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Abstract

Samples based on strontium, lanthanum and tungsten with the general formula 
of Sr(La1-xLnx)2WO7 doped with samarium and europium at 1 and 3 at.% were 
synthesized by the solid-phase method at temperatures up to 1200 °C. The crystal 
structure of the samples was confirmed by X-ray powder diffraction. A full-profile 
refinement of the structure of compounds related to monoclinic syngony with the 
space group P1121/b was performed. The admixture phase is a compound of the 
Sr3Ln2W2O12 type with a trigonal system and space group         . Based on the results 
of structure refinement, the ratio of the main compound and the admixture phase 
in the samples was determined to introduce corrections during measurements. 
Using adiabatic calorimetry we measured the heat capacity of the samples and 
found the thermodynamic functions of main compounds over the range of 
5‒320 K. Anomalies were detected in the heat capacity of the samples below 15 K, 
and we calculated the excess and lattice heat capacity for these anomalies by means 
of linearization methods.
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1. Introduction

Rare-earth metals are used in the production of 
optical materials for various purposes. Due to the 
transitions 4f–4f or 5d–4f, they are widely used as 
luminophores, etc. [1].

The tungstate anion         has a tetrahedral sym-
metry, and the W6+ ion is coordinated by four O2- 
ions. Tungstate-based luminophores are chemical-
ly more stable than sulfide-based luminophores. 
Tungstates intensify absorption for ultraviolet LED 
chips due to the charge transfer from O2- to W6+ in 
the ultraviolet region [2].

In reference [3] synthesized luminophores 
based on strontium tungstate doped with Eu3+ and 
Sm3+ were investigated. The phase structure, mor-
phology, and luminescent properties are described.

The advantage of europium compared to other 
dopants is its wide charge pass band in the region 

close to ultraviolet radiation, a low cost, and envi-
ronmental friendliness [4]. For changing the prop-
erties, for example, for increasing the fluorescence 
intensity in the red region, its low concentration is 
sufficient to increase the fluorescence intensity of a 
carrier in the red region [5]. 

Mainly, the research into the luminescent prop-
erties of SrLa2WO7 doped with europium [6‒8] is 
presented in the literature, while no description of 
thermodynamic characteristics is available there.

This study deals with the compounds of the 
form Sr(La1-xSmx)2WO7 and Sr(La1-xEux)2WO7, 
where x is 0.01, 0.03. For them, low-temperature 
studies of the heat capacity were carried out by 
adiabatic calorimetry and the main thermodynamic 
functions were determined. At low temperatures, 
abnormal deviations from the usual course of the 
heat capacity curve were detected, indicating the 
possible presence of the second-order phase tran-
sitions. The study results on the structural parame-
ters of the synthesized samples are also presented.
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2. Experimental

2.1. Synthesis

Strontium carbonate SrCO3, tungsten oxide (VI) 
WO3, and rare-earth oxides of lanthanum La2O3, 
samarium Sm2O3, and europium Eu2O3 of the qual-
ification “chemically pure” were used as starting 
materials for synthesizing samples designated as Sr-
La(Sm)-W and Sr-La-(Eu)-W. Before the synthesis 
rare earth metal oxides were additionally calcined 
at 900 °C for 2 h to remove excess moisture and 
absorbed carbon dioxide. A classical solid-phase 
method for obtaining complex oxides was used to 
carry out the synthesis. The weighted portions of 
the starting reagents, taken in stoichiometric ratios, 
were carefully ground in an agate mortar. Then, 
the resulting mixture of reagents was annealed at 
700 °C for 10‒12 h in the porcelain crucibles in the 
atmosphere of air to bind tungsten oxide.

Further, the obtained precursors were ground 
in an agate mortar and calcined in the alundum 
crucibles in the air atmosphere in three stages for 
6‒7 h each with a sequential increase in tempera-
ture: 6 h at 900 °C, 6 h at 1000 °C, and final anneal-
ing at 1200 °C in three steps 7 h each.

2.2. X-ray study

Experimental measurements of the diffraction 
patterns of the synthesized samples were carried 
out on a Shimadzu XRD-6000 diffractometer 
at room temperature (CuKα-radiation, reflection 
geometry, angle range 2θ from 10° to 70°, step 
0.02°). Processing of the obtained diffraction pat-
terns, detecting known phases, and searching for 
isostructural compounds were carried out using the 
Match! Version 2.3 [9] and PDF-2 powder diffrac-
tion databases [10]. Indexing of X-ray diffraction 
patterns and unit cell parameters was carried out 
using the FullProf software package [11] and Pow-
der Cell program [12].

