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ceramics 

Guna Krieke*, Anatolijs Sarakovskis, Maris Springis 

Institute of Solid State Physics, University of Latvia, 8 Kengaraga str., LV-1063, Riga, Latvia. 
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Abstract 

In this study, novel transparent Er
3+

 doped glass ceramics were prepared from melt-quenched 

oxyfluoride glasses with general composition of Na2O-NaF-BaF2-YbF3-Al2O3-SiO2. The 

crystallization of fluorite (BaF2, BaF2-YbF3, NaF-BaF2-YbF3 and Na0.5-xYb0.5+xF2+2x) and 

distorted fluorite (rhombohedral Ba4Yb3F17 and tetragonal NaF-BaF2-YbF3) phases was 

analysed in glass ceramics with different BaF2 and YbF3 ratio. The phase composition and 

microstructure were investigated by X-ray diffraction (XRD) and scanning electron 

microscopy (SEM). Intense red upconversion luminescence (UCL) was detected under near-

infrared excitation resulting from three photon upconversion followed by cross-relaxation 

between Er
3+ 

and Yb
3+

 ions.  

The local environment of Er
3+

 ions in fluorite and distorted phases was analysed using site-

selective spectroscopy. The Er
3+

 ions were found to act as nucleation centres in the glass 

ceramics containing BaF2. The phase transition from metastable fluorite to rhombohedrally 

and tetragonally distorted fluorite phases was detected using Er
3+

 ions as a probe. 

KEYWORDS: upconversion, Ba4Yb3F17, phase transition, site-selective spectroscopy, glass 

ceramics 

Introduction  

Rare earth (RE) doped materials for up-conversion luminescence (UCL) have attracted 

attention due to various potential applications such as optical sensors and switches [1–3], 

optical memory devices [4,5], coatings for solar cells [6,7], three-dimensional displays [8,9], 

bioimaging and photodynamic therapy [10–12]. 

*Manuscript
Click here to view linked References
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The highest efficiency of near-infrared to visible UCL has been detected in Er
3+

 doped 

materials due to multiple energy levels of Er
3+

 ions and similar energy gap between them [7]. 

However, suitable host with good RE solubility, low phonon energy and low local symmetry 

of RE ions is required. 

Fluorides are known as excellent hosts for RE ions due to relatively low phonon energy 

possessing low rate of non-radiative relaxations, therefore enhancing the efficiency of UCL. 

BaF2 satisfies this criteria, having lower phonon energy (346 cm
-1

) than other alkaline earth 

fluorides [13]. Nevertheless, clustering of Er
3+

 ions, which leads to the enhanced rate of non-

radiative relaxations, has been observed in BaF2 with Er
3+

 content as low as 0.05 mol% [14]. 

This issue can be resolved by the introduction of other RE ions such as La
3+

, Gd
3+

, Y
3+

 and 

Lu
3+

 that act as spacers between Er
3+

 ions in RE clusters.  

BaF2 forms unusually wide areas of fluorite type (face centred cubic) solid solutions with all 

REF3. In addition, two distorted fluorite-type phases have been detected in BaF2-REF3 binary 

systems: rhombohedral with idealized composition of Ba4RE3F17 for RE=Sm-Lu and 

tetragonal high temperature phase Ba2REF7 for RE=Dy-Lu [15,16]. The phase diagrams of 

BaF2-REF3 binary systems have been analysed in detail elsewhere [15,17].   

Ba
2+

 containing fluorite type phases have been extensively investigated in the nanocrystalline 

oxyfluoride glass ceramics. These hosts are suitable UCL materials for applications where 

transparency is required, combining the low phonon energy of the fluoride crystals with the 

high chemical and mechanical stability of oxide glasses [18]. The oxyfluoride glass ceramics 

have been extensively investigated for various application in photonics such as optical 

temperature sensing [19–21], light conversion [22,23], fibre lasers [24,25], x-ray imaging 

[26,27] and non-linear optics [28]. 

Efficient UCL has been observed in RE
3+

 doped glass ceramics containing Ba2LaF7 [29,30], 

BaGdF5 [31], BaYF5 [32], BaYbF5 [33], BaLuF5 [34] and Ba1−xLuxF2+x [35]. The fluorite 

phases Ba2LuF7 and BaREF5 are non-stoichiometric solid solutions and should be expressed as 

Ba1-xRExF2+x rather than individual compounds [18,36]. The chemical composition of these 

phases should be analysed carefully. According to the phase diagrams the REF3 content in the 

fluorite phases can reach up to 50 mol% [15], however in systems far from thermodynamic 
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equilibrium this region can be expanded even further by formation of metastable fluorite type 

phases that decompose after heat treatment [37,38].   

