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Optical spectroscopic studies of the compound CsGd,F,: Nd**
have been carried out with the purpose of determining the lan-
thanide ion site luminescence properties. These studies have been
made at low temperatures with crystals containing 0.3 to 3 at.%
of Nd*" ion substituting for Gd** ions. The experimental results
discussed here are based on the analysis of the absorption,
fluorescence, and excitation spectra. We have shown the presence
of seven absorber centers disposed in four groups. Three of them
exhibit a substructure composed of two sites each. These Nd**
ion centers have been correlated with known crystallographic

sites. © 1999 Academic Press

INTRODUCTION

Presently, more than 70 fluoride crystals with ordered
structures are used as laser host matrices (1,2) for various
lanthanide ions, alkaline earth, and transition metals.
A special case for the practical application of these new
materials, as noted in Ref. (3), is the possibility of the
creation of various polyfunctional laser devices.

Fluoride compounds MLn,F, (M = K, Rb, T, and Cs;
Ln =Y, Lu, and Gd) can form various structural arrange-
ments. According to preliminary studies (2—7), CsGd,F; has
the same crystallographic characteristics as KEr,F,, ie.,
hexagonal structure and space group D¢—P6522. Neverthe-
less, Aleonard et al. (4) in their analysis of KEr,F; and its
high temperature phase (f-KEr,F,) found strong analogies
between the two compounds based on single crystal diffrac-
tometer measurements for S-KEr,F;.

With the purpose of illustrating and supporting the anal-
ysis and identification of sites of CsGd,F;, we show the
p-KEr,F; structure (4) in Fig. 1. The fluorine atoms form

'To whom correspondence should be addressed. E-mail: barthem@jf.
ufrj.br.

0022-4596/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.

the vertices of the polyhedra. The erbium ions are located
inside the polyhedra; three of them, Er(1), Er(2), and Er(3),
are coordinated antiprismatically, and the fourth, Er(4),
corresponds to a distorted cube with each of the adjacent
four faces rotated in its plane. Two antiprisms and the
dodecahedron share two of their faces to form the
(ErsF;,)®~ groups. These groups are bidimensionally lin-
ked, and the planes that they form are joined together by the
third antiprism. A three-dimensional network is then pro-
duced, creating channels in which the potassium ions are
located.

This work presents and analyzes the results of an
optical study of Nd3* ions diluted in single crystals of
CsGd,F;, considering this host to be isostructural with
KEr,F,. In this way four types of erbium sites have been
observed.

EXPERIMENTAL PROCEDURE

In recent years, high-temperature methods for crystal
growth, like Bridgman-Stockbarger and Czochralski, have
ceased to allow the fast search for new lasing fluorides. One
likely reason is the fact that many new laser compounds
have polymorphic phase transitions at high temperatures
(5). Using low-temperature methods for growing crystals, in
particular the hydrothermal method (6), Khaidukov and
others workers got positive results searching for new pro-
spective fluoride laser hosts (7).

CsGd,F; single crystals were grown by the hydrothermal
synthesis technique in the temperature interval between 450
and 700°C and the pressure interval between 100 and
150 MPa, applied for 15 to 20 days, under the chemical
interaction of the oxide compound (1 — x)Gd,03;—xNd,O;
in aqueous CsF solution. The growth of single-phase sam-
ples was controlled as in Ref. (8). Optically clear, single
crystals were obtained, with thicknesses of about 1 mm and
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FIG. 1.

Projection (100) of the -KEr,F; structure. The erbium sites identified crystallographically (4) are indicated. The polyhedral vertices are

formed by fluoride ions. The erbium ions are inside the polyhedra; three of them, Er(1), Er(2), and Er(3), are antiprisms and the fourth, Er(4), corresponds
to a distorted cube where four of their adjacent faces suffer, each one, a rotation in their plane. The potassium ions are inside another kind of polyhedron

formed by 9-11 fluoride ions with variable distances between them.

containing 0.3, 1, and 3 at.% Nd3* ions in the Gd** ion
sites.

Absorption, excitation, and fluorescence spectra from
CsGd,F,:Nd3" crystals were obtained. To benefit from the
narrowness of the inhomogeneous energy transitions and to
reduce phonon effects, all the experiments have been con-
ducted using low-temperature techniques at liquid helium
or nitrogen temperature using a Janis ST-100 gas flow
cryostat.

