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Abstract. Different compositions of europium doped aluminosilicate oxyfluoride glass ceramics
prepared in air atmosphere have been studied by electron paramagnetic resonance (EPR) and optical
spectroscopy methods. X-ray diffraction (XRD) and transmission electron microscopy (TEM)
measurements show presence of homogenously distributed SrF; nanocrystals after the heat treatment of
the precursor glass. Efficient Eu®* incorporation in the high symmetry environment of glass ceramics is
observed from the photoluminescence spectra. EPR spectra indicate Eu** — Eu?" reduction upon
precipitation of crystalline phases in the glass matrix. For composition abundant with Eu* in the glassy
state such behaviour is not detected. Local structure around europium ions is discussed based on

differences in chemical compositions.
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1. Introduction

Glass ceramics (GCs) are considered as excellent optical materials due to their transparency in wide
spectral range, high mechanical and thermal stability and good solubility of dopant ions in the crystalline
phase. [1] In particular, rare-earth doped GCs have been studied extensively for potential application in

white light emitting diodes (WLEDs). [2-8]

Properties of luminescence centres are inseparably connected with their local structure, therefore, it
needs to be studied and understood thoroughly to tailor an efficient phosphor for desired applications.
For example, in europium doped systems, depending on the valence state, emissions may originate either

from 4f-4f transitions (Eu®*) or from 5d-4f transitions (Eu®").
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The intra-4f shell transitions are relatively well shielded from the surrounding ligand field making Eu®*
narrow luminescence line positions nearly independent of the host material. The intensity ratio of
electric dipole (°Do — ‘F,) and magnetic dipole (°Do — Fi1) allowed transitions also called as
Red/Orange (R/O) ratio, on the other hand, strongly depends on the local site symmetry, thus, Eu** ions
may be used as optical probes to study the local structure around luminescence centres. [9] Shift of R/O
ratio has been observed in GCs after annealing the precursor glasses when Eu®* enters BaCl; [3], SrF.

[10], LaFs [11], NaLuF4 [12] and other crystalline phases.

Contrary to the fixed Eu®* narrow line luminescence, the position of the wide band resulting from 5d-4f
transitions of the Eu?* ions is highly sensitive to the surrounding crystal field. By choosing a suitable
host we can adjust luminescence from blue in SrF, [13] to green in SrAl>O4 [14] or even red in SrS [15].
The ground state of Eu?* is paramagnetic and thus additional information regarding local interactions
can be obtained via electron paramagnetic resonance (EPR) spectroscopy techniques. Magnetic
resonance spectra of europium ions in glasses have been studied extensively [16-19], however, there is
a lack of EPR information in literature about the incorporation of Eu?* ions into the crystalline phase of

GCs.

Previous photoluminescence studies have shown that in tellurite GC the initial trivalent Europium enters
SrF crystallites in the ** state [10], whereas in oxyfluoride GC heat treatment and precipitation of SrF,
leads to reduction of europium ions to the 2* state [20]. Sample preparation in reducing atmosphere can
lead to abundance of Eu?* in the precursor glass resulting in broad blue emission, which is further
intensified after crystallization of SrF particles in the matrix. [21] Reduction of europium for glasses
prepared under air atmosphere has also been investigated in systems containing CaF, and BaF-..

[19,22,23]

In this work we study properties of europium ions in two novel aluminosilicate oxyfluoride
compositions containing SrF,. For one composition reduction of europium is achieved by the heat
treatment of the precursor glass, whereas second composition is already abundant with Eu?* in the glassy
state. Detailed EPR spectra analysis for each composition suggests different possible local environments

around europium ions and previously unreported paramagnetic centres in GCs are observed here. PL



spectra indicate efficient incorporation of Eu?* in various silicate phases present in GCs. The results
obtained here provide a better knowledge about properties of various europium centres in GCs and could

contribute to the development of future optical materials.