Recently we have developed new glass ceramics containing fluorite related phases. The 

formation of tetragonally and rhombohedrally distorted fluorite nanocrystals has been shown 

in BaF2-YF3 containing glass ceramics [39]. The crystallization of Ba4Gd3F17 in oxyfluoride 

glass ceramics was investigated using Er
3+ 

as a probe [40]. Phase transition from metastable 

cubic to rhombohedrally distorted fluorite type was detected and resulted in an enhancement 

of UCL.  

In this research the phase formation and ordering of the fluorite-type structures are analysed in 

erbium doped BaF2 and YbF3 containing glass ceramics using Er
3+

 as a probe for the 

identification of the changes in the local structure and Yb
3+

 ions as a sensitizer for infrared to 

visible UCL. The origin of intense red UCL detected in the glass ceramics with Yb
3+

 

containing fluorides is discussed. 

Materials and methods 

Precursor glasses with nominal composition of 15Na2O-3NaF-(14-x) BaF2-xYbF3-6Al2O3-

62SiO2 (x=0, 6-11 and 14) in mol% doped with 0.1% ErF3 were prepared from high purity raw 

materials. The batches of 9 g were melted in covered corundum crucibles at 1500⁰ C for 30 

minutes. The melts were casted in stainless steel mould. The chemical composition of the 

precursor glasses is summarized in Table 1. 
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Table 1 

Chemical composition of precursor glasses (in mol%) 

Sample  Na2O NaF BaF2 YbF3 Al2O3 SiO2 ErF3 

0% YbF3 15 3 14 0 6 62 0.1 

6% YbF3 15 3 8 6 6 62 0.1 

7% YbF3 15 3 7 7 6 62 0.1 

8% YbF3 15 3 6 8 6 62 0.1 

9% YbF3 15 3 5 9 6 62 0.1 

10% YbF3 15 3 4 10 6 62 0.1 

11% YbF3 15 3 3 11 6 62 0.1 

14% YbF3 15 3 0 14 6 62 0.1 

 

The glass ceramics were obtained after isothermal heat treatment of the precursor glasses at 

500-700⁰ C for 2 h. 

Polycrystalline Ba4Yb3F17 was prepared using hydrothermal synthesis. Analytical grade raw 

materials were used. 1.5 mmol Yb
3+

 nitrate was prepared by dissolving Yb2O3 in concentrated 

HNO3. The excess HNO3 was removed by evaporation. 2 mmol BaCl2·2H2O was added to the 

obtained nitrate and dissolved in 5 ml of deionized water. Afterwards, 10 ml 37.5 mmol NH4F 

solution in deionized water was added under vigorous stirring. The solution was transferred to 

25 ml Teflon-lined autoclave and heated at 200 ⁰ C for 24 h resulting in the formation of 

single phase rhombohedral Ba4Yb3F17. After the reaction, the system was allowed to cool to 

room temperature naturally. The product was collected by filtration and dried in air. 

The thermal properties of the glasses were characterized by differential thermal analysis 

(DTA) using differential thermal analyser Shimadzu Corp. DTG-60. Powdered samples were 

heated at 10 K/min in Ar flow and Al2O3 was used as a reference.  

X-ray diffraction data was obtained by PANalytical X’Pert Pro diffractometer using Cu Kα 

tube operated at 45 kV and 40 mA. The structure refinement of tetragonal phase was 

performed by Fullprof [41] and indexed by TREOR [42]. 
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The microstructure of the glass ceramics was characterized by scanning electron microscopy 

(SEM) using FE SEM, Tescan, Mira/LMU operated at 15 kV. The samples were fractured and 

mounted on sample stubs with conductive double coated carbon tape. No electroconductive 

coating was necessary due to good conductivity of the investigated glass ceramics. The 

micrographs were obtained by combining the signal from secondary electron and back 

scattered electron detectors. 

Luminescence was excited by a wavelength tuneable pulsed solid state laser Ekspla 

NT342/3UV and temperature controlled continuous wave (CW) laser diode (λ=975 nm). The 

emission signal was detected by Andor DU-401-BV CCD camera coupled to Andor SR-303i-

B spectrometer. Luminescence decay was measured using a photomultiplier tube and digital 

oscilloscope Tektronix TDS 684A. Low temperature measurements were performed using 

Advanced Research Systems DE202 N cold finger type He cryostat. 

