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Emission spectra at 10 K employing synchrotron radiation have been recorded for the tripositive lantha-
nide ions, Ln = Sm, Gd, Tb, Ho, and Er situated at octahedral (or nearly octahedral) site symmetry in hexa-
fluoroelpasolite Cs;NaMFg (M =Y, Sc, or Ga) lattices. Interconfigurational 5d — 4f transitions are only
observed for Er**, and the intensity ratio of 4f1°5d — 4f!! emission, compared with 4f!! - 4f!! emission,
with excitation into 5d levels, is greater for M = Ga than M = Sc. The highest energy intraconfigurational
emission is from *Gs, (Sm**), 6Pz, (Gd?*), °D3 (Tb3*), °G4 (Ho®*), and 2F(2);,, (Er*"). Detailed energy level
assignments have been given for Ln = Sm, Gd, and the remaining spectra are assigned as multiplet-mul-

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The luminescence of lanthanide ions (Ln>*) doped into fluoride
hosts has attracted much attention in recent years due to the pos-
sible applications in mercury free fluorescent tubes, plasma display
panels, vacuum ultraviolet (VUV) scintillators, or tunable ultravio-
let (UV) solid-state laser materials. Fluoride crystal hosts possess
greater thermal stability and relative inertness compared to other
halide hosts, and lower synthesis temperatures and higher band
gap energies compared to oxide hosts. The most popular fluoride
crystal hosts that have been extensively investigated are MYF,
(M =Li, Na) and MF, (M = Ca, Sr). In the former (M = Li), the Ln3*
ions are situated at S, site symmetry, whereas in the alkali metal
fluorides there are several available sites due to charge incompat-
ibility. The hexafluoroelpasolite hosts offer the advantage of a un-
ique site for Ln>* with octahedral symmetry. This leads to higher
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degeneracies of energy levels and stricter transition selection rules.
The theoretical consequences of these are that fewer crystal field
parameters are required to model the 4fN and 4fN~'5d energy lev-
els of Ln>" in these elpasolite hosts: one parameter for 5d and two
parameters for 4f". The spectral consequences are that whilst the
4fN _ 4fN-15d transitions are electric dipole allowed, the pure
electronic 4fN — 4fN transitions are forbidden by that mechanism,
but some are magnetic dipole allowed. The sidebands of the intra-
configurational electronic transitions consist of single quanta of
odd-parity vibrational modes [1].

Recently, we have investigated the VUV excitation spectra of
several Ln>*" doped into hexafluoroelpasolite lattices [2]. In the
present study, the emission spectra of the tripositive ions of Sm,
Gd, Tb, Ho, and Er excited by synchrotron radiation at ~10 K are
presented and detailed interpretations are provided where possi-
ble. There have been some previous 4fN-4fN emission results re-
ported for hexafluoroelpasolite systems comprising Nd3* [3], Eu**
[4], Tb3* [5,6], Er** [7], Tm>" [8], and Yb?* [9], and experimental re-
sults and/or theoretical simulations of 4fN — 4fN~15d spectra were
reported for Ce3* [10,11], Pr®* [12], Nd*" [3], Er** [13], and Tm>"
[13,14].
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2. Experimental section

The Cs,NaYF; single crystals doped with Sm>* (nominal concen-
tration 3.0 atom % - hereafter abbreviated to 3.0%), Gd*" (6.0%,
30.0%, and 50.0%), Tb>* (1.0%), and Ho>* (10.0%) as well as Cs,NaM-
Fs:Er** (M =Ga, Sc; 50%) were synthesized under hydrothermal
conditions [4]. The crystallographic details for the host lattices
are available [15-17]. All compounds have a cubic elpasolite-type
structure and crystallize in the space group Fm3m, except for
Cs,NaGaFg which has the rhombohedral 12L-type crystal structure
and belongs to the space group R-3m. The (VI) ionic radii of Ga**
(620 pm) and Er** (890 pm) differ considerably, whereas the radii
of Y3* (900 pm) and Sc3* (870 pm) are similar to that of Er>* [18].

