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Abstract

The luminescence of the hexagonal BRbGd,F,, is characteristic of the two crystallographically independent sites
occupied by the Gd®* ion in this material. The correlation between the spectroscopic and the crystallographic
data allows assignment of the °P;,, SPs,—8S,, different emission lines to each site. The luminescence’s dynamic
is analysed considering two distinct levels in the °P,, first excited state.

1. Introduction

The absorption and luminescence spectra of the
trivalent lanthanide ions in the solid state present a
narrow band structure due to transitions between states
of the 4f" configuration. These spectra are characteristic
of the structure of the chemical compound as well as
the X-ray powder patterns.

The use of Eu* ion as a structural probe does not
always remove the ambiguity concerning the multiplicity
of a crystallographic site especially when the narrow
5D, — "F, luminescence band is forbidden or when the
parameters related to the chemical bond such as ge-
ometry, bond angles and lanthanide-ligand distance
are very close. In this case, Gd*>* ion is especially
sensitive [1]. The ground state of the 4f” configuration
of the Gd*>* ion is ®S,,, which is only slightly split by
the crystal field; therefore it is possible to deduce
information concerning the multiplicity of the regular
sites from the number of the Stark components of the
5P,—38S,,, transitions. We report here the results of
our investigation on the luminescence of the hexagonal
phase BRbGd,F,, and discuss them in relation to the
structural data.

2. Experimental details

All the luminescence measurements were performed
on polycrystalline samples. The compounds are syn-
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thesized in the solid state by reacting stoichiometric
mixtures of the starting fluorides: RbF (Merck: 99.98%,
dehydrated at 500 °C under a secondary vacuum), YF;
and GdF; (prepared from Y,O,; and Gd,0,;, Rhéne
Poulenc: 99.9%).

The reaction mixtures carried out in a glove box,
are finely ground, introduced in sealed nickel tubes
and heated at 850 °C for 48 h. The experimental device
used for the optical measurements has been previously
described [2] (resolutions: emission 0.02 nm; excitation
0.005 nm).

3. Structural background

BRbGA;F,, (high temperature form), isostructural
with KYb,F,, [3] crystallizes in the hexagonal system,
with the space group P6,mc. In this structure, the eight-
coordinated trivalent ion occupies two crystallographic
sites 6¢ (point symmetry C,). Calculation of the Gd-F
distances for each rare earth coordination polyhedron
gives the values listed in Table 1 (average distance

TABLE 1. Different Y-F distances in BRbGd;F,,

Gd(1)-F distances (&) Gd(2)-F distances (A)

Gd(1)-F(1) 218 (x2) Gd(2)-F(4) 225 (x2)
Gd(1)-F(2) 224 (x2) Gd(2)-F(1) 233 (X2)
Gd(1)-F(7) 239 Gd(2)-F(5) 239
Gd(1)-F(6) 241 Gd(2)-F(3) 2.41
Gd(1)-F(3) 241 (%2) Gd(2)-F(7) 241 (X2)

Average distance 2.31 Average distance 2.35
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gd(l)—F: 2.31 A and average distance Gd(2)-F: 2.35
).

3. Results

3.1, Luminescence emission and crystal field analysis

The spectra shown in Figs. 1 and 2 were recorded
at 300 K upon excitation at 314.3 nm (5S;,—°P;,
transition). The emission lines correspond to the ra-
diative relaxation from the °P,, and °Ps, Stark levels
to the ®S,, ground state. We found eight separate lines
for the °P,,—?%S,, transition and six lines for the
°P,,, —#S,, transition. The line profiles are independent
of the wavelength and of the power of the excitation
beam. These results indicate the existence of Gd>*
ions in BRbGd,F,, at two sites with the same coor-
dination and point symmetry.

In Figs. 1 and 2, the peaks related to the two Gd**
sites are respectively labelled A; and B,(i=1-7). This
differentiation was based on the relative intensity be-
tween the A and B emission lines. The position of the
recorded emission lines are listed in Table 2.
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Fig. 1. °P;,—%S,, emission spectrum of BRbGd;F;, at 300 K.
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Fig. 2. °Ps;,—%S,, emission spectrum of BRbGd;F;, at 300 K.