The luminescence and absorption spectra were obtained
with a 2061 MacPherson spectrometer and a Hamamatsu
(Model 128) photomultiplier. Laser selective excitation and
excitation spectra were produced with a home-made dye
laser (8) pumped by a Nd:YAG pulsed laser Spektrum
Model Speser 603. An EG&G PAR Instrumentation Model
5209 lock-in and a Tektronix Model TDS 350 digital
oscilloscope were used to acquire and produce the pri-
mary signal treatment. For these experiments, a microcom-
puter was interfaced to the equipment in order to control
the spectrometer or laser scanning and to register the
spectra.

RESULTS

Absorption spectra from Nd** ions in CsGd,F,: Nd3* (1
at.%) crystals are presented in Figs. 2a and 2b at T =4 K
and 2c at T = 77 K. They correspond to transitions from
the ground-state *Io,, multiplet to the P, level. The ab-
sorption lines observed in these spectra are disposed in four
groups characterized by polarization properties and line
separation. Three of them are constituted by pairs of lines
designated P, and P;, P, and P5, and P¢ and P,. The fourth
group is formed by only one line denoted P;. While P is
found at 6 cm~! away from P,, Ps and P, are separated by
3cm ™! and P; and P, are 7 cm ! away from each other. In
the polarized absorption spectra (Figs. 2b and 2c¢), the group
characteristics of the pair lines are more evident. While the
intensities of lines Py and P, increase when the polarization
changes from ¢ (E Lc) to n (E//c), the intensities of lines P,
and P; decrease as those of lines P, and Ps. The P, line
seems unaffected by the polarization changes.

Polarized absorption spectra in the region of the
*Iy/, — *F3), transitions, observed with 0.3, 1, and 3 at.%
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FIG. 2. Absorption spectra from CsGd,F;:Nd** (1 at.%) in the blue

region (*Io;; — Py,). (a) Nonpolarized spectrum at T = 4 K, (b) polarized
spectra at T = 4 K, and (c) polarized spectra at T = 77 K.

Nd** doped samples at T = 4 K, are detailed in Figs. 3a,
3b, and 3c, respectively. We observe that the intensities of
some groups of lines are coupled, suffering the same propor-
tional variation with applied polarization, like F; and F,, F;
and F,, and F5 and F,. The F; line is much more diffuse, and
its shape has no similarities with those of the other lines. The
energy distance between the lines in each pair is presented in
Table 1, together with the results obtained for the other
transitions analyzed in this paper.

The *Iy; — *Gs), + G, transitions occur in the or-
ange spectral region. The polarized absorption spectra
around the lower energy lines of these transitions, for 0.3, 1,
and 3 at.% Nd** doped CsGd,F; crystals at T = 4 K, are
presented in Figs. 4a, 4b, and 4c, respectively. The lines
shown are labeled from G, to G;;. As the *Gs;, multiplet
could be split on three levels, it would be possible to ob-
serve, following the number of lines presented in Figs. 2 and
3, up to 3x 7 = 21 lines! The first 7 lines, from G; to G-,
present practically the same linewidth, while the linewidths
of Gg to Gy, are larger. The narrow lines, from G, to G-,
have been excited selectively, by a tunable dye laser, and the
luminescence observed from the transition *Fs,, — *Io,, pre-
sented in Fig. 3, spectra (d) to (k), for the 3 at.% Nd3*
doped crystal at T = 4 K. Spectra (d) and (e) in Fig. 3 refer
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FIG. 3. Polarized absorption spectra (a, b, and <c¢) from

CsGd,F;:Nd** at T =4K, near the infrared region showing the
transitions *Iy, — *F3;,. The Nd** concentrations are (a) 0.3, (b) 1, and (c)
3 at.%. Selective luminescence spectra (d to k) from CsGd,F,:Nd** (3
at.%) crystal at T =4K. These spectra have been obtained after
*Ig;2 = *Gs), dye-laser excitation (Ac = 0.2 cm~ ') on (d) G, center line, ()
G high energy border line, (f) G,, (g) Gs, (h) Gy, (i) Gs, (j) G, and (k) G-
lines. The luminescent signals have been integrated over time.

to the G, excitation line in two increasing energy positions.
The other spectra, (f) to (k), in Fig. 3 correspond to the line
excitation from G, to G-, respectively.