The measurements were performed at the SUPERLUMI station
[19] of HASYLAB at DESY, using synchrotron radiation from the
DORIS storage ring for excitation in the spectral range 70-
280 nm. Emission spectra in the spectral range 200-1000 nm were
recorded using a 0.3 m Czerny-Turner monochromator-spectro-
graph SpectraPro-308i (Acton Research Inc.) with a liquid nitrogen
cooled CCD detector (Princeton Instruments Inc.). The spectral res-
olution of ~0.5 nm was achieved with the 300 grooves/mm grating
using 0.05 mm slit width. Emission spectra in the spectral range
around 300 nm were measured (for Gd*>* doped samples) with
higher spectral resolution (~0.2 nm) using the 1200 grooves/mm
grating. Emission spectra were not corrected for the spectral re-
sponse of the detection system. The possible presence of emission
in VUV spectral range (for Gd>* doped crystals) was checked using
a Pouey type monochromator equipped with a Csl sensitized
microsphere plate detector.

The crystals were cleaved prior to mounting onto the sample
holder in a flow-type liquid helium cryostat. The crystallographic
axes of the crystals when installed onto the sample holder were
not oriented with respect to the polarization vector of exciting
radiation. All measurements have been performed under ultra-
high-vacuum conditions.

3. Results and discussion

The following results present the VUV-excited emission spectra
of the ions Sm>*, Gd**, Tb**, Ho>*, and Er’* in hexafluoroelpasolite
lattices, as now described one by one.

3.1. Sm*

Due to the overlap of the extensive 4f> configuration with 4f*5d,
no emission has thus far been observed from 5d levels of Sm*" un-
der VUV excitation [20]. Optical emission spectra have been re-
ported for Cs,NaYClg:Sm®* [21,22], LiYFi:Sm®* [23], and
Srs(PO4)sF:Sm>3* [24] and in each case the highest luminescence
state was 4f 465/2, near 18,000 cm™!, since there is an energy
gap of ~7100 cm™! below this multiplet term [25]. Fig. 1 shows
the 12.3 K emission spectrum of Cs;NaYFg:Sm>" under VUV excita-
tion at 169.7 nm. The three groups of bands in Fig. 1a correspond to
transitions from the mixed (*G+*F)sj2l's level (hereafter, written as
4Gsal's, where the O double group notation is employed, and the
subscript u for all 4f° levels has been omitted) at 17,790 cm™! to
®H; (2 =5, 7, 9) multiplets. The next-highest level above “Gspl's
does not contribute hot bands to the spectrum at 10 K since even
in CsyNaSmClg it is 344 cm~! higher. The most intense bands cor-
respond to magnetic dipole transitions, which are allowed to all
terminal I'; (i=6, 7 ,8) levels and serve to confirm the symmetry
of the luminescent level, since transitions are not entirely allowed
for initial I'¢ and I'; levels. The terminal electronic levels are
marked in the figure. The derived vibrational wavenumbers for
vibronic structure are (in cm™!): S5 64; v4(S;) 154, 177; vs(S10)
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Fig. 1. 12.3K emission spectrum of Cs;NaYFs:Sm>* under VUV excitation at
169.7 nm between: (a) 550 nm and 690 nm; (b) 703 nm and 830 nm; (c) 895 nm
and 975 nm. The luminescent level is “Gs/z I's. Terminal multiplet terms and levels
are marked, together with some of the prominent vibronic bands.

123; Sg 250; and v3(Sg) 373, 437, where the notations refer to moi-
ety and unit cell group modes, respectively. Much weaker structure
is observed in Fig. 2b, corresponding to transitions to terminal
GHH/Z and 6H13/2 multiplet terms. The assignments for these bands
and for the ones to lower energy require further substantiation
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Fig. 2. (a and b) 125.1 nm excited emission spectrum between 310.8 nm and
314.9 nm of Cs;NaYFs:Gd>* (6%) at 8 K (a) and 28.7 K (b). The peak positions are
marked. (c) 131.4 nm excited 8.5K emission spectrum of Cs;NaYFg:Gd>* (50%)
between 300 nm and 330 nm. The vibronic origins are indicated.