 

Results and discussion 

 

Fig. 1. DTA curves of the precursor glasses with 0, 7, 10 and 14% YbF3 
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Fig. 1 shows the DTA curves of the precursor glasses with 0, 7, 10 and 10% YbF3. The glass 

transition temperature Tg of these precursors is located at approximately 500⁰ C and decreases 

slightly with the replacement of BaF2 by YbF3. This could be explained by lower stability of 

YbF3 in the melt leading to decrease of fluorine content in the precursor glass or the decrease 

of the content of glass modifiers in the glass due to partial crystallization of the glass during 

the cooling of the melt (see Fig. 3). For the glass ceramics with 0% YbF3 single exothermic 

effect (Tc) with temperature maximum at 562⁰ C associated with the crystallization of BaF2 is 

observed. The introduction of YbF3 results in changes in the crystallization processes. For the 

glass ceramics with 10 and 14% YbF3 broad exothermic effects associated with the formation 

of fluoride phases are observed suggesting gradual crystallization. For the glass ceramics with 

7% YbF3 two distinct exothermic effects are observed indicating the crystallization of several 

fluoride phases. Finally, an endothermic effect Tm associated with the melting of the glass 

matrix is observed for all the investigated glasses and is located at approximately 750-780⁰ C.  

All the precursor glasses were heat treated at 650⁰ C for 2 h and the phase composition of the 

obtained glass ceramics was analysed by XRD (see Fig. 2). 

 

Fig. 2. XRD patterns of the glass ceramics heat treated at 650⁰ C for 2 h. 
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In the glass ceramics with 0% YbF3 fluorite type crystals with lattice parameter 

a=6.2064±0.0004 Å are formed and are in a good agreement with cubic BaF2.  

According to the phase diagram of BaF2-YbF3 binary system, the replacement of BaF2 by 

YbF3 should result in the formation of non-stoichiometric fluorite phases, fluorite related 

rhombohedral Ba4Yb3F17 and tetragonal Ba2YbF7 as well as monoclinic or orthorhombic 

BaYb2F8 and orthorhombic or hexagonal YbF3 [15,17], however in all the investigated glass 

ceramics only fluorite and fluorite related phases were formed. 

The replacement of BaF2 by YbF3 results in the decrease of the interplanar distances of the 

fluorite lattice.  In the glass ceramics with 6% YbF3 two crystalline phases are formed. One is 

assumed to be fluorite type BaF2-YbF3 solid solution. The other can be precipitated in the 

glass ceramics with 7% YbF3 as a single crystalline phase. The interplanar distances of this 

compound are close to cubic Ba4Yb3F17 [43] and it is structurally similar to its ordered phase – 

rhombohedral Ba4Yb3F17 (see Fig. 3 a). In the glass ceramics with 8-10% YbF3 another fluorite 

related compound with tetragonal distortion is formed.  

No distortion of fluorite lattice can be observed in the glass ceramics with 11% and 14% YbF3, 

therefore the formation of NaF-BaF2-YbF3 and Na0.5-xYb0.5+xF2+2x solid solutions are assumed. 

The lattice parameter of the latter compound (14% YbF3) a=5.4644±0.0004 Å is close to 

Na5Yb9F32 (a= 5.4710 Å) – a fluorite-type solid solution with upper YbF3 content. The 

expansion of the lattice due to introduction of larger ions (Er
3+

) in the crystalline structure 

should be rather insignificant due to low ErF3 content in the precursor glass, therefore the 

deviation of the lattice parameter should be caused by the different NaF/YbF3 ratio. The 

chemical composition of nanocrystals was estimated to be Na0.41Yb0.59F2.18 using empirical 

equations from Ref [44].  

The phase formation of fluorite-related phases in the glass ceramics with 7% and 10% YbF3 

was investigated in detail and the XRD results are shown in Fig. 3. 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

 

 

Fig. 3. XRD patterns of the precursor glass and glass ceramics with a) 7% YbF3 

(superstructure peaks are marked with o) and b) 10% YbF3 (impurity phase is marked by *). 

Inset: the comparison of superstructure peaks of the glass ceramics and polycrystalline 

Ba4Yb3F17. 

No intense diffraction peaks were detected for the precursor glasses, however broad, low 

intensity peaks corresponding to the most intense peaks of fluorite-type lattices suggest partial 

spontaneous crystallization of the fluorite phases during the cooling of the melt. In the glass 

ceramics with 7% YbF3 an increase of the diffraction intensity and the narrowing of the XRD 

peaks after the heat treatment is observed, suggesting the growth of the nanocrystals. Despite 

the two exothermic effects detected by DTA (See Fig. 1), no significant changes in the 

crystalline structure for the glass ceramics heat treated at 500-700⁰ C have been observed.  