2.3. Adiabatic calorimetry

The heat capacity of the obtained samples was 
measured from the temperature of liquid helium to 
320 K by adiabatic calorimetry using a low-tem-
perature thermophysical unit manufactured by Ter-
max [13]. The weighed portion of the samples was 
0.8‒1.7 g, the measurement step was from 0.3 to 
3 K depending on the temperature range, the mea-

surement interval was 4.2‒320 K. In the helium 
temperature range, the heat capacity was measured 
at least twice. In the nitrogen region, the number of 
runs was 4‒5 or more times.

3. Results and discussion 

X-ray phase analysis of the synthesized samples 
carried out using Match! and the PDF-2 database 
showed that the composition of all the samples be-
sides the main phase isostructural to the compound 
SrLa2WO7 [14] (PDF-2 No.00-049-0353), includes 
a certain amount of another phase isostructur-
al to the compound Sr5Re2O12 [15] (PDF-2 No. 
01-081-1481). Taking into account the elements 
available in the synthesized samples, the compo-
sition of the admixture phase can be represented as 
Sr3Ln2W2O12.

To refine the parameters of the crystal struc-
ture of the obtained compounds and determine the 
phase ratio in the samples, a full-profile analysis 
of the experimental diffraction patterns was carried 
out. The calculation results are given in Fig. 1.

While making calculations, we got rather low 
values of the discrepancy factors (Table 1). Ta-
ble 1 also shows the unit cell parameters of the 
compounds entering into the composition of the 
compounds and the phase ratios resulted from 
the refinement. Thus, based on the results of the 
measurements carried out by X-ray diffraction and 
calculations made by the full-profile analysis, we 
confirmed a formation of the target compounds, 
obtained the refined values of the compound crys-
tal structure parameters and determined the ratio 
of the target and side phases in the samples, which 
was used to introduce corrections to the results of 
calorimetric measurements.

The heat capacity correction on the admixture 
content in the samples was made as follows. The 
heat capacity of the Sr3Ln2W2O12 compound was 
calculated as the sum of the heat capacities of La2O3 
[16], Sm2O3 [17], SrO [18], and SrWO4 [19] in the 
corresponding ratios. The calculated values of the 
heat capacities from [19] correlate well with the 
experimental data presented in [20]. The specific 
heat of the Sr3Ln2W2O12 compound in proportion 
to its mass fraction was subtracted from the total 
experimentally measured the specific heat of the 
samples. The reliability of the introduced correc-
tion is confirmed by the proximity of the specific 
heat values of the samples studied to the specific 
heat of the undoped SrLa2WO7 compound [21].
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Fig. 1. Experimental, theoretical, and difference diffraction patterns of the synthesized samples. From top to bottom: 
Sr-La(Sm)-W(1%), Sr-La(Sm)-W(3%), Sr-La(Eu)-W(1%), Sr-La(Eu)-W(3%). The vertical strokes mark Bragg’s 
positions.

Table 1
Results of a full-profile analysis of the samples

Sample Basic phase Sr(La1-xLnx)2WO7 
parameters (space group P1121/b)

Admixture phase 
parameters 

(space group        )

Discrepancy 
factors

Phase ratio, 
mass%

a, Å b, Å c, Å γ, deg a, Å c, Å Rp Rwp

Sr-La(Sm)-W(1%) 8.8303 12.6780 5.7890 105.123 9.9158 56.6986 9.29 13.28 81.01:18.99
Sr-La(Sm)-W(3%) 8.8304 12.6804 5.7772 105.116 9.9269 56.7018 11.28 15.79 82.90:17.10
Sr-La(Eu)-W(1%) 8.8274 12.6750 5.7818 105.147 9.9292 56.6129 10.84 15.27 66.54:33.46
Sr-La(Eu)-W(3%) 8.8274 12.6780 5.7757 105.142 9.9329 56.6545 9.47 12.82 65.38:34.62
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Fig 2. Experimental molar heat capacity of the synthesized compounds: top left Sr(La0.99Sm0.01)2WO7, bottom left 
Sr(La0.97Sm0.03)2WO7, top right Sr(La0.99Eu0.01)2WO7, bottom right Sr(La0.97Eu0.03)2WO7.

The heat capacity of the Sr-La(Eu)-W(3%) sam-
ple was experimentally measured from 40 K. To 
calculate the values of thermodynamic functions of 
the compound over the entire temperature range, 
its heat capacity was extrapolated to absolute zero 
by the method described in reference [22], by the 
equation:

C(T) = (AT−1/αβ + 1)−1/α.

This equation approximates well both the 
low-temperature and high-temperature branches of 
the heat capacity and can be used to describe the 
heat capacity of a fairly wide range of solids [23].

The results of experimental measurements of 
the heat capacity of the samples are presented in 
Fig. 2.