from absorption measurements and luminescence spectra under
higher sensitivity. There is guide to the band assignments for
4Gsjz — ®Hy1p2 from the analogous transition in Cs;NaYCls:Sm>*
[21], where the first two prominent bands were assigned to
I's — al'g and I's — al's + vg. Similar assignments are indicated in
Fig. 1b but are tentative, as are those for the very weak transitions
to 6H13/2. The next group of bands between 895 nm and 975 nm is
shown in Fig. 1c. The assignment of the strongest band is made to
6F3/2 rather than to 61—[15/2 from the magnetic dipole selection rules
for AJ. The two weaker bands in Fig. 1c are similarly associated
with transitions to 6F5/2 terminal states. However, a very weak
unassigned transition (from I'y) is also indicated. The energy level
assignments for Sm>* in Cs,NaYFg are collected in Table 1 and com-
pared with those for the analogous chloride [25].

For electric dipole allowed transitions, the emission from 4G5/2 is
allowed by the rank-2 effective transition operator characterized by
parameter Q, to multiplets °H; (2] = 5, 7, 9) by the angular-momen-
tum selection rule, and rank-4 and rank-6 operators to more multi-
plets. This is shown by the cases of LiYF,;:Sm®' [23] and
Srs(PO4)sF:Sm>3* [24], where the greatest intensity arises from Q,
in the electric dipole pure electronic transitions to ®Hgj,. In the pres-
ent case, most intensity comes from magnetic dipole transitions so
that AJ=0, 1.

3.2. Gd*

The 4f” electronic ground state of Gd3* is 8S7,(I's + I'; + I's), with
the transition to the first excited 4f’ state, 6P7,2, being in the region

0f 310-315 nm [26-28]. In Cs;NaGdClg, the 6P7,2 crystal field levels
are located at (in cm™1): 31951 (I';), 31968 (I's), and 31980 (I's) and
the 4f7 — 4f” emission spectrum has been reported by de Vries and
Blasse [26]. Upconverted emission has been reported from °G; in
Cs,NaGdClg at room temperature, but the assignments are not con-
sistent [29].

As was recently found [30,31], some wide band-gap fluoride
crystals doped with Gd>* show fast VUV luminescence due to
5d-4f transitions of Gd>*. However, no VUV luminescence has been
detected from our Gd3* doped elpasolite crystals. Luminescence
from the high-lying °G;, level of Gd*', in particular, orange
(590-640 nm) luminescence due to 4f’ °G;,-5P; (2/=7, 5, 3) tran-
sitions, was also not detected under Gd>* 4f’-4f°5d excitation. The
reason for these effects can be that the band-gap energy of the
CsyNaYFg crystal is not high enough for the existence of radiative
decay from the lowest level of the Gd>* 4f°5d electronic configura-
tion. The onset of the 4f°5d levels is at ~132 nm (~75,760 cm™!).
The energy of the 4f°5d excitation is transferred nonradiatively
to host-related excitations resulting, after some kind of relaxation,
in the appearance of 4f-4f luminescence from lower-lying Gd>* 4f
levels (°P;2). Luminescence from the G, level of Gd** was also
not detected under direct 507/2 level excitation (around 200 nm).

The highest energy band in the 8 K emission spectrum of
Cs,NaYFg:Gd*" (6%) under 125.1 nm excitation is shown in
Fig. 2a. On warming to 28.7 K, Fig. 2b, the shoulder at 312.5 nm
gains intensity and is comparably as strong as the main band at
312.7 nm. The lowest energy band is therefore assigned to a pho-
non, whereas the two features at 312.7, 312.5 nm (separated by
20 cm™!) are assigned to the lowest luminescent levels of 6P7/2:
I'; at 31980 cm™! and I'g at 31200 cm™!. Fig. 2c shows the 8.5 K

Table 1
Comparison of 4f° energy levels in Cs,NaSmClg and Cs;NaYFg:Sm>".

