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29Emission and excitation spectra as well as luminescence decay kinetics of complex non-stoichiometric
30fluoride crystals Na0.4(Y1�xNdx)0.6F2.2 (x = 0.005, 0.05, 0.2, 1) and Na0.4(Y1�xTmx)0.6F2.2 (x = 0.0005, 0.01,
310.05, 0.1) have been studied in the VUV spectral range at liquid-helium (T � 10 K) temperatures. It has
32been shown that these crystals show intense broad-band VUV luminescence due to the interconfigura-
33tion 5d-4f transitions in Nd3+ and Tm3+ ions. Remarkable concentration quenching is observed for Nd3+

345d-4f luminescence whereas fast (spin-allowed) 5d-4f luminescence of Tm3+ shows no concentration
35quenching for the studied doping level up to 10%. The spin-allowed 5d-4f luminescence of Tm3+ in these
36crystals was found to be rather weak compared to spin-forbidden 5d-4f luminescence because of efficient
37nonradiative relaxation from higher-energy 5d states of Tm3+ to the lowest-energy 5d level responsible
38for spin-forbidden 5d-4f luminescence. The studied fluoride systems can be considered as promising
39active media for the development of VUV solid state lasers with optical pumping.
40� 2016 Published by Elsevier B.V.
41

42

43

44 1. Introduction

45 During previous years many new crystalline systems optically
46 active in the vacuum ultraviolet (VUV) spectral range were pro-
47 duced and studied, mainly because of the strong interest in VUV
48 excited phosphors for mercury-free fluorescent lamps and plasma
49 displays as well as to possible active media for solid-state VUV
50 lasers. Most of those VUV systems are based on 5d-4f luminescence
51 of some trivalent rare earth (RE3+) ions emitting in VUV spectral
52 region, namely, of Nd3+, Er3+, and Tm3+ [1–4], doped into wide
53 band-gap (mostly fluoride) hosts. This 5d-4f luminescence of RE3+

54 ions is caused by transitions from the lowest level of the 4fn�15d
55 electronic configuration (hereafter – the lowest 5d level) to the
56 ground state or some excited levels of the 4fn electronic configura-
57 tion (4f levels) of the RE3+ ion. For the first half of the lanthanide
58 series, transitions from the lowest 5d level to the 4f levels are
59 spin-allowed (SA) and 5d-4f luminescence is fast with typical life-
60 times in the nanosecond range. In the second half of the series,
61 transitions from the lowest 5d state (so-called high-spin (HS) state,
62 with value of spin higher than that in the ground state) are spin-
63 forbidden (SF) [2], and such SF 5d-4f luminescence is slow with
64 lifetimes in the ls range. However, depending on the particular

65ion, the host, and the temperature, SA 5d-4f luminescence from
66the higher-energy, so-called low-spin (LS) 5d state, with the same
67value of spin as in the ground state, can coexist with SF 5d-4f
68luminescence.
69Non-stoichiometric fluoride compounds Na0.4(Y1�xREx)0.6F2.2
70well suit the requirements set for optical crystalline materials in
71the VUV range. The host crystal Na0.4Y0.6F2.2 has high transparency
72in VUV [5,6], high hardness, is non-hydroscopic, and large single
73crystals can be grown from the melt using standard techniques,
74in particular the Bridgman method [5]. The system Na0.4(Y1�x-
75REx)0.6F2.2 has high capacity for doping RE3+ ions, up to the com-
76plete substitution of Y3+ for most RE3+ ions. Na0.4(Y1�xREx)0.6F2.2
77crystals have a disordered cubic fluorite structure of space group
78Fm3m, where cations are statistically distributed through (0 0 0)
79and face-centered positions in the unit cell. The compensation of
80the difference in cation charges takes place in the anion sub-
81lattice, where fluorine ions can occupy three different sites [7].
82The site symmetry of cation positions is approximately C4v [8].
83VUV luminescence properties of this type of fluoride systems
84doped with Er3+: Na0.4(Y1�xErx)0.6F2.2 (x = 0, 0.01, 0.1, 1) have been
85studied in [9]. Both fast SA and slow SF 5d-4f luminescence of Er3+