Several weak superstructure peaks in the glass ceramics heat treated at 700⁰ C for 2 h (see 

inset of Fig. 3 a) indicate the rhombohedral distortion of the fluorite phase corresponding to a 

compound with idealized composition of Ba4Yb3F17. The results suggest an ordering of 

metastable cubic and formation of ordered rhombohedral phase, however relatively broad 
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peaks of the nanocrystals and weak superstructure reflections of the ordered phase prevent the 

precise identification of the phase transition using XRD. 

Similarly, in the glass ceramics with 10% YbF3 (Fig. 3 b) at low temperature fluorite 

nanocrystals are formed, however after the heat treatment at 600⁰ C splitting of 200 (31.12 2θ) 

220 (44.46 2θ) and 311 (52.69 2θ) peaks suggests tetragonal distortion of the fluorite lattice.  

Tetragonally distorted fluorite related high-temperature compound with general composition 

of Ba2YbF7 has been observed in BaF2-YbF3 binary system [16] and the line pattern of this 

phase is shown in Fig. 3 b, however considerable peak shifts are detected indicating 

considerably larger unit cell of the Ba2YbF7 in comparison to the tetragonal nanocrystals the 

investigated glass ceramics.  

The tetragonal indexing of the distorted fluorite phase matches space group P4/mmm (No. 

123) with the cell parameters a=b=4.0392 Å, c=5.8305 Å and tetragonal subcell is elongated 

along c axis in comparison to the fluorite phase. The crystallization of isostructural 

tetragonally distorted fluorite type phase identified as NaF-BaF2-YF3 solid solution has been 

detected in YF3 containing glass ceramics [39]. We assume the formation of similar NaF-

BaF2-YbF3 solid solution in the investigated glass ceramics. Unfortunately, the phase 

equilibrium of NaF-BaF2-YbF3 system has not been investigated in details and our attempts to 

prepare this compound using solid state synthesis were not successful.  

Further increase of the temperature of the heat treatment promotes growth of the tetragonal 

nanocrystals in the glass ceramics with 10% YbF3. In addition, an unidentified crystalline 

phase (marked with * in Fig. 3 b) is formed after the heat treatment at 700⁰ C for 2 h.  

The crystalline phases present in the glass ceramics after heat treatment at 650⁰ C for 2 h are 

summarized in Table 2. 
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Table 2 

Sample  Crystalline phase 

0% YbF3 cubic BaF2 

6% YbF3 cubic BaF2-YbF3 solid solution + rhombohedral Ba4Yb3F17  

7% YbF3 rhombohedral Ba4Yb3F17 

8% YbF3 rhombohedral Ba4Yb3F17 + tetragonal NaF-BaF2-YbF3  

9% YbF3 rhombohedral Ba4Yb3F17 + tetragonal NaF-BaF2-YbF3 

10% YbF3 tetragonal NaF-BaF2-YbF3 

11% YbF3 cubic NaF-BaF2-YbF3 solid solution 

14% YbF3 cubic Na0.41Yb0.59F2.18 

 

The glass ceramics heat treated up to 650⁰ C for 2 h remain transparent, however higher 

temperature promotes rapid growth of the nanocrystals with distinct morphology.  

 

Fig. 4. SEM micrographs of the glass ceramics with a) 0%, b) 7%, c) 10%, and d) 14% YbF3 

heat treated at 700⁰ C for 2 h. 

The SEM micrographs of the glass ceramics with different YbF3 content are shown in Fig. 4. 

The lighter sections represent crystalline regions enriched in heavy element ions such as Ba
2+

 

and Yb
3+

, and the darker sections represent the glass matrix mostly containing lighter ions. In 

BaF2 containing glass ceramics (0% YbF3) randomly oriented octahedral crystals with a broad 

size distribution are formed. Homogenous distribution of smaller nanocrystals is detected in 

Yb
3+ 

containing glass ceramics suggesting lower crystal growth velocity. Blocky and tabular 

crystals are formed in the glass ceramics with 7% YbF3 (rhombohedral Ba4Yb3F17) and 10% 

YbF3 (tetragonal NaF-BaF2-YbF3) respectively. Similar morphology has been observed in Y
3+
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containing glass ceramics [39]. For the glass ceramics with 14% YbF3 (Na0.41Yb0.59F2.18 solid 

solution) spherical particles are formed. This morphology is characteristic to other oxyfluoride 

glass ceramics, in which the growth of the nanocrystals is limited by a diffusion barrier formed 

around the crystallites [45–48].  In the investigated glass ceramics, the crystallization of 

Na0.41Yb0.59F2.18 reduces the content of glass modifiers (Na
+
 and RE

3+
) in the base glass, 

therefore increasing the viscosity of the glass matrix surrounding the crystals and preventing 

their further growth.  