Multiplet CF Energy (cm™') Cs,NaYFg:Sm>*  Energy (cm™')
term irrep® Cs,NaSmClg©
Transition from *Gs; CF® CF? leveld
ol's level

Hsa I 17,790 0 0

Hs)2 I's 17,504 286 165

H7/2 I's 16,711 1079 1044
SHy» I'g® 16,413 1377 1208

H7/» ¢ 16,371 1419 1216

Ho2 I's 15,464 2326 2251
®Hoyz al's 15,316 2474 2369
SHo/z bl'g 15,191 2599 2423
6[—[11/2 al's 13,997 3790 3641
Hy1p2 s 13,970 3820 [3676]
SHy1p2 bI' - - 3692
®Hy1/2 I's (13,888) (3902) 3705
®Hy3/2 al'g = = 5005
SH13/2 I's - = (5012)
®Hyap2 al’y = = 5027
®Hy3/2 bl (12,444) (5346) 5139
®Hy3) bl'g (12,422) (5368) 5146
SHysz al’ (11,547) (6243) (6285)
5F1 /5 Is = = 6355
®Hys/ bl'g = = (6397)
6F3/2 I's 10,939 6851 6611
“Hisz ry - - (6630]
®Hys/ g - - (6759)
SHysz e - - (6795]
5F5/2 I's 10,403 7387 7106
5Fs/y e 10,268 7522 7181
4Gsp2 0 - 17,790 17,742

2 Crystal field.

" Irreducible representation.

¢ From [25].

4 Calculated values are in square brackets. Uncertain experimental values are in
parentheses.

¢ There is a mis-print in Table 2 of [22].
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spectrum of Cs,NaYFg:Gd>* (50%), which has a better signal-to-
noise ratio. The vibronic structure to lower energy of the zero pho-
non lines corresponds to the odd-parity v; (i = 3, 4, 6) and Sg vibra-
tions. The first member of the v; progression on the electronic
origin is observed at 471 cm™'.

3.3. Tb**

The 219.5 nm excited emission spectrum of Cs,NaYFs:Tb** be-
tween 370 nm and 720 nm is shown in Fig. 3a and b. The intracon-
figurational 355 nm excited luminescence of Cs;NaTbFg at 10 K
and 77 K at higher resolution than in Fig. 3 has previously been re-
ported by Berry et al. [5,6] and the assignment of magnetic dipole
transitions enabled the elucidation of the 4f% energy level scheme.
The assignments were based upon the observation of sharp fea-
tures, rather than the broader vibronic sidebands. Although there
could be problems with this approach if sharp bands are present
due to luminescence from defect sites, such features were mostly
absent. Our assignments of the vibronic structure in Ref. [5] for
the region from 376-658 nm (26,600-15,200 cm™!) serve to sub-
stantiate the energy level scheme presented therein. The vibrations
that appear in the sidebands are (in cm™"): vg(S10) 121, 134; v4(S)
156, 176; v3(Sg) 366, 381, 452; Sg 249. Berry et al. [6] have dis-
cussed the previous report of the 100 K emission spectrum of
Cs,KYFg:Tb3* by Amberger [32].
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Fig. 3. 219.5 nm excited emission spectrum at 12.3 K of Cs,NaYFg:Tb>* between
200 nm and 740 nm. Some of the terminal electronic states are marked and are
starred for emission from °Ds, but unstarred for °D,.