86have been detected. In the present work the time-resolved spectro-
87scopic studies in the VUV spectral range of fluoride systems Na0.4(-
88Y1�xNdx)0.6F2.2 (x = 0.005, 0.05, 0.2, 1) and Na0.4(Y1�xTmx)0.6F2.2
89(x = 0.0005, 0.01, 0.05, 0.1) have been performed, data on the ener-
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90 gies of the lowest 5d levels of RE3+ ions in the host material Na0.4-
91 Y0.6F2.2 have been analyzed and possibilities of using these systems
92 as VUV laser media are considered.

93 2. Experiment

94 The measurements of emission and excitation spectra as well as
95 of luminescence decay curves were performed at the SUPERLUMI
96 station [10] of HASYLAB at DESY under the excitation by syn-
97 chrotron radiation (60–190 nm) from the DORIS storage ring. The
98 excitation spectra were recorded with an instrumental resolution
99 of the primary monochromator of 0.3 nm. The measurements of

100 UV/VUV emission spectra and the spectral selection of the bands
101 for decay curves measurements were carried out using a 0.5 m
102 Pouey-type secondary monochromator equipped with a solar-
103 blind (Hamamatsu R6836) photomultiplier tube for spectral mea-
104 surements and with a microsphere plate detector for measure-
105 ments of decay curves. It should be pointed out that the recorded
106 emission spectra are resolution limited, as the UV/VUV secondary
107 monochromator is not designed for high resolution spectroscopy:
108 the typical spectral bandpass was Dk = 2 nm. The time correlated
109 single-photon counting was used for time-resolved spectra and
110 decay curve measurements. The time resolution of the detection
111 system was about 0.1 ns with a 130 ps length of the exciting syn-
112 chrotron radiation pulses followed with the period of 192 ns. The
113 width of the time gate for the measurement of time-resolved spec-
114 tra was varied between 10 and 150 ns depending on the decay time
115 of the component measured. The delay of the gate with respect to
116 the peak of excitation pulses was 0.5 or 50 ns for the measure-
117 ments of the fast or slow component respectively. A 0.3-m
118 Czerny-Turner monochromator-spectrograph SpectraPro-308i
119 (Acton Research Inc.) with a R6358P (Hamamatsu) photomultiplier
120 tube was applied for selecting the monitored wavelength when
121 measuring excitation spectra of emissions in UV/visible spectral
122 range. Emission spectra in the spectral range 200–700 nm were
123 recorded at the same spectrograph with a liquid nitrogen cooled
124 CCD detector (Princeton Instruments Inc.). Spectral resolution
125 was �0.2 nm with a 1200 grooves/mm grating. Emission spectra
126 were not corrected for the spectral response of the detection
127 system.
128 Na0.4(Y1�xNdx)0.6F2.2 (x = 0.005, 0.05, 0.2, 1) and Na0.4(Y1�x-
129 Tmx)0.6F2.2 (x = 0.0005, 0.01, 0.05, 0.1) crystals were grown by
130 Bridgman method in the carbon heating site in the fluorine atmo-
131 sphere created by the thermal decomposition of Teflon [5]. Multi-
132 cellular carbon crucibles were used for the growth procedure. The
133 growth rate was 3–5 mm/h. Polished platelets of 1 mm thickness
134 and 1 cm diameter were used for the measurements. The samples
135 were mounted onto a copper sample holder attached to a cold fin-
136 ger of a flow-type liquid helium cryostat.