In the samples measured from the temperature 
of liquid helium, we detected anomalies of the 
specific heat at low temperatures associated with 
the presence of Sm3+ and Eu3+ ions in the crystal 
structure of the compounds. The anomalies have 
the form of gentle blurry peaks of low intensity in 
the range from 5 to 8 K. To determine an excess 
anomalous contribution, the lattice component of 
the specific heat was determined by the equations 
[24, 25]:

The linear areas of the dependences used to find 
the lattice component of the specific heat of the 
samples studied are presented in Fig. 3.

The dependences presented in Fig. 4 were ob-
tained for the calculated lattice and anomalous heat 
capacity components. The equations of these de-
pendences were used to calculate the changes in 
the enthalpy and entropy in the anomalous transi-
tions observed.

As a rule, for mathematical calculation and 
simulation of the thermodynamic characteristics 
of low-temperature anomalies of this kind, the 
Schottky equation is used. It relates the number of 
possible energy levels in the compound, the energy 
value for these levels, and the population of the lev-
els by the particles of a substance involved in the 
phase transformation as applied to one mole of the 
amount of the substance. However, since the ob-
served anomalies are caused by the presence of the 
dopant atoms of lanthanide, the number of which 
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is hundredths fractions of a mole, this equation was 
not applied. Instead, a mathematical equation for 
the asymmetric normal distribution describing the 
dependencies observed with acceptable accuracy 
was used. The obtained values of changes in the 
enthalpy and entropy in the anomalies of the heat 
capacity of the samples are presented in Table 2.

Table 2
Magnitudes of change of the enthalpy and changes of 
entropy in the anomalous heat capacity of the samples

Sample ΔHan, J/mol ΔSan, 
J/(mol·K)

Sr(La0.99Sm0.01)2WO7 1.12±0.22 0.154±0.031
Sr(La0.97Sm0.03)2WO7 1.02±0.21 0.165±0.033
Sr(La0.99Eu0.01)2WO7 0.62±0.16 0.099±0.025

Fig. 4. Total, lattice and abnormal heat capacity of the 
samples, from top to bottom: Sr(La0.99Sm0.01)2WO7, 
Sr(La0.97Sm0.03)2WO7, Sr(La0.99Eu0.01)2WO7.

Fig. 3. Linearized heat capacity of the samples, from top 
to bottom: Sr(La0.99Sm0.01)2WO7, Sr(La0.97Sm0.03)2WO7, 
Sr(La0.99Eu0.01)2WO7.

The magnitude of the entropy change in the ob-
served transformations is much less than a theo-
retical value of R ln 2, which is due to the replace-
ment of only a part of the lanthanum atoms by the 
atoms of samarium and europium upon doping the 
compounds.

To calculate the thermodynamic functions, a 
mathematical description of the temperature de-
pendences of the heat capacity of the compounds 
obtained was carried out. When processing the 
measured data, a spline approximation of the ex-
perimental heat capacity values by the third degree 
polynomials of the form Cp=a0+a1T+a2T2+a3T3 
was used. Below 5 K, the heat capacity values are 
extrapolated to absolute zero in accordance with 
an odd degree polynomial Cp=aT3+bT5. The over-
lap of the experimental points in the polynomial 
change regions was at least 3‒4 points.
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Based on the smoothed heat capacity values, 
the corridor of measurement errors of the experi-
mental points within the 95% confidence interval 
is determined. The error was found as the ratio of 
the difference between the experimental measure-
ment and its smoothed value to the value of the 
smoothed value. The scatter of the experimental 
points relative to the smoothed curves is shown in 
Fig. 5, where the dashed lines indicate the bound-
aries of the 95% confidence interval.

The values of the basic thermodynamic func-
tions of the entropy S(T), change of the enthalpy 
H(T)−H(0), and the reduced thermodynamic po-
tential Φ(Т) of the synthesized samples were deter-
mined by the coefficients of the obtained polyno-
mials by the following expressions:
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The calculated values of the thermodynamic 
functions of the compounds studied over the tem-
perature range of 5‒300 K are presented in Table 3 
together with the corresponding errors.

4. Conclusion

For the samples Sr(La1-xSmx)2WO7 and 
Sr(La1-xEux)2WO7 synthesized by the solid-state 
method, their crystal structure was confirmed and 
their thermodynamic functions in the range of 
5‒320 K were investigated. The anomalies associ-
ated with the presence of lanthanide atoms in the 
structure of the compounds were detected in the 
low-temperature heat capacity of the samples. Due 
to rather large errors while calculating the excess 
component, the found values of changing in the en-
tropy and enthalpy in the anomalies do not have a 
pronounced dependence on the content of the dop-
ant element. The nature of the anomalies detected 
is the subject of further research.

Fig. 5. Deviations of the experimental values of the specific heat of the samples: top left Sr(La0.99Sm0.01)2WO7, bottom 
left Sr(La0.97Sm0.03)2WO7, top right Sr(La0.99Eu0.01)2WO7, bottom right Sr(La0.97Eu0.03)2WO7.
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