TABLE 1
Energy Separation between Lines in the ?P,,, (P, Lines),
“F,,, (F, Lines), and “F;, (G; Lines)

Line pair AE (cm™")
P,-P, 7.1
P,—P; 33
P.-P, 6.0
F,-F, 25
FyF, 2.1
F.-F, 34
F5-F¢ 5.2
G,-G, 24.1
G,-Gs 35
GG, 77
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FIG. 4. Polarized absorption spectra (a, b, and ¢) from

CsGd,F;:Nd** at T = 4 K, in the yellow region showing the transitions
*Ig/2 > *Gs)5. The Nd*" concentrations are (a) 0.3, (b) 1, and (c) 3 at.%.
Excitation spectra (d to i) from CsGd,F,:Nd** (3 at.%) crystalat T = 4 K
of the *F3;, — *I,, luminescence lines (A = 2 cm ™ ') (d) Fy, (¢) F, (0.3% in
shadow), (f) F3, (g) F4, (h) Fs, and (i) F¢. The luminescent signals have been
integrated over time.

The correspondence between the *Gs,, and the *Fs),
levels, obtained with the selective line excitation lumines-
cences presented in spectra (d) to (k) in Fig. 3, can also be
established in the inverse sense from *F;;, luminescence to
*Gs), excitation. Spectra (d) to (i) in Fig. 4 present the
excitation spectra of the F; to F¢ luminescence lines between
the *Io, — *Gs), transitions, obtained from the same
3 at.% Nd3* doped crystal at T =4 K. The higher Nd3*
concentration has been chosen in order to obtain larger
intensities. However, greater Nd** concentrations increase
site transfer and, as a consequence, a larger number of
satellite lines appear. Dynamical studies of quenched and
upconversion luminescence are under study and will be
published later. The shadow peaks in spectrum e of Fig. 4
represent the 0.3 at.% Nd** concentration excitation spec-
trum for the same F, luminescence line.

The excitation spectrum for the F,; luminescence line
has also been recorded, yielding a very small line intensity.
The luminescence spectra (d) to (k) in Fig. 3 exhibit low F,
line intensities, in accord with the excitation spectrum
result.
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ANALYSIS

The origin of multiple lines is the first aspect to be
discussed. As the 2Py, level is significantly isolated from
other multiplets and it offers only one possibility for
transitions, it constitutes a good probe for analyzing the line
multiplicity. The relative intensities of these lines (P,
i=1,2,...,7) are practically insensitive to a variation of
temperature between 4 and 77 K, as shown in spectra (b)
and (c) in Fig. 2. As the population of the *I,,, multiplet
levels is temperature dependent, the *Iy, excited levels
cannot be the cause of these optical transitions. Besides, at
4 K, only the levels of the *Io,, multiplet located below
8 cm ! above the ground state can be significantly popu-
lated.> The only way for the excited *Io,, multiplet levels to
be present among these lines would be on the pairs of lines
P, + P;, P, + Ps, and P + P,. However, if these pairs
originate from the *lo, multiplet, the energy separation
between theirs lines should be the same for all the other
multiplet transitions. This is not the case, as shown in
Table 1. Thus, we must conclude that all seven lines have
origin on the *Io,'® ground state and that each one is
associated with a different type of Nd** ion site. Kaminskii
et al. (10) point out the existence of six centers.

In order to obtain the correlation between the transitions
from *Io,,'® to different multiplets (11) it is necessarily an
internal transfer process, with in the excitated Nd3* ion,
that could change the excitation from one multiplet to
another. The %Py, level cannot offer this process because of
the large separation from the next multiplet, *G;,, which
is more than 2000 cm ™! lower in energy. The *Gs,, mul-
tiplet, on the other hand, is quickly deexcited to the *F3,”
lower level multiplet, a well-known luminescent level.
Spectra (d) to (k) in Fig. 3 indicate that the *F3,, ¥ — *I5,,”
lines (F;) are linked to the *Iy,” — *Gs5,¥ lines (G;). These
correlations are corroborated by the excitation spectra (d)
to (i) in Fig. 4, which indicate, in the inverse sense, that the
o > %G5, Y lines (G;) are associated with the
*F3,2'Y - *15,,'” luminescent lines (F;). Only the more in-
tense line luminescence corresponds to the same site pro-
cess. The others have been identified as site—site transfers by
dynamical properties (not presented here) or by changing
the Nd** concentration, as shown in spectrum (e) in Fig. 4.