In all Yb
3+

 containing glass ceramics intense red UCL was observed in comparison to glass 

ceramics with 0% YbF3 where no UCL could be detected. The UCL spectra of the glass 

ceramics with the distorted fluorite-type (7% and 10% YbF3) and Na0.41Yb0.59F2.18 (14% YbF3) 

nanocrystals are shown in Fig. 5. 

 

Fig. 5. UCL spectra of the glass ceramics with 7, 10 and 14% YbF3 heat treated at 650⁰ C for 

2 h under 973 nm excitation. Inset: power dependence of UCL intensity of 
4
F9/2→

4
I15/2 (red) 

and 
4
S3/2→

4
I15/2 (green) emission in the glass ceramics with 7% YbF3. 
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The most intense emission band in all Yb
3+

 containing glass ceramics centred at 655 nm 

corresponds to 
4
F9/2→

4
I15/2 transition of Er

3+
 ions. Several lower intensity UCL bands can be 

assigned to 
2
H9/2→

4
I15/2 (410 nm), 

2
H11/2→

4
I15/2 (520 nm) and 

4
S3/2→

4
I15/2 (550 nm) transitions 

characteristic to Er
3+

.  

In Er
3+

 doped fluorides at low Er
3+

 content green emission arising from two photon UCL 

process is usually dominant [49,50], whereas in materials with high Yb
3+ 

content intense red 

emission is usually observed [51–53]. In similar Yb
3+

 containing glass ceramics it is assumed 

to be due to non-radiative multiphonon relaxation from 
4
S3/2 to 

4
F9/2 directly populating the red 

emitting state or from 
4
I11/2 to 

4
I13/2 followed by energy transfer from 

4
I13/2 to 

4
F9/2, as well as 

several cross-relaxation processes between Er
3+

 ions [54–56]. The multiphonon relaxation 

from 
4
S3/2 and 

4
I11/2 to lower emitting states are not efficient in low-phonon hosts such as 

fluorides and the cross-relaxation processes between Er
3+

 ions are insignificant in the 

investigated glass ceramics due to low Er
3+

 content, therefore an alternative pathway for the 

population of red-emitting state can be expected.  

For the UCL processes, the emission intensity is proportional to the n-th power of excitation 

power, where n is the number photons required to excite the emitting states in case of small 

upconversion rates and less than that in actual UCL systems [57]. In order to understand the 

UCL mechanism in the investigated glass ceramics, the pumping power dependence of UCL 

intensity of green and red emission was investigated and represented for the glass ceramics 

with 7% YbF3 in inset of Fig. 5.   

The slopes of the log–log pump power dependences of the green (
4
S3/2→

4
I15/2) and red 

(
4
F9/2→

4
I15/2) emissions show considerable differences. For the green emission the slope n=1.7 

is close to 2, indicating two photon UCL, however for the red emission n=2.59 for low power 

region suggests that three photon UCL process is involved in the population of the red 

emitting state.  
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Fig. 6. a) Photoluminescence excitation spectra for 
4
S3/2→

4
I15/2 (green) and 

4
F9/2→

4
I15/2 (red) 

emission and b) luminescence decay of
 4

F9/2→
4
I15/2 emission excited at 364, 486 and 645 nm 

of the glass ceramics with 7% YbF3 heat treated at 650⁰ C for 2 h. 

The dominant cross-relaxation pathway in the investigated glass ceramics is revealed in the 

photoluminescence excitation spectra shown in Fig. 6. The green emission (
4
S3/2→

4
I15/2 

transition) is observed upon excitation at 480 nm (
4
I15/2→

4
F7/2), but the emission intensity is 

insignificant for shorter excitation wavelengths (below 450 nm). In this spectral region only 

red luminescence can be excited efficiently. Several bands centred at 358, 364, 378 and 406 

nm assigned to 
4
I15/2→

4
G7/2, 

4
I15/2→

4
G9/2, 

4
I15/2→

4
G11/2 and 

4
I15/2→

2
H9/2 transitions respectively 

were detected suggesting non-radiative decay pathway from these states to 
4
F9/2 that bypasses 

the green emitting state. This assumption is confirmed by the luminescence decay trends of the 

red emission shown in Fig. 6 b) in the glass ceramics with 7% YbF3 after excitation at 364 nm 

(
4
I15/2→

4
G9/2), 486 nm (

4
I15/2→

4
F7/2) and 645 nm directly populating 

4
F9/2 emitting state. Single 

exponential decay is observed for the excitation at 364 and 645 nm. The non-exponential 

behaviour of the red luminescence after 486 nm excitation suggests that the energy transfer 

mechanism is involved. Rapid non-radiative decay 
4
G7/2→

4
G9/2→

4
G11/2→

2
H9/2 is expected in 

these materials and the 
2
F7/2→

2
F5/2 transition of Yb

3+
 ions is resonant with 

2
H9/2→

4
F9/2 

suggesting cross-relaxation process (
2
H9/2,

4
F7/2→

4
F9/2,

4
F5/2). The results confirm that the 

population of 
4
F9/2 occurs due to cross-relaxation from 

2
H9/2 to 

4
F9/2 that bypasses the 

intermediate states.  

