described by Heller®.
Sample preparation procedures were carried out in a nitrogen atmosphere
inside an evacuable stainless-steel dry box’. The absorption spectra were

3 recorded on a Cary l4 spectrophotometer. Commercially available absorption
cells of path length 2 mm were used. The fluorescence spectra were recorded

1



on a fluorescence spectrometer that has been described previouslylo. The
fluorescence cells were made from lengths of thick-wall quartz tubing of 2 mm
inner diameter.

3. ABSORPTION AND FLUORESCENCE SPECTRA

In rare—earth ions, the partially filled 4f-electron shell lies within
some of the completely filled shells; thus the interaction of the 4f electroms
with the external environment is weak and the free-ion energy levels of the

Na®t ion!! shown in Figure (1) give a good representation of the energy levels
in bulk media. Figure (2) shows examples of absorption spectra obtained for
Nd3t ions in representative POCla—based solvents. The top trace shows an
absorption spectrum for Nd(C,Q,Ou)3 dissolved in POC£3:ZrC£4, the middle trace

is for Nd,0, in POCL,:TiC%,, and the bottom trace is for NdCZ; in POCR4:TiCL,.

The three absorption bands all show the same general features, but the

detailed structure of the individual bands is different for the three cases.
The fluorescence of the Nd®' ions was
excited by optically pumping the

30
_T“m_ A ) 419/2 g l’Gs/2 transition at approximately

586 nm with the wavelength-selected
output of a 1000-watt Xe lamp. Fluore-
scence spectra of the bF - 41

-~ 3/2 9/2
transition are shown in Figure (3{ for
— three samples whose absorption spectra
were glven in Figure (2). These spectra
. also show some common characteristic
features, but there are some obvious
s differences in the three traces. The
prominent feature at approximately
'4G5/2 870 nm appears as a single component in
= the top trace, while in the middle trace
e e there are two smaller features appearing
on either side of the single components.
In the bottom trace, the central component
x 4[:3/2 is not present and only the components
IO-J at the sides remain. As well, there are
some differences in broad components on
the longer wavelength region of the band.
In addition to these features, we also

)
O
1

ENERGY (cm—-!x103)

, “‘}115/2 detected in the sample with non-cubic
— symmetry (bottom trace) a very weak
N u41|3/2 feature displaced approximately 935 cm™’

from the sharp feature at approximately
541”/2 875 nm. This feature would appear off
the right-hand side of the graph at a
wavelength of approximately 952 nm.

Ot 4] g

Fig. 1. The free-ion energy levels
of the Nd*T ionm.
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Fig. 2. Representative absorption spectra for the Nd®*' ion dissolved
in POCY ~based solvents. The top trace shows a typical spectrum for
Nd?t ioms occupying cubic sites [NA(CR0,), in Pocza:chzu], the
middle trace for a mizture of cubic and nom-cubic sites [Nd, 0, in
POCR,:TiCR, ]| and the bottom trace for non-cubic sites [NdCR, in

: 3
POCQB:TzCQQ].

The general features of these spectra were interpreted in terms of the
symmetry of the local electric field about the fluorescing neodymium ions.
Figure (4) is a schematic diagram of the qu/z and 419/2 manifolds in fields
of various symmetries. In a cubic field the upper manifold is unsplit and the
lower consists of one doubly degenerate and two quadruply degenerate compon-~
ents'?, Three transitions are possible and all three are allowed on the basis
of symmetry by electric~dipole selection rules. In all fields of symmetry
lower than cubic, apart from the Kramers degeneracy, the degeneracy of both
manifolds is completely removed. Thus 10 transitions are possible and all 10
are allowed by electric—-dipole selection rules.