2. Materials and methods

Glasses were prepared from initial powder compositions 40SiO,-25Al1,03-15Na;CO3-19SrF,-1EuFs
(S1) and 50Si0O2-20Al,03-10NaF-19SrF;-1EuF; (S2) (in mol%) by the conventional melt quenching
technique. A total of 8 g of high purity chemicals were weighed, mixed and melted in a covered alumina
crucible at 1450 £ 10 °C in air atmosphere. The melt was quenched by pouring it onto a stainless steel
plate at room temperature. The GCs were obtained by an isothermal treatment (1 hour) of the precursor
glass (PG). For comparative analysis a polycrystalline SrF.:Eu?* sample was synthesized by heating of
99SrF,-1EuF; at 1000 = 10 °C in CO atmosphere. In this article S1 composition sample heated at 650 +

10 °C will be referenced to as S1_650 and so on.

Differential thermal analysis (DTA) measurements were performed on powdered samples with heating

rate 10 °C/min using Shimadzu DTG-60 analyzer and alumina reference.

X-ray diffraction (XRD) measurements were made to study the crystalline phases present in the glass
ceramic samples with PANalytical X Pert Pro diffractometer using Cu Ka tube operated at 45 kV and

40 mA. Crystallography Open Database was used for the interpretation of the observed peaks. [24-26]

The nanostructure of glass ceramics was investigated with transmission electron microscope (TEM)

Tecnai G2 F20 operated at 200 kV. Samples were prepared as described in [27,28].

Photoluminescence (PL) was investigated by Andor CCD camera DU-401-BV coupled to Andor
Technology spectrometer SR-303i-B. Xe lamp Hamamatsu C2577 and pulsed solid state laser Ekspla
NT342/3UV with pulse duration of 4 ns and linewidth of 4.3 cm™ were used as excitation sources.
Luminescence decay times were measured by a photomultiplier tube with time resolution better than 20

ns and digital oscilloscope Tektronix TDS 684A.



EPR spectra were recorded at 77 K using a conventional RE 13-06 X-band spectrometer (9.07 GHz with
0.01 GHz accuracy). The magnetic field was calibrated using a polycrystalline DPPH standard with

g = 2.0036 + 0.0001. Spectral analysis was carried out in EasySpin software [29].

3. Results and discussion

3.1. Material characterization

Fig. 1. shows the DTA curves of the studied samples. The glass transition temperature (T4) around
530 °C is similar for both compositions. Based on the XRD spectra in figure 2 the exothermic peak
maximum at Tcp =595 + 5 for S1 and Tc1 = 598 £ 5 for S2 has been assigned to the formation of SrF,

crystallites in the glass matrix. At temperatures above 700 °C complex silicate structures start to form.

S1 composition PG sample already contains small fraction of SrF, nanocrystals, whereas the increased
fluorine content S2 composition has led to significant crystallization of the matrix. Heat treatment near
Tc1and above leads to the formation and further growth of SrF; crystallites. Grain size estimations from
Rietveld peak analysis are summarized in table 1. Insets in figure 2 show typical TEM images of the
samples heated at 650 °C verifying the XRD data and showing quite good uniformity in the SrF;
crystallite size distribution. S1 samples heated at 700 °C and above also contain various silicate phases
such as nepheline (NaAlSiO,). For the additional peaks marked with asterisks in the S1_800 sample the
closest match was a sodalite-like crystalline structure. In the S2 composition strontium feldspar

suppresses the formation of SrF, nanocrystals after 800 °C heat treatment.

SrF; crystallite size, nm

Sample 51 52
PG 10.39 £ 0.46
600 6.75£0.25 14.91+£0.39
650 21.36 £ 0.74 23317
700 60.0 £ 3.5
800 117 +18

Table 1. SrF, crystallite size calculations from Rietveld spectral peak analysis.

Visually the samples can be characterized as colourless and transparent, which is confirmed by the
transmittance measurements in figure 3. Significant loss in transparency is observed only after 1 hour

long heat treatment above 650 °C where silicate structures start to form. The dips in transparency at



approximately 400 and 460 nm can be attributed to the absorbance of Eu®* ions present in the glass

matrix due to the energy level 'Fo — °L7 and "Fo — °Dj transitions.

