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Abstract—Samples of compounds were synthesized by the solid-phase method from the systems of barium,
lanthanum, europium, and tungsten ternary oxides with the general formula Ba(La,Eu)2WO7. The unit cell
parameters were refined, and the content of additional phases was determined using the full-profile calcula-
tion of X-ray diffraction patterns. The heat capacities of these samples were studied by adiabatic calorimetry
from the helium region to room temperatures (4.25–315 K), and the anomalies produced by the doping ele-
ment were detected. Based on the experimental data, the lattice component of the heat capacity was recog-
nized to determine the entropy and enthalpy changes in the anomalies, and the thermodynamic functions of the
compounds were calculated within a range of 5–310 K. The standard thermodynamic functions are Cp,298.15 =

208.3 ± 0.7 J/(mol K),  = 243.6 ± 1.5 J/(mol K), and H298.15 – H0 = 37360 ± 185 J/mol for

Ba(La0.99Eu0.01)2WO7, Cp,298.15 = 208.7 ± 0.5 J/(mol K),  = 244.0 ± 1.2 J/(mol K), and H298.15 – H0 =
37619 ± 142 J/mol for Ba(La0.97Eu0.03)2WO7, and Cp,298.15 = 208.8 ± 0.8 J/(mol K),  = 242.6 ± 1.5 J/(mol K),
and H298.15 – H0 = 37384 ± 190 J/mol for Ba(La0.95Eu0.05)2WO7.

Keywords: ternary oxides, rare-earth elements, lanthanum, low-temperature heat capacity, adiabatic calo-
rimetry
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INTRODUCTION
The compounds and materials based on rare-earth

elements (REEs) with different properties are wide-
spread and highly demanded in contemporary technol-
ogy. Among the REE compounds with a pyrochlore-
related structure there are ferroelectrics, magnetics,
semiconductors, and superconductors. The doping of
compounds from the systems of complex oxides with
REE atoms appreciably expands the spectrum of their
promising properties. Due to the specific features of
the electronic structure of lanthanides, the synthe-
sized compounds exhibit luminescent, dielectric,
transport, and other properties. In view of a great vari-
ety of specific features and a considerable number of
doping variants for these compounds, their physico-
chemical properties require systematic studies.

Among the dopants, a prominent place is held by
europium, which has a high f luorescence period
enabling its application in diverse materials [1]. For
example, europium–tungstate systems are distin-
guished by an efficient transfer of energy between the

 group and the Eu3+ ion, which enables their

application as luminescent light sources [2]. The sam-
ples of CaMoO4 : xEu3+ luminophors (x = 1–6 mol %)
prepared by the sol-gel method, according to the
reflection measurement results [3], are optically active
compounds. Tungstate BaLa3.96Eu0.04(WO4)7 demon-
strates red luminescence of medium efficiency at
room temperature and lower and in the ultraviolet
region [4].

Rather efficient luminophors are BaLa2WO7 based
compounds, which show optical activity not only in
the case of europium, but also with the other lantha-
nides [5–9]. Here, the possibilities of exhibiting the
luminescent properties become broader with the com-
bined application of two lanthanides or the partial
substitution of the rare-earth element.

The number of works describing the thermody-
namic properties of the europium doped compounds
is much lower. Thus, the high-temperature heat
capacity of (U1 – хEuх)O2 compounds was studied
within a temperature range from 300 to 1550 K in the
work [10]. Hence, there is a gap in the study of the
thermodynamic and other properties of these com-
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Table 1. Parameters of the crystal structure of samples

Compound
Unit cell parameters, Å, deg Unreliability factors, %

a b c γ Rp Rwp

Ba(La0.99Eu0.01)2WO7 8.8577 12.8804 5.8371 105.128 11.25 17.17
Ba(La0.97Eu0.03)2WO7 8.8577 12.8769 5.8346 105.126 11.63 17.34
Ba(La0.95Eu0.05)2WO7 8.8577 12.8752 5.8305 105.124 12.49 16.29