Three important remarks follow. The first one concerns
the F line. As shown in the luminescence spectra (a) to (k) in
Fig. 3, this line appears only on the absorption spectra. It
must be originated on the *F;,," level, the first excited state
of the *F3;, multiplet. Its large line width is consistent with
this hypothesis. The second remark addresses the F; and F,
lines. Both lines have been correlated to the same line G, in
the *Io;, — *Gs), spectrum. The excitation spectra (f) and
(g) in Fig. 4 suggest that the line G is composed, actually, of

2For T=4K and E=10cm ™!, e ¥¥T = 2.7%.
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TABLE 2
Line Correlation between the Observed Transitions from the
Ground-State “I,,,” to the Low Levels of the Excited Multiplets
4G5/2(0) (Lines G)), 4Fs/z (F), and 21)1/2 P)

Line transitions

Site type 419/2 - 4G5/2 419/2‘—>4F3/2 4I9/2 i 41:’1/2
Er(4) G, Fi4 Py
Er(2) or (3) G, Fs P, or P
Er(2) or (3) G; Fs P, or P
Er(1) Gy F, Ps or P,
Er(1) Gs F, Ps or P,
Er(2) or (3) Gg Fg P, or Ps
Er(2) or (3) G, F5 P, or Ps

Note. The site assignments for the equivalent -KEr,F; structure (4) are
identified by the Er-labeled sites.

two nonresolved lines. The *F;, luminescence (d) and (e) in
Fig. 3 corroborate this idea. For these two lines we could
attribute one Nd3* site to each one, which would result in
eight sites. However, as the G line cannot be resolved into
two lines, and the transitions involving the 2Py, level are
limited to seven, we limit the number of observed sites to
seven. The third remark involves lines F5 and F,. Each one
appears to be composed of two lines separated by about
1 cm ™! The pairs Fs + Fg and F5 + Fy correlated with the
pairs G, + G; and G, + G and have their lines separated
by 3.4 and 5.2 cm ™! (£10%), respectively.

The lines on these two spectrum ensembles exhibit also
the same group properties, in agreement with the above-
mentioned correlations. These properties are the proximity
and the intensity dependence with polarization. These ob-
servations lead us to propose a correlation with the lines
from the *I/,'” — *P; ), transitions. These observations are
summarized in the Table 2.

Taking into account these considerations, we present
a site crystal assignment for the seven lines observed. For
the f-KEr,F; structure (4), proposed to be similar to the
CsGd,F; structure, there are four types of Er®™ sites. Two
of them are very similar, as can be seen in Fig. 1. The Er(2)
and Er(3) sites have nearly the same form, one being almost
the reflection of the other. Because line pairs P, + P; and
P, + Psin the *Io,'” — 2Py, absorption spectrum, and the
lines pairs G, + G; and Gg + G+ in the *I;,? - *Gs),
spectrum correlated with the line pairs Fs + Fg and F5 + Fg
in the *I5,” — *F,, spectrum, all have the same character-
istics, we propose that these sites give origin to these lines. In
the CsGd,F, crystal the equivalent sites, Gd(2) and Gd(3),
must be subjected to new distortions in order to produce
four distinct sites, Gd(2'), Gd(2"), Gd(3’), and Gd(3"), which
should retain many of the original site characteristics.

Like sites Er(2) and Er(3), the Er(1) site is also coor-
dinated antiprismatically. Because the line pair Pg + P,
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and the correlated line pairs G, + G5 and F; + F,, have
many of the properties assigned to the lines associated with
the Er(2) and Er(3) sites, we link them to the Er(1) type site.
Like the Er(2) and Er(3) sites, the Gd(1) site must also be
subjected to some distortion in order to produce two dis-
tinct sites, Gd(1') and Gd(1”), one for each line Ps and P5.
The last site, Er(4), should be assigned to the P, line which is
correlated to the G; and Fj 4 lines. Er(4) corresponds to
a totally different site, in the form of a distorted cube. This
difference might explain why the equivalent site Gd(4) has
not been converted, at least in an observable way, into two
new sites, as occurred with the other sites.

CONCLUSION

In our study of the CsGd,F;:Nd** compound, via low-
temperature absorption spectra, we observed four line
groups whose common characteristics are observed in sev-
eral transitions. These lines were related to the crystallo-
graphic sites already identified in the literature (4). The
energy differences between the same Nd** transitions at
different sites reach several tens of cm~!. Yet we proposed
that three of these sites have a substructure composed of two
sites each. These substructures cause modifications in the
transition energies by only a few cm~'. Based on our analy-
sis, the total number of sites discerned and identified is seven.
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