The spectrum shown at the top of Figure (3) has only three discernible
features. They evidently arise from the fluorescence of ions occupying cubic
sites. The fluorescence spectrum for NdCIZ,3 dissolved in POCIZ,szTiCIZ,l+ is shown

at the bottom of the figure. The intense component seen at approximately

870 nm in the top trace is split into two components in the bottom trace. This
splitting evidently arises from a splitting of the qu/z level into two Kramers-—
degenerate components in a non~cubic field. Some changes are also evident in

the broader features in the long-wavelength portion of the spectra. The

spectrum shown in the centre of Figure (3) shows a prominent feature at 870 nm
with two smaller bumps, one on either side of the main peak. These features
indicate that both cubic and non~cubic sites can occur in POCL, ~based solutions
at the same time.
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Fig. 3. The fluorescence spectra of the ”F3 , 4I9/2 transition
for the same samples as in Figure (2).
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Fig. 4. The splitting of the qu/z +~“I9/2 states of Nd** in a

cubic field and in fields of lower symmetry. The number of possible
electric-dipole transitions is indicated for the two types of fields.
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The values of the wavelengths were read at the peak of each of the
features of the spectrum shown at the bottom of Figure (3), and these values
were then used to deduce the energy separations for the components of the
"1 s/2 state. The 'ecrystal-field' splittings that we obtained are shown in

Table 1 for Nd®% ionms in non-cubic sites. The probable error of estimation in
our values is approximately *10 cm =1, For comparison the values obtained by

Tolstoi et al. in Nd®T —-doped POC,Q,S:SnC,Q,l+ in the solid state'® at 4.2° K are

also shown. The similarity of the magnitudes of the splittings is an indica-
tion that the local structure of aprotic solvent molecules was not greatly
affected by the freezing process. The symmetry that existed in the liquid
state evidently was frozen in when the material was frozem, and the freezing
process simply led to an ordering of the coordination spheres.

In Tolstoi's 4.2° K spectra, five components were clearly visible.
These components were identified with the transitions from the lower level of
the * 3/2 manifold to the five levels into which the *I 5/2 manifold is split
when the ion is located in a non-cubic site. As well as these five compomnents,
there were two other components which were about two orders of magnitude
weaker. These components were identified by Tolstoil as transitions from the
very weakly populated upper level of the * 3/2 manifold. The frequencies of

these lines indicated that two types of sites were present. In the experiments
of Heller® on acid solution of Nd®% inm SeOCQz:Sncﬁq and SeOCQZ:SbCQS, only one
type of site could be detected spectroscopically. However, it is clear from

Tolstoi's well-resolved low-temperature spectra that at least two types of
coordination geometries were present around the Nd 3+ jons in his samples.

Brecher and French'® analyzed the fluorescence spectrum of Nd®t in
POC%,:7rC%, in solid samples at 100° K. They analyzed their spectra in terms
of only one type of s1te, and deduced splittings that did not agree with the
results of Tolstoi et al.'®. Their spectra were recorded at 100° K, where the
population of the upper level of the F , manifold was still appreciable.

Nevertheless, there was some intensity variation in the various components that
they have identified and even at 100° K the relative intensities appear to be

more consistent with the interpretation of Tolstoi than with the one that they
postulated. A re-assignment of their observed transitionms in terms of two types

of non-cubic sites gives an energy-level scheme (see Table I) for the * 9/2

level which is completely consistent with that of Tolstoi. Thus it would
appear that the local structure around Nd3t ioms in POC,Q,3 ZrC,Q,u is very

similar to the local structure in POCQS:SnCQH.