A comparison between the observed and calculated
positions obtained by crystal field analysis (Table 2)
was made. The splittings of the °P, levels (J=7/2, 5/
2, 3/2) for Gd®* depend exclusively on the second
order crystal field parameters [4, 5]. The three inde-
pendent sets of B3 and B} are given according to the
Wybourne notation [6].

The average quadratic error for the seven °P; levels
for both A and B sites are, respectively the following:

10.1 cm™~?! and 8.3 cm ™! for the first set;
9.9 cm~? and 8.1 cm™? for the second set;
9.9 cm~?! and 8.1 cm™~? for the third set.

These errors do not allow us to select one of the three
parameter series.

3.2. Relation with the crystal structure

It is well known that the splittings decrease as the
distance to the ligand increases [7]. Therefore, when
looking at the Gd-F average distance, it is possible to
assign the A; emission lines to the Gd(1) ion and the
B; emission line to the Gd(2) ion. It is worth mentioning
the very weak difference between the barycentres of
the levels relative to the A and B sites (<5 cm™? for
the °P, terms). This information implies that the ne-
phelauxetic shifts for the two sites are equivalent. Thus,
the Gd-F distances in each of the two sites are very
close, in agreement with the crystallographic data.

3.3. Luminescence decays and dynamical processes

Upon excitation in one of the Stark components of
the °P,, multiplets we have analysed the °P,,—*S,,
luminescence decays of Gd>* ion at different temper-
atures.

At 300 K, the decay shows purely exponential be-
haviour with a time constant of 675 us. This value lies
largely below the °P,, lifetime i.e. 6.5 ms measured in
the weakly doped BRbGd, sY, sF;, compound. It shows
an energy diffusion among the Gd** ions and a transfer
to impurities. When the temperature is decreased down
to the temperature range 40-150 K the °P,,—2S,,
luminescence decay of Gd** ions is no more exponential
but two time constants can be obtained; a fast one 7,
and a slow one 7,. The component 7 is affected by a
decreasing temperature whereas the component 75 has
a value similar to the time constant measured at room
temperature. In Fig. 3 we have plotted the °P,,—?%S,,
luminescence decay at 300 K and 50 K. At 50 K, =
and 75 keep, respectively, the values 210 us and 620
Us.

In the fast diffusion model where the decay time is
purely exponential, the lifetime fits the following expres-
sion:
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TABLE 2. Crystal field parameters, observed and calculated positions and assignments of the °P,~8S,, emission lines of Gd** in

BRLGA,F ),
Nominal Label Experimental energies Barycentre Calculated energies (cm™?)
state (cm™Y) (ecm™)
(wavelengths in nm) Set 1 Set 2 Set 3
Site A Py A, 32105.8 (311.47) 32092.8 32093.3 32003.7
A, 32127.5 (311.26) 321329 32131.3 32131.1
A, 32162.6 (310.92) 32148.2 32165.4 32165.1 32164.2
A 32196.8 (310.59) 32201.7 32203.1 32203.8
A, 32701.1 (305.80) 32719.0 32718.8 32718.8
Ag 32752.5 (302.32) 32747.2 32747.5 327472 32747.2
As 32788.0 (304.99) 32775.1 32775.6 32775.6
Crystal field parameters (cm™') B}=460 B2=0 Bi=—460
Bi= 1180 B}= +375 B}= 1180
Average quadratic error (cm™!) 10.1 9.9 9.9
Site B Py B, 32109.9 (311.43) 32099.0 32099.2 32100.0
B, 32130.6 (311.23) 321355 321343 32134.5
B, 32166.8 (310.88) 321499 32165.5 32165.7 32164.5
B, 32192.6 (310.63) 32200.0 32200.8 32201.0
Psp B, 32708.6 (505.76) 327213 32721.0 32721.3
B, 32748.2 (305.36) 32747.2 327472 32747.2 32747.2
Bs 32784.7 (305.02) 32773.1 327734 32773.1
Crystal field parameters (cm™') B2=420 B:=0 Bi=—420
Bi=+170 B}=+350 Bj= 1170
Average quadratic error (cm™!) 83 8.1 8.1
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108 Fig. 4. Schematic representation of the two levels system:
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Fig. 3. Luminescence decays of the ®P,,— ®S,, emission of Gd*>*
in BRbGd,F, at 300 K and 50 K: ... experimental data —
(50 K) fitting according to eqn. (2).

