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Fluorozirconate glass represents a promising optical media due to 
its low phonon energy,1,2,3 which makes it attractive host for RE 
activators.4 The luminescent properties of this material can be 
enhanced by modifying the glass composition with barium 
chloride and by heat treatment.5 Fluorochloride glass ceramics are 
advanced materials for visualization in medical diagnostics,1,6,7 
non-destructive testing,8,9 photovoltaics10,11 and high-energy 
physics.12 The changes in the intensity and the shape of the 
luminescence bands from erbium-doped fluorochloride glass were 
characterized for the Er3+ emitting transitions in the near and mid-
IR region after heat treatment.13 However, the nature of these 
changes as a function of temperature and time crystallization 
remains elusive. Therefore, when searching for optimal heat 
treatment conditions, it is necessary to select an appropriate 
physical chemical research method sensitive to the structural 
changes during the crystallization of fluorochlorozirconate glass. 
The methods of differential scanning calorimetry (DSC), 
transmission electron microscopy (TEM), X-ray diffraction 
(XRD), optical spectroscopy and Raman spectroscopy, provide 
scattered data and leave unresolved questions about the formation 
and growth of BaCl2 inclusions during the crystallization of 
fluorochlorozirconate glass.14–20

In this work, differential thermal analysis (DTA), XRD† and 
35Cl NMR‡ methods were applied to study the crystallization of 

†	 X-ray diffraction patterns of the samples were measured at 2q ranging 
from 10 to 60° on a diffraction Bruker D8 Advance powder diffractometer 
(Ni-filtered, CuKα radiation, LYNXEYE detector) at room temperature. 
Identification of the obtained samples was performed within the 
DIFFRAC.EVA (Bruker) software package using the ICDD PDF-2 
database.
‡	 35Cl NMR spectra were recorded in a constant magnetic field of 
5.50307 T at a temperature of 85 K using a significantly upgraded Bruker 
MSL21 spectrometer. The standard Hahn spin echo method with a pulse 

erbium-doped fluorochlorozirconate glass after isothermal heat 
treatment during different time intervals. For this purpose, the 
glass samples, 58ZrF4·10BaF2·10BaCl2·2LaF3·3AlF3·17NaF and 
(doped by 5 mol% of ErF3) 58ZrF4·10BaF2·10BaCl2·2LaF3·3AlF3
·17NaF + 5ErF3, were prepared by the technique described in our 
earlier work24 (for details, see Online Supplementary Materials). 

Erbium doping was performed in order to accelerate the relaxation 
required for measuring NMR spectra. The DTA of the glass 
sample was carried out in the temperature range of 20–570 °C at 
a heating rate of 10 °C min–1.13 Heat treatment was carried out in 
argon flow at 320 °C for 15 min, 1 h and 3 h. The phase 
composition of the samples after heat treatment was studied 
using XRD. The 35Cl NMR spectra of glass samples, including 
those activated by 5 mol% of ErF3, were recorded before and 
after heat treatment. The samples in the form of rods weighing  
2 g, 5 mm high and 5 mm in diameter were used for measuring 
the NMR spectra.

Two exothermic crystallization peaks for the glass sample 
58ZrF4·10BaF2·10BaCl2·2LaF3·3AlF3·17NaF were detected 
from the DTA data. The first weak peak Tx1 at 316  °C is a 
distinctive feature of fluorochlorozirconate glass containing 
barium chloride.9,15 The large crystallization peak at 342 °C is 
associated with the crystallization of the fluoride glass matrix. 
The values of the other characteristic glass temperatures are the 
following:  glass transition temperature Tg is 260 °C and melting 
onset temperature Tm is 424  °C. To obtain glass–crystalline 
samples containing a chloride phase, the heat treatment 
temperature close to Tx1 was chosen.

sequence p/2–p was used. The frequency sweep spectra were obtained 
by Fourier transform of the second half of the spin echo followed by 
crosslinking at equidistant frequency points.22,23 The rate of nuclear 
spin–lattice relaxation 1/T1 was measured by the saturation recovery 
method.
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The 35Cl nuclear magnetic resonance (NMR) spectroscopy 
was first used to study the crystallization of erbium-doped 
fluorochlorozirconate glass in the ZrF4–BaF2–BaCl2–LaF3–
AlF3–NaF system. It has been shown that crystallization 
results in the increasing homogeneity of electronic structure 
on chlorine atoms and a narrowing of the NMR line. The 
glass being crystallized, erbium cations are displaced into the 
fluoride phase.
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An amorphous halo was observed in the diffraction pattern 
of 58ZrF4·10BaF2·10BaCl2·2LaF3·3AlF3·17NaF + 5ErF3 glass 
sample [Figure 1(a)].  Low intensity peaks corresponding to the 
crystalline phases of monoclinic BaZr2F10, orthorhombic BaF2 
and hexagonal BaCl2 appeared after heat treatment at 320 °C for 
15 min [Figure 1(b)]. Extending the heat treatment time results 
in the increased content of the formed crystalline phases in the 
sample [Figure 1(c),(d)]. As it was shown earlier,1,13,15 the first 
crystalline phases formed during heat treatment of the 
fluorochlorozirconate and fluorochlorohafnate glass with high 
BaCl2 concentration (20 mol%) near the first crystallization 
peak Tx1 constitute the crystals of hexagonal and orthorhombic 
BaCl2. However, as observed by TEM,16 the formation of 
BaCl2 crystals in glass ceramics was concurrent with the 
formation of BaF2 crystals.  Both BaCl2 and BaF2 crystals can 
be the nucleation centers during the early stages of heat 
treatment to form BaZr2F10 or β-BaZrF6 crystalline phases. 
The lower BaCl2 concentration in glass composition may also 
result in the simultaneous crystallization of the fluoride and 
chloride phases. XRD patterns of the doped samples, heat-
treated under these conditions, did not show the presence of 
erbium-containing phases.