Atomic positions

Atom
Ba(La0.99Eu0.01)2WO7 Ba(La0.97Eu0.03)2WO7 Ba(La0.95Eu0.05)2WO7

x y z x y z x y z

Ba 0.4790 0.1267 0.5149 0.4826 0.1283 0.5099 0.4811 0.1339 0.5037
La/Eu(1) 0.1860 0.0929 0.0062 0.1883 0.0789 0.0023 0.1883 0.0913 0.9753
La/Eu(2) 0.0780 –0.1241 0.4717 0.0577 –0.1257 0.5025 0.0577 –0.1257 0.5025
W 0.2811 0.3378 0.4608 0.2920 0.3375 0.4690 0.2920 0.3444 0.4647
O(1) 0.4884 0.3361 0.4929 0.5087 0.3476 0.4620 0.4907 0.3476 0.4755
O(2) 0.0488 0.3140 0.4460 0.0511 0.3280 0.4769 0.0511 0.3232 0.4769
O(3) 0.2793 0.4423 0.7481 0.2996 0.4283 0.7173 0.2958 0.4407 0.7173
O(4) 0.2658 0.2458 0.1781 0.2455 0.2474 0.2090 0.2635 0.2474 0.1816
O(5) 0.3275 0.4688 0.2429 0.3072 0.4672 0.2463 0.3252 0.4548 0.2463
O(6) 0.2493 0.2002 0.6711 0.2470 0.2018 0.6402 0.2470 0.2142 0.6402
O(7) –0.0009 –0.0026 0.2482 0.0014 0.0110 0.2791 0.0194 0.0114 0.2517rsi

ty

pounds at low temperatures, and this gap may be filled
by the method of adiabatic calorimetry.

In the present work, the doped compounds with
the general formula Ba(La1 – xEux)2WO7, where x is the
stoichiometric index depending on the taken molar
ratios, were synthesized and measured. The molar
ratios selected for the synthesis of these compounds
corresponded to 1, 3, and 5 mol % of oxide Eu2O3 with
respect to the number of lanthanum oxide La2O3
moles.

EXPERIMENTAL
The initial compounds used for synthesis were

strontium carbonate SrCO3, barium carbonate
BaCO3, tungsten(VI) oxide WO3, lanthanum oxide
La2O3, and europium oxide Eu2O3. The reagents were
of chemically pure (REE oxides), pure (barium and
strontium carbonates), and pure for analysis (tungsten
oxide) grades. Oxides of alkali-earth and rare-earth
metals were additionally calcined before synthesis at
1173 K (900°C) for 2 h to remove the excessive water
and adsorbed carbon dioxide. Complex oxides were
synthesized by the solid-phase method. The precisely
weighed portions of the initial reagents taken in stoi-
chiometric amounts were carefully ground in an agate
mortar, and the resulting mixture was further annealed
at a temperature of 973 K (700°C) for 10–12 h in por-
celain crucibles in an air atmosphere. Afterwards, the
prepared precursors were triturated in an agate mortar
and calcined in alundum crucibles in an air atmo-
sphere at a sequential increase in temperature from
1173 K (900°C, 6 h) to 1273 K (1000°C, 6 h) with triple
terminal annealing at 1473 K (1200°C) for 7 h.
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The X-ray diffraction patterns of the synthesized
samples were recorded on a Shimadzu XRD-6000 dif-
fractometer at room temperature (CuKα radiation;
reflection geometry; range of angles 2θ = 10°–60°;
step, 0.02°). The processing of recorded X-ray diffrac-
tion patterns, the detection of known phases, and the
search for isostructural compounds were performed by
the Match! Version 2.3 software [11] and the PDF-2
powder X-ray diffraction database [12]. The primary
indexing of X-ray diffraction patterns and the determi-
nation of the symmetry system, space groups, and unit
cell parameters of the compounds were performed by
the DicVol06, Treor-90, and ITO programs incorpo-
rated into the FullProf software suite [13]. The model-
ing of difference X-ray diffraction patterns and the
refinement of unit cell parameters on the basis of data
for the selected isostructural compounds were per-
formed in the Powder Cell Version 2.4 software [14].
Crystal structure parameters were determined by
means of sequential refinement first for general X-ray
diffraction pattern parameters and then for unit cell
parameters and peak shapes with further optimization
of atomic positions.

The heat capacity of the samples was measured
from the liquid helium temperature by adiabatic calo-
rimetry on a Termax low-temperature thermophysical
setup [15]. The portions of the samples were from 1.3
to 2.2 g in weight. The titanium containers with sam-
ples were evacuated, filled with gaseous helium, and
sealed with an indium gasket. The step of measure-
ments was varied from 0.3 to 3 K depending on the
temperature range, and the region of measurements
was 4.25–320 K. The common temperature range of
measurements was passed several times, and in the
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Fig. 1. Experimental, theoretical, and difference X-ray diffraction patterns of Ba(La1 – x Eux)2WO7.
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region of temperatures below 20 K, heat capacity mea-
surements were performed no less than three times.