3.2.EPR measurements

The EPR spectra (fig. 4.) of the initial and heat treated samples have an intensive peak at gerr = 4.3. This
resonance is common in disordered media and is usually attributed to Fe®*" impurities present in the

material. [30]

No additional resonances are observed in the S1_PG, which is to be expected as Eu®* ions are not
paramagnetic. A relatively broad, structured line at gerr = 2 appears in the thermally treated S1 samples
suggesting a reduction of Eu®* ions to the ?* state. Comparison of the S1_650 and S1_800 EPR spectra
indicates that the resulting signal is a superposition of at least two paramagnetic centres — a broad
envelope curve superimposed by narrow lines. Previous studies of gadolinium doped oxyfluoride GCs
containing CaF,, SrF, and BaF; crystallites have shown that the EPR spectra can be satisfactorily

simulated with parameter values for Gd** centres observed in the respective single crystal. [31,32]

S-state ions with [Xe]4f" electron configuration (Gd**, Eu?*) are known to produce EPR spectra with
fine structure centered at g = 1.99 in cubic crystals of CaF,, SrF,, BaF, and ScFs. [33-40] Zero field
splitting (ZFS) of the ground state leads to an EPR spectrum consisting of seven major fine-structure
lines. Hyperfine structure interaction with nuclear spin 1 = 5/2 of europium isotopes *Eu and **Eu
results in further splitting of fine structure components. Thus, the resulting Spin-Hamiltonian necessary

to interpret an effective spin S = 7/2 system resonance positions in a cubic crystalline field is:
_ bs (A0 4
H = gBS +%(o4+5o4)+ ASI 1)

where £ is the Bohr magneton, On" — spin operators and A — the hyperfine structure interaction constant.

A more detailed explanation of spin-Hamiltonian formalism is given in [41].

The EPR signal of Eu?" in a single crystal would yield a set of many angularly dependent resonance

positions, whereas in polycrystalline media all orientations are averaged out resulting in a complex



spectrum. Fig. 5. shows a comparison of the EPR spectra from S1_650 and S1_800 GCs with
polycrystalline SrF,:Eu?*. The spectra of S1_650 and SrF2:Eu?* samples agree well with each meaning
that the newly observed signal in GCs treated at 650 °C is due to the precipitation of SrF, nanocrystals
in the glass matrix, however, in GCs the signal intensity (and, therefore, the responsible paramagnetic
centre ammount) is approximately 3 orders of magnitude lower. The resonance positions of S1_800

differ and thus could be associated with the formation of other crystalline phases in the material.

Simulation with spin-Hamiltonian parameter values g = 1.992, bs = -45-10* cm?, Assies = -34-10* cm-
1 Assseu = -15-10 cm? observed in cubic Eu?* centre in single crystalline SrF, [34] reproduces the wide
envelope curve visible in our polycrystalline sample. As mentioned before, in GCs this signal is less

pronounced compared to the narrow line signal caused by other paramagnetic centres.

EPR spectra in europium doped polycrystalline sulphides have shown resonances in approximately 200
Gauss range similarly to the narrow line structure we observe here. [15] In figure 6 this limited magnetic

field range is simulated by a significantly smaller ZFS parameter and spin-Hamiltonian:

H = g/3BS +%b§OS+ASI )

The S1_650 and S1_800 EPR spectra have with similar hyperfine and ZFS parameter values as shown
in table 2, however, the resonance positions are shifted in respect with each other requiring a slightly
smaller g for the S1_650. The cause for this g-shift could be due to a different chemical environment
around Eu?* ions in samples heated at high temperatures. Based on a study of Mn?* and Eu?* ions in
microcrystalline chlorides [42], local symmetry change and the significant reduction in ZFS parameter
values could be an indication that a majority of Eu?* ions are located on the surfaces of crystallites. We
have tried oxidizing europium ions on the surfaces by heating the polycrystalline SrF.:Eu?* in F; gas,
however, intensity ratio change of the two signals was not observed. A more detailed defect model,

therefore, requires further studies.

S1 650 S1 800

g 1.978 £ 0.002 1.992 + 0.002
b, 10 cm™ 15+5 105
Aisiel, 10 cm? -34+1 -33+1
Aiszey, 10* cm? -15+1 -15+1




Table 2. Spin-Hamiltonian parameters used for simulations in figure 6.