137 3. Results and discussion

138 Emission spectra of Na0.4(Y1�xNdx)0.6F2.2 (x = 0.005, 0.05, 0.2, 1)
139 measured at a temperature of 14 K under 4f3-4f25d excitation at
140 176/179 nm are presented in Fig. 1. The broad emission bands
141 are due to parity- and spin-allowed interconfiguration 4f25d-4f3

142 transitions in Nd3+ with the shortest-wavelength band (peaked at
143 182.5 nm for x = 0.005) corresponding to transitions from the low-
144 est 5d level to the ground state multiplet term 4IJ=9/2,11/2,13/2,15/2 of
145 Nd3+ ions. The maximum intensity of Nd3+ 5d-4f luminescence is
146 observed for the x = 0.005 sample whereas for the x = 1 sample
147 the luminescence intensity is very weak, i.e. considerable concen-
148 tration quenching is observed for Nd3+ 5d-4f luminescence. In con-
149 trast to many other hosts (see e.g. [3,4], the narrow lines arising
150 from parity-forbidden intraconfiguration 4f3-4f3 transitions from

151the 2G(2)9/2 level of the Nd3+ ion are not observed. This means that
152at least at low temperature there is no efficient nonradiative relax-
153ation from 5d to 4f levels of Nd3+ in this host.
154The threshold in the excitation spectra of Nd3+ 5d-4f lumines-
155cence at about 183 nm (Fig. 2) corresponds to the onset of Nd3+

1564f3 – 4f25d absorption. Luminescence intensity drops to zero for
157the region k < 120 nm. From the measurements of reflection spec-
158tra of the studied samples (not shown) the estimations of energy
159bands parameters of the host crystal have been made: the peak
160energy of the exciton band is �10.95 eV (k � 113 nm) and the band
161gap is �11.35 eV. Therefore the spectral range k < 120 nm corre-
162sponds to the region of the host absorption and so there is no
163energy transfer from the host, including exciton region, to 5d levels
164of Nd3+.
165The single-exponential decay with decay time of 16.5 ns was
166obtained at low temperature for 5d-4f luminescence of Nd3+ only
167for small doping concentration (Fig. 3). For higher concentrations
168of Nd3+, shortening and non-exponentiality of decay is observed
169due to luminescence quenching. The initial stage of faster decay
170and the decrease of decay time at the extended stage of decay
171are the characteristic features of concentration quenching [11].
172This effect occurs due to the nonradiative direct (resonance) or
173non-direct (cross-relaxation) energy transfer from the 5d level of

180 200 220 240 260 280 300
0

5000

10000

15000

x=1

x=0.02

x=0.05

4G5/2,7/2,9/2,11/2

4F3/2,5/2,7/2,9/2

5d    4I9/2,11/2,13/2,15/2

st
ra

y 
lig

ht

T=14.0 K

λex= 176/179 nm

Na0.4(Y1-xNdx)0.6F2.2 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Wavelength (nm)

x=0.005

Fig. 1. Emission spectra of Nd3+ 5d-4f luminescence in Na0.4(Y1�xNdx)0.6F2.2
(x = 0.005, 0.05, 0.2, 1). The assignments of the bands to particular transitions are
shown. Excitation wavelength was between 176 and 179 nm.
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Fig. 2. Excitation spectrum of Nd3+ 5d-4f luminescence (monitored at 188 nm) and
emission spectrum of Nd3+ 5d-4f luminescence (under excitation at 176 nm) in
Na0.4(Y0.995Nd0.005)0.6F2.2.
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174 excited Nd3+ ions to neighboring non-excited Nd3+ ions. The con-
175 centration quenching of Nd3+ 5d-4f luminescence appears at rela-
176 tively low concentration (x = 0.05) of Nd3+ (see also the decrease
177 of luminescence intensity with x due to quenching effect in
178 Fig. 1). The efficient cross-relaxation energy transfer occurs
179 because of the rather rich energy level structure of excited 4f levels
180 of Nd3+ which results in the existence of a set of 5d-4f radiative
181 transitions which are quasi-resonant with corresponding absorp-
182 tion 4f-4f transitions.
183 The time-resolved emission spectra recorded for the Na0.4(Y0.99-
184 Tm0.01)0.6F2.2 crystal in the spectral range of 160–230 nm upon
185 Tm3+ 4f-5d excitation are presented in Fig. 4. The spectra corre-
186 spond to parity-allowed interconfiguration 4f115d – 4f12 transitions
187 in the Tm3+ ion. The slow component of Tm3+ luminescence with
188 the shortest-wavelength band peaked at 175 nm is due to SF
189 (DS = 1) 5d-4f transitions, i.e. transitions from the lowest (HS) state
190 of 4f115d configuration, with spin S = 2, to different levels of 4f12