TABLE 1
Crystal-Field Split Energy Levels (cm™!) of the
“19/2 Manifold of Nd®* in Non-Cubic Sites

(a) (b) '3 () (d)
Present Work Tolstoi et al. Brecher and French!'® Reinterpretation of (c)
POC23:Zrczu POC23:SnC2 POCR, :ZrC& POCX, :ZrC%
N 3 4 3 b
(925)
315 £ 10 315 428 309
259 272
215 £ 10 221 165 221
100 + 10 110 118 114
0 0 0] 0

An examination of the temperature dependence of the qu/z - 4111/2

fluorescence band over a temperature range from -27° C to +62° C showed only
a small change in the line shape (see Figure (5)). At the lower temperatures
the shoulder on the shorter-wavelength side of the band becomes somewhat
more pronounced, since the linewidths of the individual components decreases
with decreasing temperature. However the general features of the band did
not change significantly. This temperature range covers the freezing point
of the solution, which is approximately 10° C.
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Fig. 6. The kFa/z > 4I11/2 fluorescence band for three temperatures.
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4, CONCENTRATION QUENCHING AND ENERGY TRANSFER

The effect of the concentration on the fluorescence lifetime of the

N3t —~doped samples was studied. Figure (6) shows the effect of concentration
on the lifetime of the l*]?3 , level for dry samples (upper curve) and somewhat
wet samples (lower curve). It is seen that the lifetime of the l+F3/2 level has
a constant value for low concentrations up to about 0.1 N and then decreases
for higher concentrations. This decrease in lifetime is manifested at lower
concentrations for the wet samples than for the dry samples. The decrease in
the lifetime of the l*FB , level results from a non-radiative energy transfer

from an excited ion to a neighbouring ion by means of multipolar transfer!®,18,
The transitions that occur during this process17 are as follows:
4 4 .ob 4
F3/2 > 115/2’ I9/2 -+ I15/2 ’
with the first transition taking place in the excited ion and the second in an
unexcited ion. The coordination of solvent molecules around the ion makes this
process relatlvely ineffective until fairly high concentrations are reached.
Evidently the presence of water in the coordination sphere enhances the

probability of multipolar tramsfer.
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CONCENTRATION OF Nd3* IONS (N)

Fig. 6. The concentration dependence of the fluorescence lifetime of
the l+F3 , Level of Na3t in 5e0C4, :5nC, for wet and dry samples,

shown by the X and ° , respectively.

Energy transfer to Nd®t fons from dissimilar ions was also studied in
POCSZ,3 -based solvents. The experiments showed no transfer to Nd3* ions with

the addition of the following salts to the solution: DyCQs, HoCQa, SmCQa,

PrC,, ExC%,, MnC%,, Cr, 0  and 00,C%,. A very small amount of energy transfer

was observed from Eu®T to Nd3+, and a significant amount of energy transfer



was observed from UO_2t ions to Nd3t ions. In Figure (7) the excitation
spectrum is shown for Nd®t ions in the solvent with vo, 2+ jons (dashed line)
and without U0 2T ions (solid line). A comparison of the two spectra shows

that the Nd3' fluorescence is excited by pumping in the regions around 0.3 pm
and 0,45 um where neodymium normally does not have excitation bands. The
excitation in these regions occurs by absorption by the UO, 2+ jons followed

by multipolar energy transfer to the Nd3* ions. The absorptlon band of the

doubly doped solution is shown in Figure (8). The sharp absorption lines of
Na** at 0.35 um are clearly seen to overlap the much broader absorption band
of U022+ which covers the whole region for wavelengths shorter than 0.45 um.

Energy transfer from UO 2+ jons to Nd*t ions has previously been observed in

a coactivated glass host!®. Mo significant amount of energy transfer was
observed in previous experiments in a liquid host material®

A
3=
=~
o
=
]
l-
=
L
o
=
i
O
7
L
0
o]
=
i
VRN
/7 ~ /f\
/ e dy n
/ |
/ |
/ \ et \_\
7 < Y,
re - o
| [ | | | |
0.3 0.4 05

EXCITATION WAVELENGTH (pm)

Fig. 7. The excitation spectrum of Nd®" {ons dissolved alone in POCR,
ZrC%, (solid line) and codoped with U022+ (dashed line).
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Fig. 8. A portion of the absorption spectrum of POCY : 2rCY,,
codoped with Nd** and vo,** ions.
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