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Abstract—Thermal expansion of an EuF2.136 nonstoichiometric crystal with the f luorite structure type

( , lattice parameter 5.82171(5) Å) has been experimentally investigated in the temperature
range of 9–500 K. The coefficient of thermal expansion is α = 15.8 × 10–6 K–1 at T = 300 K. The observed
anomalies in the behavior of the coefficient of thermal expansion at T > 400 K are related to the oxidation
processes with partition of Eu2+ ions. It is established by differential scanning calorimetry that the onset tem-
perature of EuF2 +x oxidation in air is 430 K and that this process occurs in three stages. X-ray diffraction
analysis shows that the oxidation is accompanied by the formation of a phase mixture based on two modifi-
cations of the  solid solution with the structure types of tysonite (LaF3), orthorhombic β-YF3
phase, and europium oxyfluorides of variable composition EuO1 –xF1 + 2x, with dominance of the latter.

DOI: 10.1134/S1063774518040107

INTRODUCTION

Although nonstoichiometric  crys-
tals (EuF2 + x) with the f luorite structure type (sp. gr.

) containing europium cations in different oxi-
dation states are promising polyfunctional crystalline
materials [1–5], they have been poorly studied to date.

To use crystals in practice, one should know the
thermal dependences of their properties (in particular,
coefficient of thermal expansion (CTE), one of the
fundamental characteristics of a solid matter), because
most applications of crystals imply thermomechanical
impact.

The unusual character of the temperature depen-
dence of linear CTE α(T) for an EuF2 crystal in the
temperature range T = 298–473 K was established
in [6]. The anomaly in the behavior of lattice parame-
ter a(T) of an EuF2 crystal of nominal composition in
the region T > 413 K was revealed in [7]; however, the
observed deviations in the monotonicity of the depen-
dences were multidirectional. Proceeding from the
lattice parameter a = 5.8201 Å for T = 300 K, obtained
in [7] for an EuF2 crystal of nominal composition, its
real composition determined from the concentration
dependence a(x) of the EuF2 + x solid solution [8] cor-

responds to x ~ 0.15, while there are no data on the
crystals investigated in [6].

The main purpose of this work was to experimen-
tally investigate the thermal expansion of EuF2.136
crystals grown from melt in a wide temperature range
and study the thermal and chemical (Eu2+ oxidation)
stabilities of EuF2 + x crystals by the methods of syn-
chronous thermal analysis (STA)—differential scan-
ning calorimetry and thermogravimetry (DSC–TG)—
and X-ray diffraction (XRD) analysis.

EXPERIMENTAL
The samples for measuring CTE were pressed pel-

lets prepared from a powdered EuF2.136 crystal with a
lattice parameter a = 5.82171(5) Å (at room tempera-
ture), which was grown from a melt by the Bridgman
technique [1, 9]. The adhesive component was alcohol
solution of BF-2 glue.

Interplanar spacings d were measured from the
changes in the position of X-ray diffraction maxima
on an upgraded DRON-3 X-ray diffractometer device
(λ = 2.28962 Å, CrKα radiation) using an original low-
temperature evacuated chamber [10] (Fig. 1) and an
automatic system of setting and maintaining tempera-
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Fig. 1. Schematic of the low-temperature X-ray chamber:
(1) liquid helium/nitrogen vessel, (2) sample holder,
(3) nitrogen jacket, (4) thermal gas key, (5) beryllium win-
dows, (6, 7) thin-wall stainless tubes, (8) chamber f lange,
(9) chamber body, (10) stainless capillary, (11) helium
radiation screen, (12) adsorption vacuum pump, (13) sup-
porting string, (14) supporting string holder, and (15) heat
sink.
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ture with a stabilization error of ±0.1 K. The coolants
were liquid helium and nitrogen. The temperature
measurement ranges were T = 9–153 and 77–313 K,
respectively. High-temperature (T = 299–500 K)
measurements of the interplanar spacings were carried
out in air using a heater with a stabilization error of
±0.3 K. The measurements were performed near the
diffraction angle of 2θ ~ 149° (the Bragg reflection
from the (422) crystallographic plane). The sample
was heated stepwise with a step varying from ΔT = 2 K
in the region of liquid-helium temperatures to ΔT =
20 K in the high-temperature region. The shape of the
Bragg reflections depended on the measurement tem-
perature. The most significant distortions of the
CRYSTALLOGRAPHY REPORTS  Vol. 63  No. 4  201
reflections were observed in the high-temperature
region. The error in determining of the interplanar
spacing, calculated from the Bragg equation, did not
exceed ±6 × 10–5 Å in the range T < 299 K and ±4 ×
10–4 Å in the high-temperature region.