The measured data were processed via the spline
approximation of experimental heat capacity values
with cubic polynomials like Cp = a0 + a1T + a2T2 +
a3T3. Below the temperature of 5 K, heat capacity val-
ues were extrapolated to absolute zero in compliance
with the odd-degree polynomial Cp = aT3 + bT5. Over-
lapping in the region of changing the polynomials was
no less than 3–4 experimental points

RESULTS AND DISCUSSION

The X-ray diffraction analysis of the samples
showed good correspondence to BaLa2WO7 (PDF-2,
no. 00-039-0083) [16, 17], which crystallizes in mono-
clinic system (space group P1121/b). In addition to the
major phase, all samples were foud to contain trace
amounts of incompletely converted initial compounds
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presented by barium tungstate BaWO4 (PDF-2,
no. 00-008-0457) and lanthanum oxide La2O3 (PDF-2,
no. 01-076-7398), whose content was estimated as
∼3–4 vol %. The impurities were present at nearly
equal molar ratios, which argues for the absence of
non-stoichiometry in the target compounds. No any
other impurities have been detected.

The results of crystal structure refinement for the
synthesized compounds with consideration for the
partial occupancies of lanthanum atomic positions by
europium atoms are given in Table 1. The crystallo-
graphic positions of atoms in a unit cell of the samples
correspond to the atomic positions from the paper [17]
with a deviation of no more than ±2%.

As can be seen from the obtained data, the linear
unit cell parameters b and c are slightly decreased with
increasing europium content in the samples, whereas
the monoclinic angle remains almost unchanged. This
circumstance is explained by that the ionic radius of
europium is rather close to the values for lanthanum
F INORGANIC CHEMISTRY  Vol. 65  No. 5  2020
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Fig. 2. Experimental molar heat capacity of the studied Ba(La1 – x Eux)2WO7.
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atoms, and the unit cell parameters of the compounds
are only slightly changed.

The experimental, theoretical, and difference
X-ray diffraction patterns of the compounds are
shown in Fig. 1. The difference curves were obtained
by subtracting the sum of theoretical profiles of the
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
doped major compound and impurities, which are
also taken into account in calculation, from the exper-
imental X-ray diffraction pattern.

The refined content of barium tungstate and lan-
thanum oxide impurities in the samples on molar basis
is 7.3 mol % for the sample with 1% of Eu, 6.8 mol %
l. 65  No. 5  2020
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Fig. 3. (1) Total, (2) abnormal, (3) lattice, and (4) smoothed
abnormal heat capacities of Ba(La1 – xEux)2WO7.
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for the sample with 3% of Eu, and 7.8 mol % for the
sample with 5% of Eu each. From this data it follows
that the major phase content in the samples is 92.13,
92.72, and 91.71 wt %, respectively.

Taken into account the BaWO4 and La2O3 impuri-

ties found in the samples, the correction for their con-
tent was applied to the experimental heat capacity
data. The specific heat capacities of barium tungstate
[18] and lanthanum oxide [19] was subtracted from the
total experimentally measured heat capacity in pro-
portion to the weight content of an impurity.

The heat capacity–temperature dependences
obtained as a result of the calorimetric measurements
are shown in Fig. 2. The low-temperature heat capac-
ity of the samples was shown to have abnormal devia-
tions from the conventional heat capacity behavior

due to the presence of Eu3+ ions in their crystal struc-
ture. The anomalies look like gentle low-intensity
peaks within a range from 5 to 8 K.

The abnormal component of the heat capacity was
calculated via the transformation and subtraction of
the lattice component from the total heat capacity
according to the equations [20, 21]

The smoothed dependences shown in Fig. 3 were
obtained for the isolated abnormal and lattice compo-
nents of the heat capacity. The equations of these
dependences were used to calculate the enthalpy and
entropy changes in the observed abnormal transitions.

The heat capacity anomalies seem to appear due to
the possible occurrence of magnetic interactions in the
samples because of the presence of europium atoms.
Natural europium generally consists of two isotopes,
151Eu and 152Eu, which have a spin of 5/2 predetermin-
ing the existence of magnetic properties for its com-
pounds. The found enthalpy and entropy changes in the
anomalies of the samples only slightly vary despite an
increase in europium content: from 0.19 to 0.26 J/mol
and from 0.030 to 0.042 J/(mol K), respectively, in
compliance with the error estimated at a level of
±15%. This circumstance may indicate that the
observed effects do not directly depend on the doping
element concentration. The values of entropy change
in the observed transitions are much smaller than the
theoretical value Rln2 due to that the lanthanum
atoms are only partially substituted by europium atoms
during the doping of these compounds. Being calcu-
lated per mole of europium atoms with consideration
for its molar content in a compound, these parameters
are 4.01–5.55 J/mol and 0.646–0.895 J/(mol K),
respectively.