191 configuration, including the ground multiplet term 3H6, which
192 have the value of spin S = 1 [2]. The fast component of Tm3+ lumi-
193 nescence with the shortest-wavelength band peaked at � 169 nm
194 is due to SA (DS = 0) 5d-4f transitions, i.e. transitions from the
195 higher-lying LS state of 4f115d configuration, which has the same
196 value of spin (S = 1) as the final state multiplets of 4f12 configura-

197tion. The assignments of the bands corresponding to SA 5d-4f tran-
198sitions are given in Fig. 4.
199The excitation spectra recorded in the range of 100–170 nm for
200the Tm3+ SF (monitored at 175 nm) and SA (monitored at 185 nm)
2015d-4f luminescence in the Na0.4(Y0.09Tm0.1)0.6F2.2 crystal are shown
202in Fig. 5. For the measurements of excitation spectra of SA lumines-
203cence the emission band at 185 nm was selected because of better
204spectral separation from SF luminescence. The threshold in the
205excitation spectrum of SF luminescence at about 168 nm corre-
206sponds to the onset of 4f12 – 4f115d SF absorption transitions from
207the ground 4f12 3H6 state to the lowest HS 5d state of Tm3+. The
208excitation spectrum of SF luminescence has four distinct maxima.
209However, only the lowest-energy band peaked at �165 nm corre-
210sponds to SF 4f-5d transitions. Other three higher-energy bands
211coincide with excitation bands of SA 5d-4f luminescence. The exci-
212tation spectrum of Tm3+ SA 5d-4f luminescence has the onset at
213�163 nm and the lowest-energy band peaked at �160 nm. The
214absorption coefficient for SA transitions from the ground 4f12 3H6

215state to LS 5d states of Tm3+ is several orders of magnitude larger
216than that for SF transitions. Accordingly, SF 5d-4f luminescence is
217excited at kex 6 163 nm as a result of relaxation from the directly
218excited higher-lying LS 5d states to the lowest-energy HS 5d level.
219As one can expect, the first (lowest-energy) excitation band of SF
220luminescence is more pronounced for the higher concentration of
221Tm3+ (compare Figs. 5 and 6). Similar to the case of Nd3+, at shorter
222wavelengths there is no energy transfer from the host to 5d levels
223of Tm3+.
224Excitation spectra of Tm3+ SF 5d-4f luminescence (monitored at
225175 nm, slow component) and 4f-4f luminescence (monitored at
226455 nm) in Na0.4(Y0.9Tm0.1)0.6F2.2 are compared in Fig. 6. According
227to the 4f energy level structure of Tm3+ in fluorides [12], if one
228excludes from the consideration the 1S0 level having a very high
229energy �75,000 cm�1 (�93.75 nm), there is a group of highest-
230energy 4f levels (1I6, 3PJ=0,1,2) at some 35,000–38,500 cm�1 (see nar-
231row lines in the region 250–300 nm in the excitation spectrum of
2324f-4f luminescence in Fig. 6) separated from the lowest (HS) 5d
233level by large energy gap (>20,000 cm�1) which prevents popula-
234tion of these 4f levels as a result of non-radiative relaxation from
2355d level. However, 4f-4f luminescence from the lowest level of this
236group of 4f levels (1I6) is observed under both 4f-5d absorption (for
237high enough concentrations of Tm3+) but mostly efficiently within
238the broad excitation band peaked at �120 nm (see insertion of
239Fig. 6). The latter band corresponds to transition to charge transfer
240(F� - Tm3+) state [13–15] from which the non-radiative relaxation
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Fig. 3. Decay curves of Nd3+ 5d-4f luminescence (recorded at 188 nm) in Na0.4(-
Y1�xNdx)0.6F2.2 (x = 0.005, 0.05, 0.2, 1). Excitation wavelength was 176 nm.
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241 populates excited 4f levels. Under 4f-5d excitation the appearance
242 of 4f-4f luminescence is not due to some channels of non-radiative
243 5d-4f relaxation within the ion but occurs as a result of cross-
244 relaxation energy transfer between the Tm3+ ions. In contrast to
245 the lowest LS 5d level with nanosecond decay time, the lowest
246 HS 5d level of Tm3+ has rather long lifetime and the rate of cross-
247 relaxation from this level can compete with radiative decay (SF
248 5d-4f luminescence). The observed process of cross-relaxation
249 can be described as (5d, 3H6)? (1G4, 3P2). The details of the inter-
250 play between 5d-4f and 4f-4f luminescence of Tm3+ can be found
251 in [13,14] (for some other fluoride hosts). In contrast to Tm3+ 5d-
252 4f luminescence, Tm3+ 4f-4f luminescence is well excited under
253 the host absorption, similar to the results obtained earlier in [16].
254 Decay curves for Tm3+ SA and SF 5d-4f luminescence in Na0.4(-
255 Y1�xTmx)0.6F2.2 (x = 0.01, 0.1, 1) recorded upon 4f-5d excitation of
256 Tm3+ are depicted in Fig. 7. Decay time for the slow (SF) component
257 (detected at 175 nm) is in the microsecond range and accordingly
258 the respective decay curve looks in the graph as a horizontal line in
259 the working time scale. Decay time of SA luminescence is 14 ns
260 independent of concentration (in the range of 0.05 – 10%), i.e. no
261 concentration quenching is observed for Tm3+ SA 5d-4f lumines-