The experimental array of points a(T) was divided
into four overlapping regions, which were approxi-
mated by third-order polynomials. The linear CTE

values were calculated from the formula .

The obtained α(T) values were also approximated.
The chemical transformations in the EuF2+x sam-

ples (x ~ 0.1, a = 5.8261(1) Å and x ~ 0.136, a =
5.8217(5) Å) were studied using an STA NETZSCH
449 F1 synchronous thermal analyzer in f lows of
humid argon and air (relative humidity 40% at 298 K)
in the range of 300–700 K with a heating rate of
5 K/min; Pt/Rh crucibles were used. The error in
measuring the mass did not exceed ±0.1 μg. Analyses
were carried out on polycrystalline EuF2 + x powders
with a particle size of ~10 μm.

The heat treatment of fine-grained powders was
performed in air (under low-humidity conditions), in
glassy carbon crucibles (SU-2000 grade) in a muffle
furnace, in the temperature range of 473–723 K for
20–24 h. The temperature was maintained constant
with an error of ±2 K.

XRD analysis of the heat-treatment products was
performed with a Rigaku MiniFlex 600 powder X-ray
diffractometer (CuKα radiation) in the range 2θ =
10°–100°. The phases were identified using the ICDD
PDF-2 (2014) database. The unit-cell parameters and
quantitative phase ratios were calculated by Rietveld
full-profile analysis using the High Score Plus soft-
ware (PANanalytical, the Netherlands).

Luminescence spectra in the visible spectral range
were measured with a FluoroLog-3 spectrofluorime-
ter (Horiba Jobin Yvon) at room temperature.

RESULTS AND DISCUSSION
Thermal Expansion of Crystals

The results of studying the temperature depen-
dence of lattice parameter a(T) of the EuF2.136 sample
are presented in Fig. 2 (curve 1). The results of mea-
suring a(T) for EuF2 [7] are also shown for compari-
son (curve 2). One can see that the obtained depen-
dence a(T) monotonically increases in the tempera-
ture range T < 435 K, simbatically with the data of [7];
however, the monotonicity of the dependence a(T) is
violated at higher temperatures.

The results of calculating the dependence α(T) for
EuF2.136 in the range T = 20–430 K are presented in
Fig. 2 (curve 3). The values of α(T) for an EuF2 crystal
from [6] are also shown for comparison (curve 4). The
data obtained are summarized in Table 1.

α = 1da
dT a
8
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Fig. 2. Temperature dependences of the (1) EuF2.136 lattice
parameter in comparison with the (2) data of [7] for EuF2
and (3) CTE of the EuF2.136 crystal in comparison with the
(4) data of [6]. 
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Table 1. Values of the unit-cell parameter and linear CTE
of the EuF2.136 crystal for different temperatures