The onset of the 4f® — 4f’5d absorption bands in Cs,NaYFg:Tb>*
is at ~265 nm [2]. Excitation into the spin-allowed transition at
219.5 nm (Fig. 3) does not lead to 5d-4f emission because the
4f75d levels are depopulated to the ladder of overlapping 4f% en-
ergy levels. The highest energy luminescence at ~380 nm corre-
sponds to intraconfigurational transitions originating from °Ds I',
at 36383 cm™ . In Fig. 3, the terminal multiplet terms are labeled,
and the comparison with the spectrum of Berry et al. [5,6] shows
some differences, besides the absence of some hot bands herein.
First, the emission from °Ds is relatively more intense, with respect
to that from °D,, in the present case. Therefore the transitions to
shorter wavelengths than 400 nm appear more prominent herein.
The starred band at ~500 nm in Fig. 3a is absent in the spectrum
of [5] and corresponds to the °D3 ', — “F;I'4 + v5 transition. Second,
some broad bands in [5,6] are absent herein. These features are lo-
cated between 18,380-18,200 cm™' (544-549 nm) in [5,6] and
correspond to emission from another species. Indeed, in this region
the assignment of the °D, — ’Fs transition was problematic (but
correct) in [6]. The separation of the two I'4 states of °Ds at 10 K
is 477 cm™!. This energy is very similar to that expected for the
v; vibrational quantum, which is 468 cm~! at room temperature
[5], but the presence of a vibrational progression in v, for the high-
er energy transition from °D; to “F5 can be ruled out. Finally, the
assignment of the “Fy I'; level is unclear.

3.4. Ho**

Fig. 4 shows the emission spectrum of Cs,NaYFg:Ho>* (10 at.%)
under the excitation at 119.2 nm by synchrotron radiation. The
major bands are assigned to the emission from the °S, multiplet
term to °Ig and °I; levels. The assignment is based on the corre-
sponding emission spectra of Cs,NaHoClg [33], where the 5S,
I's,I'5 levels are located at 18,387, 18,365 cm™!, respectively. The
separation of ca. 5120 cm~! between the first bands in the two
groups agrees with the separation between °Ig and °I;, which is
5117 cm™! in Cs,NaHoClg. The high-energy group is not well-re-
solved to enable detailed assignments to be made and in Cs,NaH-
oClg the structure is mainly vibronic in nature. Comparison of the
lower energy group, °S, — °I;, with the corresponding spectrum
in Cs;NaHoClg shows that the two stronger bands correspond to
the vg (135cm™!) and v, (166 cm™!) vibronic origins. The weak
band at 695 nm (14380 cm™!) between the two groups does not
correspond to emission from °Fs, but is alternatively assigned to
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Fig. 4. 12.3 K emission spectrum of Cs;NaYFg:Ho>* (10%) excited by 119.2 nm
synchrotron radiation, between 500 nm and 820 nm. The terminal levels of the
5S, — I, transition are marked.
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the G, — °I5 transition, reported also for Cs,NaHoClg [34], infer-
ring that G, is located at ~25,900 cm™".

3.5 Er*

The VUV-excited luminescence of Cs;NaYFg:Er>* has previously
been reported [13]. In addition to the interconfigurational
4f195d — 4f!1 emission, 4f'! - 4f'" luminescence was observed
from the 2F(2)7/2 multiplet term. The intraconfigurational lumines-
cence from lower multiplet terms of Er** in Cs,NaErFg has recently
been reported, and the emission from Cs;NaMFs:Er** (M = Ga, Sc)
was also recorded but not reported [7]. From the observed splitting
of spectral features at 10 K in the 487 nm excited emission spectra
in the Cs;NaGaFg host lattice, as compared with analogous single
bands in the spectra of Cs,NaErFg, it was concluded [7] that Er’*
is located at two different sites in Cs,NaGaFgs. However, since the
relevant spectral features involve emission from I'g states, an alter-
native explanation for the splitting is that the 4-fold symmetry axis
of ErFg>~ is no longer present. The two-site explanation is consis-
tent with crystallographic data, where two crystallographically
inequivalent sites I and II were found for trivalent Ga. The band
splittings are not resolved in the 77 K emission spectra of Cs;NaGa-
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Fs:Er’* and since 487 nm excited emission spectra are generally
similar to that of Cs,NaYFg:Er’* the sites are similar, and in fact
only differ by the linkage of the GaFs moiety to NaFs octahedra.