EPR spectra of the S2 composition are shown in figure 4.b. All samples including the S2_PG have wide
curves throughout the spectrum indicating the presence of europium in the divalent state already in the
initial sample. The most prominent features of the spectra at gexr = 6.0, 2.8 and 2.0 coincide well with
studies made for other glass systems doped with Eu?*. [16-18] In general, Eu?* spectra in disordered
systems can be simulated by taking a broad distribution in second order ZFS parameter values. [43] In
S2 samples the EPR spectra detect disordered local structure around Eu?* at all heat treatment
temperatures. For the S2_800 sample an additional structureless band superimposes the “glassy”

spectrum at gerr = 2.0, which indicates incorporation of Eu?* ions in some crystalline phases.

To summarize the EPR results, the Eu?* signal in S1 composition is detected only after the heat treatment
of PG and the signal intensity increases significantly at high heating temperatures. Although the S2
composition is self-crystallized, the EPR signal comes from Eu?* ions in the glassy state, not from SrF
nanocrystals as could be expected. The incorporation of Eu?* in the SrF crystalline phase after additional
heat treatment is not observed, which could be due to unsuitable chemical environment around the Eu®
ions (europium ions in the amorphous phase are probably coordinated by oxygen ligands). The
decreased overall crystallinity of the S2 composition in comparison to S1 as visible from TEM images

in Fig. 2 could also contribute to this effect.

3.3. PL studies

PL measurements of the samples under 394 nm Xe lamp excitation in figure 7 show characteristic Eu®*
luminescence. The significant decrease in the R/O ratio after the heat treatment of both samples is proof
of efficient incorporation of Eu®* ions in the SrF; crystalline phase. As discussed in [3,10-12,44-47] the
electric dipole transition °Do — ’F, becomes forbidden in centrosymmetric environment and thus in high
symmetry crystal fields Eu* luminescence is shifted to orange spectral region. In agreement with the
XRD data, the decreased value of initial R/O ratio also suggests the increased crystallinity of the S2_PG

sample.



PL spectra under 350 nm laser excitation are shown in figure 8. The S1_PG sample barely exhibits any
Eu?* luminescence, whereas the intensive blue emission from S2_PG and the EPR spectra in fig.4.b
confirms this sample’s abundance with Eu?* ions. The reduction of europium after the heat treatment of
S1 samples is observable from the intensification of Eu?* emission. The S1_650 sample shows a low
signal/noise ratio, which is significantly improved after sample treatment at 700-800 °C. This means
that Eu®" — Eu?* reduction is more efficient at relatively high temperatures when silicate structures start
to form. Particularly the band at approximately 550 nm in S1_700 could be associated with Eu* ions in
the NaAlSiOs phase as studies of polycrystalline samples have shown similar results. [48,49]
Luminescence band with maximum in the near UV region, which dominates the PL spectrum of the
S1_800 sample must be due to additional sodalite-like crystalline phase present in the material as
suggested from the XRD results. In the S2 composition a change in Eu?* luminescence is observed only
after heat treatment at 700 °C and above. Literature data [50,51] and our XRD results suggest that the

band at approximately 406 nm could be caused by Eu?* ions in strontium feldspar type phase.

Samples of both compositions heat treated at 650 °C are compared with polycrystalline SrF2:Eu?* in
figure 9. Both GCs have similarly sized SrF crystallites (= 20 nm) and no additional crystalline phases
present in the glass matrix. SrF2:Eu?* powder exhibits a relatively narrow and intense spectral band
peaking at 418 nm similarly as observed in recent studies of SrF,:Eu phosphors. [13,52,53] The broader
blue emission of the S1 and S2 samples, therefore, could be a superposition coming from Eu?* ions in
the glassy as well as crystalline phases. As already discussed in the EPR section, the SrF,:Eu?* signal in
the S1 composition samples is barely detectable from the EPR measurements, therefore, its contribution
to the luminescence spectra is expected to be insignificant. The observed EPR signal and other studies
of Eu?" luminescence in glasses [19,22] clearly shows that the broad band of S2_650 originates from

Eu?* ions in the glass matrix.