The proposed UCL mechanism is summarized in Fig. 7. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

 

 

Fig. 7. Partial energy level scheme of Er
3+

 and Yb
3+

 ions with possible UCL and cross-

relaxation mechanisms. 

Under near-infrared excitation Yb
3+

 ions in the investigated glass ceramics are promoted to 

2
F5/2 through ground-state absorption. Resonant energy transfer to Er

3+
 populates 

4
I11/2 and 

4
F7/2 

levels of Er
3+

 ions. The rapid non-radiative decay from 
4
F7/2 to 

2
H11/2 and 

4
S3/2 populates the 

emitting states resulting in the green emission. The relatively long lifetime of these emitting 

states also enables further excitation of Er
3+

 ions to 
2
G7/2, from which non-radiative multi-

phonon relaxation populates 
2
H9/2. Only insignificant fraction of Er

3+ 
ions decay from this state 

radiatively (see Fig. 5). Due to high Yb
3+ 

ions content in the crystalline phases almost resonant 

cross-relaxation between Er
3+

 and Yb
3+ 

ions (
2
H9/2,

4
F7/2→

4
F9/2,

4
F5/2) populates 

4
F9/2. This 

cross-relaxation mechanism is highly efficient in the investigated materials, as the result 

intense red UCL is observed.  

The local environment of Er
3+

 ions in the glass ceramics was investigated using site-selective 

spectroscopy. The luminescence spectra of the green emission of Er
3+

 ions in the glass 

ceramics containing Na0.41Yb0.59F2.18 (14% YbF3) and BaF2 (0% YbF3) nanocrystals heat 

treated at 650⁰ C for 2 h are shown in Fig. 8.  
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Fig. 8. Luminescence spectra (exciting 
4
F7/2, monitoring

 4
S3/2→

4
I15/2 emission) of Er

3+ 
ions in 

the glass ceramics with a) 14% YbF3 and b) 0% YbF3 heat treated at 650⁰ C for 2 h. The 

luminescence spectra are detected at 10 K. 

Considerable changes in the luminescence spectra of both samples were detected when the 

excitation wavelength was varied. The fine structure of Er
3+

 luminescence can change if Er
3+ 

ions are incorporated in several different cationic positions in the crystalline lattice. Multiple 

comparable spectra were detected for the glass ceramics with 14% YbF3, indicating the 

incorporation of Er
3+

 ions in similar local environment, which is characteristic to solid 

solutions (see Fig. 8 a). In BaF2 containing glass ceramics (0% YbF3) two distinct (excited at 

482.7 and 483.0 nm) and several similar (excited in the region 484-485 nm) spectra could be 

detected (see Fig. 8 b).  

Seven different Er
3+

 sites have been detected in BaF2 single crystals, six of them arising from 

Er
3+ 

clusters [14]. The luminescence spectrum excited at 483.0 nm is similar to spectra of 
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single Er
3+

 site with trigonal symmetry characteristic to BaF2 crystals with low Er
3+

 content 

[14,58]. The other spectra are associated with different Er
3+

 cluster sites.  

 

Fig. 9. Luminescence spectra of Er
3+

 ions in the glass ceramics with a) 14% YbF3 (excited at 

483.0 nm) and 0% YbF3 (exited at 485.2 nm) detected at 10 K. 

Despite the increase of the size of nanocrystals after the heat treatment at higher temperature, 

no changes in luminescence spectra were detected for the glass ceramics containing Na0.5-

xYb0.5+xF2+2x solid solutions (See Fig. 9 a). In the glass ceramics with 0% YbF3, on the 

contrary, considerable deviations of the local environment of Er
3+

 ions during the growth of 

BaF2 nanocrystals were observed. Despite being present in all the glass ceramics with 0% 

YbF3, the relative intensity ratio of different Er
3+

 sites was found to be dependent on the 

temperature of the heat treatment.  

In the glass ceramics heat treated at 500-550⁰ C for 2 h the Er
3+

 clusters were found to be 

dominant, however, the heat treatment at higher temperature resulted in the enhancement of 

the relative intensity of the isolated Er
3+

 site (see Fig. 9 b) indicating the decrease of Er
3+

 

content in BaF2 during the growth of the nanocrystals. The results suggest that Er
3+

 ions act as 
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nucleating agents and therefore at low temperature of heat treatment Er
3+

 clusters are formed, 

however, during the growth of the crystals, the surrounding regions are depleted in Er
3+

 ions, 

as the result isolated Er
3+

 sites can be formed.  