The 35Cl NMR spectra of both glass and glass ceramics 
represent the broadened single lines with a broad maximum near 
the Larmor frequency without any distinguishable quadrupole 
features (Figure 2). For comparison, the spectrum of 
polycrystalline hexagonal BaCl2 (Figure 2, spectrum 6) 
demonstrates a significantly narrower intensity distribution, 
which is natural for a crystalline sample. Its simulation gives an 
estimate of the quadrupole splitting Cq ~1.4 MHz and a fairly 
high asymmetry parameter ~0.9, which agrees well with the data 
for similar CaCl2.25 

Figure 3 shows the dependence of the full width at half 
maximum of the line (FWHM) on the heat treatment time of 
erbium-doped glass, and the value of FWHM for matrix glass is 
noted. The values of the spin–lattice relaxation rate 1/T1 for both 
samples are also given. The addition of magnetic ions Er3+ 
significantly accelerates the relaxation, which is expected as a 
result of the appearance of an additional relaxation mechanism on 
magnetic centers.26 Since in all relaxation measurements it was 

mainly the central transition –½ ↔ ½ that was excited, the 
recovery curves were approximated by the following relationship: 
I = I0 + (Imax – I0){1 – 0.9exp(–t/T1) – 0.1exp[–t/(6T1)]},27 where 
t is the time elapsed after the saturating sequence and I0 and Imax 
are approximating parameters corresponding to the minimum and 
maximum intensities. The inset in Figure 3 shows the relaxation 
curves for polycrystalline BaCl2 and activated glass demonstrating 
the slowest and fastest relaxation, together with the corresponding 
approximations.

Also, the activation of glass with erbium results in the sizeable 
broadening of the NMR line (Figure 2), which can be assigned to 
the magnetic shifts caused by the local fields from Er3+. Low 
concentration and disordered distribution of both erbium and 
chlorine in the glass yeilds a dispersion of such shifts comparable 
to their absolute values. In this case, the characteristic values of 
local fields can be estimated as FWHM/35g ~0.03 T, which is 
small for a magnet, but seems realistic for highly scattered 
magnetic centers.

Subsequent decrease of the line width and relaxation rate 
during heat treatment of the glass may be due to two reasons. 
First, chlorine atoms gradually diffuse towards the BaCl2 
crystallization grains, so that the characteristic Er–Cl distance 
increases, and 35Cl nuclei are less and less affected by the 
magnetic centers. Second, the values of both the relaxation rate 
and the FWHM eventually become smaller than those for the 
matrix glass, which points to the influence of still another factor, 
namely the formation of a structural order. Crystallization, on the 
one hand, results in the partial ordering in the distribution of the 
35Cl electric field gradient and in the narrowing of the NMR line, 
and on the other hand, to a decrease in the probability of 
relaxation on defects. At the same time, the line width achieved 
after three hours of heat treatment is still about twice as wide as 
that for polycrystalline BaCl2 (24 kHz), and the spin–lattice 
relaxation rate is about 20 times higher (0.014 s–1 for BaCl2). 
This is not surprising, given that there are no Er3+ magnetic ions 
in BaCl2, although some contribution of chlorine nuclei with 
low-symmetric environment at the crystallization grain boundary 
and outside them cannot be completely excluded either. It 
follows that during crystallization of the glass Er3+ ions are 
redistributed in the bulk glass sample and Er3+ ions are mainly 
displaced from the chloride environment into the fluoride 
environment. That is consistent with the results17 demonstrating 
that the short-wave shift of the Er3+ emission lines during heat 
treatment of the fluorochlorozirconate glass was associated with 
erbium ion displacement into a fluoride phase.  

Figure  1  XRD patterns of the samples: (a) glass and glass ceramics 
obtained by heat treatment at 320 °C for (b) 15 min, (c) 1 h and (d) 3 h.  
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Figure  2  35Cl NMR spectra of 58ZrF4·10BaF2·10BaCl2·2LaF3·3AlF3·17NaF 
(spectrum 1, glass) and 58ZrF4·10BaF2·10BaCl2·2LaF3·3AlF3·17NaF + 5ErF3 
(spectrum 2, Er3+-doped glass) glasses, doped glass-ceramics (spectra 3–5, 
GC) and BaCl2 samples (spectrum 6). The vertical dashed line indicates the 
Larmor field 35fL of the 35Cl nuclei. The spectra baselines are located at levels 
1.7, 1.2, 0.9, 0.6, 0.3 and 0 for samples 1– 6, respectively.  The heat treatment 
duration is indicated for each spectrum. Yellow region corresponds to the 
simulation of the BaCl2 spectrum.



Mendeleev Commun., 2024, 34, 902–904

–  904  –

In summary, it has been shown for the first time how 35Cl 
NMR spectroscopy in combination with DTA and XRD can be 
used in the study of the fluorochlorozirconate glass crystallization. 
It was found that during crystallization Er3+ cations are displaced 
into the fluoride phase. The information on crystallization 
behavior can be used in the development of optimal conditions 
for obtaining erbium-doped fluorochlorozirconate glass ceramics 
with specified luminescent properties.
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Figure  3  The 35Cl NMR spectra FWHM (empty red squares, right scale) and 
relaxation rate 1/T1 (empty blue circles, left scale) vs. the heat treatment time of 
glass 58ZrF4·10BaF2·10BaCl2·2LaF3·3AlF3·17NaF + 5ErF3. The parameters 
for glass 58ZrF4·10BaF2·10BaCl2·2LaF3·3AlF3·17NaF are marked with similar 
filled symbols. Inset: relaxation curves of individual samples (connected black 
squares) and their approximations (red curves).
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