Fig. 5a and b shows the emission spectra of Cs,NaMFg:Er*ex-
cited by a F; laser. There are some interesting differences between
these spectra, and also with that of Cs;NaYFg:Er®". The inset of
Fig. 5b shows that the highest energy emission of Cs,NaScFg:Er’*
is relatively slow (i.e. the decay time is longer than the experimen-
tal limit of the setup, which is restricted by the repetition period
480 ns of synchrotron radiation pulses). The calculated onset of
the 4f1°5d absorption commences at 58,400 cm~' (171 nm) and
since the state mainly comprises high spin °[(°I)ty] parentage,
the 5d-4f emission transition is spin-forbidden to the 4f!! ground
state *I;52. The ] value for the lowest state is mainly 17/2 so that
from the AJ selection rule for electric dipole emission, most of
the intensity is expected to reside in the transition to *I;s,. The ter-
minal 4f'! multiplet terms of the 5d-4f emission are marked in
Fig. 5b and the maximum of the first, most intense band, to 4115/2
is at 172.2+ 0.1 nm (58,070 £ 50 cm™ ). Spin-allowed 5d-4f emis-
sion is not observed.

Fig. 5a differs from Fig. 5b in that the intraconfigurational emis-
sion is relatively stronger and is superimposed upon broader inter-
configurational bands. This is noticeable from the peak at 282.7 nm
(35370 cm™') which is strong in (a), but weak in (b). The reason
why the nonradiative relaxation from 5d to 4f levels is faster in
(a) is not due to the concentration of Er>*, but is related to the low-
er (Ds4) site symmetry of Er>*, although the centre of symmetry is
retained. The 4f'" luminescent state is 2F(2);,, which is estimated
to be at 54,500 + 200 cm™~' from the terminal level locations in
Fig. 5a and their tabulation in [7]. Note that luminescence from this
multiplet term was not observed in Cs,NaErClg under synchrotron
radiation excitation because it lies above the band gap in the chlo-
ride host lattice [35]. The strongest intraconfigurational transition
in Fig. 5a is the AJ=2 transition to 2H(2)“/2. Transitions from
2F(2)7/, to some other multiplet terms are marked in the figure.
The bands are not sufficiently well-resolved at wavelengths longer
than 350 nm to provide unambiguous assignments. In the case of
Cs;NaYFs:Er®* [13], emission was indicated from 2Psj,. This multi-
plet is located at 31367 cm~! in Cs,NaErClg [7]. Other possible
luminescent multiplet terms are ?I;q2, 2H(2)o/2, “Dsj2, *G11/2, and
2G9,2, as well as 453,2 at lower energy, and higher resolution spectra
are required for secure assignments.

4. Conclusions

Except for the occurrence of sharp magnetic dipole transitions
in the emission spectrum of Sm>*, the assignment of the intracon-
figurational 4fN — 4fN emission spectra of Cs;NaYFs:Ln3* herein is
confined to assignments of multiplet-multiplet transitions. Since
the highest phonon energy in these systems corresponds to the
Ln-F symmetric stretching mode (460-480 cm™!) and an energy
gap of 4-5 phonons is required below a luminescent state, then
the separation must be >2000 cm™. For Sm>*, this is only the case
for a lower energy level with visible emission, whereas for Ho>*,
the emission from °G, (in the ultraviolet spectral region) is extre-
mely weak. For Er** doped in LiYF4 (2%), under 182.9 nm excita-
tion, 4f'' - 4f'' emission was demonstrated from 2F(2);;
(~54,700 cm™!) as in the present case, with additional very weak
emission assigned to originate from ?P3j, (~31,600 cm™') [36,37],
which is concentration-quenched. These results agree with those
reported for Cs,NaYFg:Er®* [13]. In addition, for LiYF4:Er** (2%) it
was stated that under excitation at 207.9 nm or 195.6 nm, emis-
sion from “Dyj; (~47,200 cm™') was observed [36].

Upon excitation by synchrotron radiation, 5d-4f emission has
been observed for Er**, but not for Sm>*, Gd**, Tb**, and Ho>".
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The complex 4f" energy level schemes of Sm>*, Tb>*, and Ho>" per-
mit facile nonradiative decay from 4f~15d levels. The failure to
observe 5d-4f emission from Gd>* in the elpasolite host was sur-
prising since 4f55d — 4f’ emission has been observed in several
other fluoride host lattices [30,31,38].
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