Т, K а, Å α, 10–6 K–1

10 5.8032(5) –
20 5.8031(9) 0.62
50 5.8035(2) 4.2

100 5.8055(3) 9.0
200 5.8127(2) 14.3
300 5.8217(5) 15.8
400 5.832(3) 15.9

Fig. 3. Temperature dependence of the CTE of SrF2 crys-
tals according to the data of (1) [11], (2) [12], (3) [13],
(4) [14], and (5) [15].
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For comparison, Fig. 3 shows the dependence α(T)
for crystalline SrF2 [11–15], the lattice parameter of
which is most close to that of EuF2 among fluorides of
alkaline-earth elements (a = 5.8003(6) Å [16]). It can
be seen in Fig. 3 that the data obtained by different
authors differ significantly, especially in the high-tem-
perature region. Notably, both absolute CTE values
and their temperature dependences dα/dT differ. A
possible reason is the difference in the measurement
methods, data processing techniques, and sample
states (for example, the presence of mechanical stress,
etc.). The measurements performed in [6, 12] were
characterized by a significant increase in the depen-
dence α(T), which is likely a drawback of the used
experimental technique (curve 4 in Fig. 2 and curve 5
Fig. 3).

A comparison of the CTE data for the EuF2.136
(Fig. 2, curve 3) and SrF2 (Fig. 3, curve 2) crystals
shows that the dependence α(T) for EuF2.136 increases
more rapidly at low temperatures and its slope
decreases more rapidly upon heating. At T > 200 K,
the linear CTE values of the EuF2.136 crystals are
smaller than those of the SrF2 crystals by 20% on aver-
age. The CTEs of EuF2.136 are close to the correspond-
ing values for isotypic Ca1 – xRxF2 + x crystals (R = Y or
Yb) investigated in [17] using a similar technique; they
differ only slightly from the corresponding values for
the initial f luorite CaF2 matrix.

The observed change in the monotonic run of the
dependence α(T) for EuF2.136 at T > 400 K can be
CR
related to both the presence of mechanical stress in the
crystal under study and the change in the oxidation
state of Eu2+ ions in the samples upon heating in air.
These factors could manifest themselves in a strong
distortion of the Bragg reflections and, correspond-
ingly, in the measurement results.

The thermal stability of EuF2 + x crystals was exper-
imentally studied by the STA and XRD methods to
establish the physical nature of the observed anoma-
lous behavior of the dependence α(T) for EuF2.136 in
the temperature region under consideration.

The available information about the stages of
EuF2 + x oxidation is contradictory, which is due to the
phase variety of europium fluorides and oxyfluorides
of constant and variable compositions [18]. According
YSTALLOGRAPHY REPORTS  Vol. 63  No. 4  2018
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Fig. 4. Thermograms of the polycrystalline EuF2+x samples with x = (solid line) 0.1 and (dotted line) 0.136. 
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to the data of [7], EuF2 samples undergo oxidation
with the formation of Eu2O3 phase upon heating in air
(T > 413 K).

According to the data of [19], the process of EuF2
oxidation in air occurs in one stage (exothermic effect
at T ~ 583 K), with the formation of a single product:
oxyfluoride Eu2OF4 (EuO0.5F2) with a trigonally dis-
torted f luorite structure. For europium fluorides of
variable composition, EuF2 + x (0 < x < 0.5), the oxida-
tion process depends on the ratio of Eu2+ and Eu3+

ions in the sample under study and occurs in two
stages:

further oxidation of cubic EuF2.5 (a = 5.760(5) Å) fol-
lows the scheme

where the Eu2OF4 and orthorhombic EuF3 phases are
stable up to T ~ 873 K.

Pyrohydrolysis of EuF3 in air can be presented as a
sequence of the following transformations:

where oxyfluorides Eu2OF4, Eu4O3F6, and EuO1 – xF 1 + 2x
have the trigonal, tetragonal, and orthorhombic sym-
metry, respectively [20].

The process of oxidation of EuF2.16 samples (a =
5.814 Å) in air was investigated in [5]. It was shown
that the compound is stable up to T ~ 473 K, and fur-
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ther heating leads to two-stage EuF2.16 oxidation to
oxyfluoride with the EuO0.66F1.67 composition
(Eu3O2F5), which is crystallized into the monoclinic
(orthorhombic, according to the data of [21]) system.