262cence for Tm3+ doping level up to 10%. This is due to the specific
263energy level structure of Tm3+ described above which makes the
264cross-relaxation energy transfer from LS 5d level of Tm3+ (leading
265to concentration quenching) less probable than 5d-4f radiative
266(plus LS-HS non-radiative) decay.
267As it is clearly seen in Fig. 4 (curve ‘integral’) the relative inten-
268sity of the SA component is rather small. This means that efficient
269nonradiative relaxation occurs from the higher-lying LS 5d state,
270responsible for SA 5d-4f luminescence, to the lower-lying HS 5d
271state from which SF luminescence is observed. Usually it is sup-
272posed that efficient nonradiative multiphonon relaxation occurs
273if the gap between the levels is not more than 4–5 times larger
274than the cutoff phonon energy of the crystal [2]. For the system
275Na0.4(Y1�xREx)0.6F2.2 the cutoff phonon energy is expected to be
276similar to that in other fluoride crystals i.e. is �500 cm�1. The ener-
277gies of the lowest 5d levels for SA and SF luminescence in Na0.4(-
278Y1�xTmx)0.6F2.2, estimated as the crossing points between
279respective emission and excitation spectra, are �60,850 and
280�59,025 cm�1, respectively, i.e. the energy gap between emitting
2815d levels for SA and SF 5d-4f luminescence is �1800 cm�1. So the
282efficient nonradiative multiphonon relaxation between LS and HS
2835d levels of Tm3+ in Na0.4Y0.6F2.2:Tm3+ can be indeed expected.
284The quantitative data on spectral and timing properties of VUV
285luminescence due to 5d-4f transitions of Nd3+, Er3+ [9] and Tm3+