77 =15+ 47DCAf

where 75! is the radiative decay without transfer, C,
and f are, respectively, the concentration and the radius
of sphere of influence of the acceptor ions (here im-
purities) and D is the effective diffusion coefficient. A
chemical analysis has allowed us to estimate a maximum
concentration of impurities (essentially Tb>* and Eu**)
of 5.4x10" ions cm~> while the Gd>* total concen-
tration is 1.08 X 10* jons cm™>.

exp(—AE/kpT); W= transfer rate to impurities.

With 7=675 us, 7,=6.5 ms and f=4.16 A (weighted
average distance between nearest and next-nearest
neighbours assuming a short-range ion-ion interaction),
we obtain a diffusion coefficient D=5x10""" ¢cm? s~!
at 300 K.

For the lower temperatures, as mentioned above, the
luminescence decay is non-exponential. The same shape
is observed whatever wavelength is chosen in the lowest
energy emission band (~311.5 nm). We have tried to
fit the time dependence of the luminescence intensity
with the expressions of the Heber’s [8] or Yokata and
Tanimoto’s [9] models in the case of a limited diffusion
process.

None of the expressions reproduces correctly the
luminescence decay profiles. So we have used a model
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with two levels in the excited state (Fig. 4) characteristic
of both Gd®>* ions in each site. In the case of fast
diffusion, the population rate equations can be written
as:

N1= —(WR+W1 +W01)N1+W2N2
N2= —(WR+W2+ WQz)N2+ W]Nl (1)

where 1 and 2 correspond to each of the two sites
occupied by the Gd** ion. N; is the population of the
°P,,, level of Gd** in site i (i=1,2), Wy is the radiative
decay rate, and W, is the transfer to impurities or
defects. W, and W, are the transfer rates between the
1 and 2 levels. In view of the small energy gap between
the 1 and 2 levels (lower than 5 cm™") for 7>40 K,
we take W,=W,=W(W,=W, exp(—AE/KgT). More-
over the recorded luminescence decay contains si-
multaneously the deexcitation from levels 1 and 2. With
N(t) =N,(t) + N,(t), the population N(¢) is given by

N(t)=A exp(—t/r)+B exp(—t/1s) @
where 7,7 '=(Wo,+ Wa +2Wg +4W)/2
7" = (W1 + Wo, +2WR)/2

Equations (1) were solved assuming that
[(Wa1— Waa| <2W, (Wq; ~ W), because the two Gd**
sites are equivalent, and the range of experimental
temperature is relatively high.

In Fig. 3 where we have plotted the °P,,—?%S,,
luminescence decay recorded at 50K, the drawn line
shows the good agreement obtained using eqn. (2).
The derived 7, and 75 take the values 210 us and 620
us as mentioned above. This leads us to a transfer
rate W between the two Gd** sites, which is about
1575 s~ at 50 K. As the value of Wy is known to be
154 s~1, we can estimate the total transfer probability
Wo to the impurities

WQ = WQ] + WQ2=2917 s~ !

4. Discussion

We have pointed out optically the two crystallographic
sites for Gd** in BRbGd,F,, using luminescence spectra
as well as dynamics. Small variations of bond angles
and distances are clearly evidenced by the emission
spectra where the line shapes indicate that the Gd**
ions present in the structure are divided into two
independent sites. Moreover as the temperature is
decreasing below 150 K, the non-exponentiality of the
luminescence decays strongly suggests a cross-over from
a fast diffusion regime to a diffusion-limited regime.
The model used to describe the luminescence decays
(sum of two exponentials) has not allowed us to observe
this cross-over. This indicates that the mechanism of
energy transfer from each of the two Gd>* sites is
different.

In conclusion, analysis of the luminescence properties
of the hexagonal phase BRbGd,;F;, confirms the struc-
tural description of this compound in which two in-
dependent crystallographic sites for the rare earth have
been assumed. Consequently, the Gd>* ion is a struc-
tural site probe which is especially sensitive to coor-
dination polyhedra.
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