In the glass ceramics with distorted fluorite type phases, considerable deviations in the 

luminescence spectra were observed after different heat treatment suggesting changes in the 

local environment of Er
3+ 

ions during the crystallization.  

 

Fig. 10. Luminescence spectra (exciting 
4
F7/2, monitoring 

4
S3/2→

4
I15/2 emission) of Er

3+
 ions in 

the glass ceramics with a,c) 7% YbF3 and b,d) 10% YbF3 heat treated at a-b) 500⁰ C and c-d) 

650⁰ C for 2 h. The luminescence spectra are detected at 10 K. 

The luminescence spectra of the glass ceramics with 7% and 10% YbF3 detected at 10 K are 

shown in Fig. 10. According to the XRD data (see Fig. 2) no detectable distortion in the 

fluorite lattice is observed for the glass ceramics heat treated at 500⁰ C for 2 h. Similar 

relatively broad luminescence spectra originating from multiple Er
3+

 sites confirm the 

formation of fluorite type solid solutions.  
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After the heat treatment at higher temperature (see Fig. 10 c-d) several distinct spectra with 

sharp luminescence bands can be observed indicating the ordering of the fluorite lattice.  

In the glass ceramics containing rhombohedral Ba4Yb3F17 (7% YbF3) two distinct spectra have 

been detected suggesting the incorporation of Er
3+

 ions into two different positions in the 

crystalline lattice. 

In the rhombohedral Ba4Yb3F17 there are three cationic positions – two un-equivalent Ba
2+

 

positions with C1 and C3 symmetry and one Yb
3+

 position with C1 symmetry [59]. The crystal 

structure of the rhombohedral Ba4Yb3F17 is shown in Fig. 11.  

 

Fig. 11. a) Crystal structure of the rhombohedral Ba4Yb3F17, projection along a axis and b) 

Ba8Yb6F68 structural unit. Atomic positions taken from [59]. 

According to [59], in Ba4Yb3F17 Yb
3+

 ions are composed in octahedral clusters Yb6F36 that 

form Ba8Yb6F68 structural units. 

The Er
3+

 ions in the crystalline lattice are expected to replace Yb
3+

 positions rather than Ba
2+

. 

The incorporation of Er
3+

 ions in a single cationic position, presumably RE
3+

, was observed in 

Ba4Gd3F17 and Ba4Y3F17 containing glass ceramics [39,40].  

The multisite formation observed in the investigated glass ceramics could be caused by several 

factors such as deviations in the chemical composition due to formation of non-stoichiometric 

rhombohedral phase, incorporation of Na
+
 ions in the crystalline lattice or partial replacement 
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of F
- 
with O

2-
 in the centre of octahedral clusters, however, further investigation is required to 

fully clarify the details.   

In the tetragonally distorted phase formed in the glass ceramics with 10% YbF3, three distinct 

spectra that are similar to tetragonal NaF-BaF2-YF3 reported previously [39], were detected. 

However, there is also considerable resemblance with the rhombohedral Ba4Yb3F17 indirectly 

suggesting the presence of similar structural elements (such as Yb6F36 clusters) in both of 

these phases.  

The changes in the local environment of Er
3+ 

ions associated with the ordering of fluorite 

phases in the glass ceramics were used for the determination of the phase transition 

temperature. Luminescence excitation and luminescence spectra of the glass ceramics with 7% 

YbF3 heat treated at 500-700⁰ C for 2 h are shown in Fig. 12. 

 

Fig. 12 Luminescence spectra of Er
3+

 ions in the glass ceramics with a) 7% YbF3 (excited at 

484.8 nm) and 10% YbF3 (exited at 484.4 nm) detected at 10 K. 

In the glass ceramics heat-treated at 500-550⁰ C relatively broad luminescence bands due to 

overlapping of the luminescence spectra of several Er
3+ 

sites in the cubic solid solutions are 

detected. Considerable changes in the luminescence spectra are observed after the heat 

treatment at 600-650⁰ C for 2 h in the glass ceramics with 7% YbF3. This temperature region 
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is associated with the phase transition from fluorite-type to rhombohedrally distorted fluorite 

phase – Ba4Yb3F17 and agrees well with the exothermal effect Tc2 detected in the DTA data 

(see Fig. 1). 

Similar ordering processes occur in the glass ceramics with 10% YbF3 (see Fig. 12 b). The 

tetragonally distorted phase is formed after the heat treatment at 600⁰ C and the characteristic 

splitting is also detected in the XRD patterns confirming the phase transition from the 

metastable cubic to the tetragonal fluorite related solid-solution with composition of NaF-

BaF2-YbF3.  