The major thermodynamic functions of the syn-
thesized compounds, such as the entropy S° and the
enthalpy change HT – H0, were determined from the

coefficients of approximating polynomials as follows:
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The thermodynamic functions of the studied com-
pounds calculated within the range 5–300 K are given
in Table 2, together with corresponding errors. The
measurement errors were determined from the spread
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Table 2. Thermodynamic functions of compounds

T, K

Ba(La0.99Eu0.01)2WO7 Ba(La0.97Eu0.03)2WO7 Ba(La0.95Eu0.05)2WO7

Cp,

J/(mol K)

S°,

J/(mol K)

HT – H0, 

J/mol

Cp,

J/(mol K)

S°,

J/(mol K)

HT – H0, 

J/mol

Cp,

J/(mol K)

S°,

J/(mol K)

HT – H0, 

J/mol

5 0.134 0.029 0.119 0.137 0.026 0.108 0.143 0.027 0.113

10 0.939 0.333 2.523 0.938 0.333 2.529 0.966 0.335 2.549

20 6.601 2.368 35.04 6.634 2.379 35.24 6.685 2.417 35.79

30 17.99 7.023 153.7 17.90 7.046 154.1 18.17 7.119 155.7

40 34.82 14.70 424.2 31.48 14.06 401.1 31.64 14.20 405.1

50 51.44 24.23 854.3 45.05 22.54 783.9 44.99 22.70 788.3

60 57.81 33.58 1369 57.90 31.90 1299 57.85 32.04 1303

70 69.65 43.39 2007 69.91 41.74 1939 69.83 41.87 1942

80 80.65 53.42 2759 81.16 51.82 2695 80.93 51.93 2697

90 90.96 63.52 3618 91.76 62.00 3560 91.24 62.07 3558

100 100.7 73.61 4577 101.8 72.19 4529 101.0 72.19 4520

110 109.8 83.64 5630 111.0 82.33 5593 110.1 82.25 5576

120 118.4 93.56 6771 119.7 92.37 6747 118.7 92.20 6720

130 126.5 103.4 7995 128.0 102.3 7987 126.8 102.0 7948

140 134.3 113.0 9300 135.9 112.1 9306 134.5 111.7 9255

150 141.8 122.6 10681 143.5 121.7 10704 142.1 121.2 10637

160 148.7 131.9 12134 150.5 131.2 12175 148.7 130.6 12091

170 154.9 141.1 13652 157.0 140.5 13713 154.9 139.8 13610

180 160.7 150.2 15231 163.0 149.7 15314 160.7 148.8 15189

190 166.1 159.0 16865 168.6 158.6 16972 166.1 157.7 16823

200 171.2 167.6 18552 173.8 167.4 18685 171.2 166.3 18510

210 175.8 176.1 20287 178.4 176.0 20 447 176.0 174.8 20245

220 180.2 184.4 22067 182.7 184.4 22252 180.5 183.1 22028

230 184.6 192.5 23892 186.8 192.6 24100 184.9 191.2 23855

240 188.8 200.4 25759 190.6 200.6 25987 189.5 199.2 25726

250 192.8 208.2 27668 194.1 208.5 27911 193.9 207.0 27644

260 196.5 215.9 29614 197.3 216.2 29869 197.9 214.7 29604

270 200.4 223.4 31599 200.5 223.7 31857 201.4 222.2 31601

280 203.6 230.7 33620 203.5 231.0 33877 204.5 229.6 33631

290 206.3 237.9 35670 206.4 238.2 35927 207.1 236.8 35689

298.15 208.3 ± 0.7 243.6 ± 1.5 37360 ± 185 208.7 ± 0.5 244.0 ± 1.2 37619 ± 142 208.8 ± 0.8 242.6 ± 1.5 37384 ± 190

300 208.7 244.9 37746 209.2 245.3 38006 209.2 243.9 37770

310 211.0 251.8 39845 211.8 252.2 40111 210.7 250.8 39870

5 0.134 0.029 0.119 0.137 0.026 0.108 0.143 0.027 0.113
tov
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of experimental points from the smoothed curve
within a 95-% confidence interval (Fig. 4).

The found thermodynamic functions appreciably
increase with increasing europium doping level. The
absence of pronounced dependence between the
entropy and enthalpy changes and the europium con-
tent may be considered as an indicator of that the mag-
netic interaction between europium atoms, which result
in the transitions, occurs as soon as at the lowest con-
centration, and its further increase does not lead to any
essential changes within the studied range of doping.

CONCLUSIONS

Compounds based on barium, tungsten, and
REEs, such as lanthanum and europium, have been
prepared by solid-phase synthesis. Their structural

Buk
e
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and thermodynamic properties have been studied.
Based on the X-ray diffraction data, the X-ray diffrac-
tion analysis of the samples was performed, and their
unit cell parameters and atomic positions have been
determined. Heat capacity measurements have been
carried out from the liquid helium temperature and, as
a result, the low-temperature anomalies related to the
magnetic transitions in the structure of the samples
due to the presence of doping europium atoms have
been found.
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Fig. 4. Spread of experimental heat capacity values from
the smoothed curve for the studied Ba(La1 – x Eux)2WO7.
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