Our investigations show that crystalline EuF2 + x
samples (x ~ 0.1 or 0.136) are stable in a humid-argon
flow up to T = 623 K, and the sample masses remain
constant within an error of 0.01%. Concerning oxida-
tion in humid air, f luorides EuF2+x are unstable, and
their oxidation is described by a multistep mechanism.

One can distinguish three oxidation stages for
EuF2 + x samples in the thermograms presented in
Fig. 4, which almost coincide for different x.

The first two stages (maxima at T = 553 and 580 K
for EuF2.136) lead to an increase in the mass Δm =
2.49%, and the last stage (T = 621 K) corresponds to
the increase Δm = 1.29%. The EuF2.1 sample behaves
similarly. Since neither composition is stoichiometric,
it does not seem possible to compare the increase in
mass with theoretically possible values and determine
the probability of a particular version of EuF2 + x oxi-
dation reaction.

An essential conclusion, which was not reported in
[5, 19], was drawn from the analysis of the thermo-
gravimetric curve behavior. The onset of the oxidation
process, which is determined as a point of intersection
of the tangents from the inflection point of the DSC
signal peak and the baseline, corresponds to the onset
of the oxidation process with a constant rate; i.e., it is
a kinetic quantity and depends on the sample heating
rate, because the DSC technique is a dynamic mea-
surement method. The oxidation process is deter-
mined by not only kinetics but also thermodynamics.
The point of deviation of the thermogravimetric curve
from the horizontal line is indicated in Fig. 4; it corre-
sponds to the beginning of the sample mass increase.
8
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Fig. 5. X-ray diffraction patterns of the products of thermal
treatment of (a, b) EuF2.136 powder in air at T = (a) 523
and (b) 573 K and (c) EuF3 powder at T = 673 K. The
Bragg reflections for the phases of the noted space groups
are shown. 
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Fig. 6. X-ray diffraction patterns of the products of thermal
treatment of the (a) EuF2.136 powder in air at T = 723 K,
(b) tetragonal oxyfluoride Eu4O3F6 [24], and (c) orthor-
hombic oxyfluoride Eu3O2F5 [21]. 
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Thus, the onset temperature of the EuF2 + x oxidation
process upon heating with a constant rate of 5 K/min
was found to be To = 430 K, which corresponds to the
onset temperature of the anomalous behavior of the
dependence a(T) for the EuF2 + x crystal (Fig. 2,
curve 1) but is below the values reported in [5].

The XRD results for the EuF2.136 powders annealed
at different temperatures are shown in Figs. 5 and 6.
The f luorite phase, which is stable at T = 523 K
(Fig. 5a), disappears completely upon further heating.
No formation of the limiting (according to the data of
[19]) f luorite EuF2.5 solid solution was recorded.

A three-phase mixture is observed at T = 573 K
(Fig. 5b); it consists of orthorhombic (monoclinic,
according to the data of [18]) oxyfluoride EuO1 – xF1 + 2x
(x ~ 0.33–0.35, i.e., Eu3O2F5 = EuF3 · 2EuOF) [20, 21],
which dominates, and two modifications based on the
CR
 solid solution with the tysonite (LaF3)
and orthorhombic β-YF3 structure types (Table 2).
The possibility of stabilizing the high-temperature
tysonite phase (sp. gr. ) at room temperature due

to the formation of  solid solution was
demonstrated in [22].

For comparison, Fig. 5c shows an X-ray diffraction
pattern of EuF3 sample annealed at T = 673 K. After
the annealing, EuF3 remains single-phase (sp. gr.
Pnma, a = 6.6193(5) Å, b = 7.0175(5) Å, c = 4.3958(5) Å),
and its pyrohydrolysis onset temperature in humid air
is T = 938 K [23].