286doped into Na0.4Y0.6F2.2 are compiled in Table 1.
287We can now construct the energy level diagram for lowest 5d
288levels of all RE3+ ions in this complex fluoride system using well-
289known methodology of P. Dorenbos [17] if we take as the basis,
290for example, the experimental energy of 5d level for Nd3+ ion
291(Fig. 8). As one can see in the figure, the energies of the lowest
292HS and LS 5d levels calculated for Er3+ and Tm3+ according to this
293methodology show satisfactory agreement with experimental
294values.
295The Na0.4(Y1�xREx)0.6F2.2 (RE3+ = Nd3+, Er3+, Tm3+) systems can
296be considered as possible active media for VUV solid-state lasers
297with optical pumping. The absorption coefficient for SA 4f-5d tran-
298sitions is of the order of 100 cm�1 for a concentration of ions about
2991%. So, the conditions for direct optical pumping (e.g. by rare gas
300discharge radiation) of Nd3+, Er3+ or Tm3+ doped crystals are
301acceptable. On the other hand, the upconversion (two-photon)
302pumping via some intermediate 4f level can be also considered.
303For example, upconversion excitation of Nd3+ 5d-4f luminescence
304can be well realized by XeF (351/353 nm) or KrF (248 nm) laser
305via intermediate 4D5/2,3/2 and 2F(2)7/2 4f levels respectively
306[18,19]. Upconversion excitation of Er3+ 5d-4f luminescence is pos-
307sible by using ArF laser (193 nm) via intermediate 2H(1)11/2 4f level
308[19]. Unfortunately there are no excited 4f levels of Tm3+ suitable
309for upconversion excitation to 5d levels using excimer lasers. From
310the viewpoint of possible VUV laser schemes the SF 5d-4f transi-
311tions of Er+ and Tm3+ ions are more suitable as laser transitions.
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Fig. 7. Decay curves of Tm3+ SA (recorded at 185 nm under excitation at 160 nm)
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Na0.4(Y1�xTmx)0.6F2.2 (x = 0.0005–0.1). Decay curves of SA luminescence measured
for different concentrations of Tm3+ are shifted with respect to each other along y-
axis.

Table 1
Parameters of SA and SF 5d-4f luminescence of Nd3+, Er3+ and Tm3+ ions in the
Na0.4Y0.6F2.2 host. The data presented are taken for samples with doping concentra-
tions of 0.5% for Nd3+ and 1.0% for Er3+ and Tm3+; kem are peak wavelengths of the
luminescence bands; kex are peak wavelengths of the first bands of the excitation
spectra; EZPL are the energies of the lowest LS and HS 5d levels estimated as the
crossing points between 5d-4f emission and 4f-5d excitation spectra for SA and SF 5d-
4f luminescence, respectively; s are luminescence decay times. Data for Er3+ are taken
from [9].

Ion Nd3+ Er3+ Tm3+

SA SF SA SF

kem (nm) 182.5 164.8 167.8 169.0 174.8
kex (nm) 175.5 156.5 163.0 160.8 164.8
EZPL (cm�1) 55,295 62,305 60,680 60,850 59,025
s (ns) 16.5 11 560 14 >1000
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312 In such a scheme the optical pumping can be realized on the strong
313 SA 4f-5d transitions and the upper laser level (the lowest HS 5d
314 level responsible for SF luminescence) will be populated via fast
315 nonradiative relaxation from a higher-lying LS 5d level. As a result,
316 the Stokes shift of laser transition from the edge of strong SA 4f-5d
317 absorption is rather large and reabsorption effect is small. This
318 introduces an advantage for Er3+- and Tm3+-based laser schemes
319 compared to Nd3+-based one.

320 4. Conclusions

321 The time-resolved low-temperature (T � 10 K) VUV spec-
322 troscopy studies of 5d-4f luminescence of Nd3+ and Tm3+ ions in
323 the fluoride systems Na0.4(Y1�xREx)0.6F2.2 (RE3+ = Nd3+, Tm3+) have
324 been performed with synchrotron radiation excitation. The emis-
325 sion and excitation spectra as well as luminescence decay curves
326 were measured for the wide range of doping concentrations.
327 Remarkable concentration quenching is observed for Nd3+ 5d-4f
328 luminescence whereas SA 5d-4f luminescence of Tm3+ possesses
329 no concentration quenching (tested for doping level up to 10%).
330 On the other hand, the fast SA 5d-4f luminescence of Tm3+ is rather
331 weak, i.e. there exists efficient non-radiative relaxation from
332 higher lying 5d states to the lowest HS 5d level responsible for SF
333 5d-4f luminescence. These fluoride systems can be considered as
334 promising active media for VUV solid state lasers with optical
335 pumping.
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Fig. 8. The energies of the lowest 4fn�15d levels of RE3+ ions in the fluoride system
Na0.4Y0.6F2.2:RE3+. ‘Filled circles’ are the energies calculated according to [15] if one
takes the experimental energy of the lowest 5d level for the Nd3+ ion as the basis.
The ‘stars’ are the experimental energies obtained for Er3+ (from [9]) and Tm3+ (this
work).
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