Conclusions 

For the first time nanocrystalline erbium doped glass ceramics containing rhombohedral 

Ba4Yb3F17 and tetragonal NaF-BaF2-YbF3 ordered fluorite related phases were prepared from 

melt-quenched precursor glasses.  

Intense red upconversion luminescence observed under near-infrared excitation is explained 

by efficient cross-relaxation processes between erbium and ytterbium ions.  

In BaF2 nanocrystallites containing glass ceramics luminescence corresponding to isolated 

Er
3+

 sites and their clusters was detected. For the glass ceramics heat treated at lower 

temperature the formation of the cluster sites was dominant, whereas the heat treatment of the 

glass ceramics at higher temperatures increased the relative number of single Er
3+ 

sites in BaF2 

nanocrystals suggesting that Er
3+ 

ions act as nucleating agents during the crystallization of 

BaF2.  

The introduction of YbF3 in the precursor glass promoted the formation of solid solutions with 

fluorite-type structure. The results of DTA, XRD as well as site-selective spectroscopy data 

analysis demonstrate the ordering of fluorite-type structure upon the heat treatment of the 

precursor glasses. Two ordered phases with rhombohedrally (Ba4Yb3F17 for glass ceramics 

with low YbF3 content) and tetragonally (NaF-BaF2-YbF3 solid solution in the glass ceramics 

with higher YbF3 content) distorted fluorite structure were confirmed.    

The results show that the site-selective spectroscopy of rare earth ions is an essential tool to 

study the phase formation of the nanocrystalline structures. 
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Fig. 1. DTA curves of the precursor glasses with 0, 7, 10 and 14% YbF3. 

Fig. 2. XRD patterns of the glass ceramics heat treated at 650⁰ C for 2 h. 

Fig. 3. XRD patterns of the precursor glass and glass ceramics with a) 7% YbF3 

(superstructure peaks are marked with o) and b) 10% YbF3 (impurity phase is marked by *). 

Inset: the comparison of superstructure peaks of the glass ceramics and polycrystalline 

Ba4Yb3F17. 

Fig. 4. SEM micrographs of the glass ceramics with a) 0%, b) 7%, c) 10%, and d) 14% YbF3 

heat treated at 700⁰ C for 2 h. 

Fig. 5. UCL spectra of the glass ceramics with 7, 10 and 14% YbF3 heat treated at 650⁰ C for 

2 h under 973 nm excitation. Inset: power dependence of UCL intensity of 
4
F9/2→

4
I15/2 (red) 

and 
4
S3/2→

4
I15/2 (green) emission in the glass ceramics with 7% YbF3. 

Fig. 6. a) Photoluminescence excitation spectra for 
4
S3/2→

4
I15/2 (green) and 

4
F9/2→

4
I15/2 (red) 

emission and b) luminescence decay of
 4

F9/2→
4
I15/2 emission excited at 364, 486 and 645 nm 

of the glass ceramics with 7% YbF3 heat treated at 650⁰ C for 2 h. 

Fig. 7. Partial energy level scheme of Er
3+

 and Yb
3+

 ions with possible UCL and cross-

relaxation mechanisms. 

Fig. 8. Luminescence spectra (exciting 
4
F7/2, monitoring

 4
S3/2→

4
I15/2 emission) of Er

3+ 
ions in 

the glass ceramics with a) 14% YbF3 and b) 0% YbF3 heat treated at 650⁰ C for 2 h. The 

luminescence spectra are detected at 10 K. 

Fig. 9. Luminescence spectra of Er
3+

 ions in the glass ceramics with a) 14% YbF3 (excited at 

483.0 nm) and 0% YbF3 (exited at 485.2 nm) detected at 10 K. 

Fig. 10. Luminescence spectra (exciting 
4
F7/2, monitoring 

4
S3/2→

4
I15/2 emission) of Er

3+
 ions in 

the glass ceramics with a,c) 7% YbF3 and b,d) 10% YbF3 heat treated at a-b) 500⁰ C and c-d) 

650⁰ C for 2 h. The luminescence spectra are detected at 10 K. 

Fig. 11. a) Crystal structure of the rhombohedral Ba4Yb3F17, projection along a axis and b) 

Ba8Yb6F68 structural unit. Atomic positions taken from [59]. 

Figure Captions
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Fig. 12 Luminescence spectra of Er
3+

 ions in the glass ceramics with a) 7% YbF3 (excited at 

484.8 nm) and 10% YbF3 (exited at 484.4 nm) detected at 10 K. 
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