The increase in the annealing temperature for
EuF2.136 samples to T = 723 K (Fig. 6) is accompanied
by further oxidation of europium oxyfluoride accord-
ing to the scheme
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Table 2. Phase composition of the EuF2.136 sample oxida-
tion products at T = 573 K

Phase Sp. gr. Lattice 
parameters, Å

Phase ratio, 
wt %

EuO1 –xF1 + 2x
(х = 0.33–0.35), 
Eu3O2F5

Pmmn a = 3.9596(1)
b = 3.9936(1)
c = 5.5471(1)

64

 
(β phase)

Pnma a = 6.6461(1)
b = 7.0100(1)
c = 4.3746(1)

26

 
(α phase)

a = 6.9307(1)
c = 7.0492(1)

10
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This process determines the third high-temperature
stage in the DSC thermogram (Fig. 4). The Eu4O3F6
phase (EuO0.75F1.5), isostructural with Sm4O3F6, has a
tetragonal symmetry with the lattice parameters a =
5.623(2) Å and c = 5.574(3) Å [20, 24]. For compari-
son, Fig. 6 shows the X-ray diffraction patterns of
Sm4O3F6 [24] and Eu3O2F5 [21]. The X-ray diffraction
patterns for the EuF2.1 samples barely differ from those
for the EuF2.136 samples.

The EuF2.136 samples annealed at T = 723 K remain
three-phase (Fig. 6). As compared with the X-ray dif-
fraction pattern of the samples annealed at T = 573 K
(Fig. 5b), an increase in the annealing temperature
reduces significantly the relative intensity of reflec-
tions of the phase based on the high-temperature

→ +
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Fig. 7. Luminescence spectrum of the EuF2.136 sample
after thermal treatment (T = 723 K). The excitation wave-
length is λexc = 380 nm. 
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α-modification of EuF3 (sp. gr. , a = 6.9128(1) Å,
c = 7.0286(1) Å), while the intensity of reflections of
the orthorhombic β-phase of EuF3 (sp. gr. Pnma, a =
6.6308(1) Å, b = 7.0166(1) Å, c = 4.3927(1) Å) is
almost doubled, and its lattice parameters approach
the values for stoichiometric EuF3 [21]. Thus, the

EuF2 fraction in the  solid solution
decreases for both modifications during thermal treat-
ment (at T = 723 K); however, some amount of Eu2+

ions is retained, and their presence can be revealed by
spectroscopic methods.

In the luminescence spectrum of the EuF2.136 sam-
ple annealed at T = 723 K, a wide 5d–4f band in the
range λ = 400–470 nm, typical of Eu2+ ions, is
observed against the background of strong bands in
the wavelength range λ > 570 nm, which are due to
Eu3+ ions (Fig. 7). The presence of Eu2+ ions in the
products of EuF2 + x oxidation in air was also shown
in [5].

It is not inconceivable that oxygen isomorphically
substitutes for f luorine in the anion sublattice during
thermal treatment, and the EuF3-based solid solution

has a more complex composition: .
In this case, phases with cation (Eu2+ → Eu3+ + F1–)
and anion (2F1– → O2–) nonstoichiometries are
formed, which should be checked experimentally. A
combination of two types of deviation from stoichiom-
etry in crystals with the f luorite structure type will
make it possible to extend the range of new materials
with adjustable properties.

CONCLUSIONS
It was established that thermal expansion of an

EuF2.136 crystal in the temperature range of 9–400 K is
typical of crystals with the f luorite structure. The lin-
ear CTE is α = 15.8 × 10–6 K–1 at T = 300 K. At T >
200 K, the α(T) values of EuF2.136 crystals are smaller
than those of SrF2 crystals by 20% on average. It was
shown that violation of the monotonic behavior of the
CTE dependence for the crystals under study in the
range T > 430 K is related to the processes of EuF2+x
oxidation in air and occurs in three stages. The XRD
analysis showed that EuF2+x samples are oxidized
upon heating with the formation of phases based on
two modifications of the  solid solution
and europium oxyfluorides: Eu3O2F5 at T < 573 K and
Eu4O3F6 at higher temperatures.
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