The differences in S1 and S2 are, of course, related to the chemical composition of samples. The S2
samples are richer in fluorine content, which can lead to phase separation and rapid crystallization of
the melt upon casting. Previous study in oxyfluoride glasses containing CaF, suggests, that the increased

fluorine anion content also enhances Eu®* — Eu?* conversion as well as leads to higher symmetry around



Eu®* ions. [19] To gain more insight on this, we synthesized an additional sample with S1 composition
by substituting 5% of Na,COs with NaF. As expected, a more significant crystallization upon quenching

as well as Eu** — Eu?* reduction was observed compared to S1.

In general, there are two main theories that explain the reduction of europium in materials prepared in
air atmosphere. The charge compensation model describes hosts containing M?* (M?* = Ca?*, Sr?*, Ba?"),
where the phenomenon Eu®* — Eu?* is a consequence of necessary charge compensation as described
in [22]. The optical basicity model, on the other hand, calculates the electron density carried by oxygen
depending on the sample composition and is considered the main reduction mechanism in glasses. Eu?*

ions are favoured over Eu®" in glasses below a critical optical basicity value. [19,54]

Our investigations of the S1 samples suggest that the primary reduction mechanism for europium is due
to the required charge compensation upon precipitation of SrF, crystalline phase in the matrix. The weak
EPR signal detected in the corresponding GCs is similar to polycrystalline SrF2:Eu?* and, therefore,
originates from divalent europium in the SrF; crystalline phase. The Eu** — Eu?* transition efficiency
is improved at higher heating temperatures where besides the characteristic EPR signal also pronounced
Eu?* luminescence spectra can be observed. Our results are consistent with theoretical work on

geological samples [55] where Eu — Eu?* reduction efficiency was increased at higher temperatures.

Although the S2 sample is already self-crystallized and self-reduced, the observed EPR signal comes
from Eu?* ions in the glass matrix. Thus we can corroborate, that Eu®* — Eu?* transition in the glassy
state is promoted by the increased average electronegativity of the local environment around europium

ions and can be achieved by increasing the fluorine content in the composition.

4. Conclusions

Transparent aluminosilicate oxyfluoride glass ceramics containing SrF crystallites and europium ions
have been prepared by the melt quenching technique in air atmosphere. Significant decrease of the
5Dy — ’F, and °Do — ’F1 transition intensity ratio is observed reflecting efficient incorporation of

trivalent rare earth ions in the high symmetry environment of the crystalline phase. For the first time



europium reduction by the heat treatment method of the precursor glass has been observed by EPR
spectroscopy. Visible impact on the luminescence properties of europium doped glass-ceramics is
observable after relatively higher heat treatment temperatures where Eu®* — Eu?* reduction is more
efficient. In glass ceramics, which are obtained self-reduced upon casting the EPR signal and the

corresponding blue luminescence originates mainly from Eu?* ions in the glass matrix.
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Figure 1. DTA curves of the studied compositions.

Figure 2. XRD spectra of (a) S1, (b) S2 composition samples. Insets show TEM images of samples
heated at 650 °C.

Figure 3. Transmittance of the studied samples. Insets show sample photos.
Figure 4. EPR spectra of (a) S1, (b) S2 composition samples.

Figure 5. Comparison of the S1_650 and S1_800 EPR spectra with polycrystalline SrF,:Eu?* sample.
Simulation curve corresponds to cubic Eu?* observed in single crystal SrF, [34].

Figure 6. Simulations of the EPR spectra of S1_650 and S1_800 samples with spin-Hamiltonian (2)
and parameter values from table 2.

Figure 7. PL spectra of the samples under 394 nm Xe lamp excitation. Insets show the calculated R/O
values.

Figure 8. PL spectra of (a) S1, (b) S2 samples under 350 nm laser excitation.

Figure 9. PL comparison of S1_650 and S2_650 with polycrystalline SrF,:Eu?* under 350 nm laser
excitation.
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