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2. IRON-CONTAINING SUPERCONDUCTORS  
FROM THE VIEWPOINT OF CHEMISTS: 

THERMODYNAMIC STABILITY AND SUBSTITUTION 
LIMITS IN La1–xLnxFeAsO1−y HIGH-TEMPERATURE 

SUPERCONDUCTORS (Ln = Ce–Er and Y) 
 

E. Get’man1, Yu. Oleksii1,2, O. Mariichak1, L. Ardanova3, S. Radio1 

Abstract 

Within the framework of V. S. Urusov’s crystal energy approach, we 
calculated mixing energies (interaction parameters), critical decomposition 
(stability) temperatures and built the domes of the decomposition of solid 
solutions of the following systems: La1−xCexFeAsO0.65, La1−xPrxFeAsO0.65, 
La1−xNdxFeAsO0.65, La1−xPmxFeAsO0.65, La1−xSmxFeAsO0.65, La1−xEuxFeAsO0.65, 
La1−xGdxFeAsO0.65, La1−xTbxFeAsO0.65, La1−xDyxFeAsO0.65, La1−xHoxFeAsO0.80, 
La1−xErxFeAsO0.75, La1−xYxFeAsO0.80, La1−xYxFeAsO0.60, La1−xSmxFeAsO0.85, 
whose components are isostructural with ZrCuSiAs. It is shown that the mag-
nitude of the mixing energy is determined mainly by the difference in sizes of 
the substituting structural units. The presented diagram makes it possible to 
predict the regions of thermodynamic stability of solid solutions, as well as the 
substitution limits (x) depending on the decomposition temperature (Td) or the 
decomposition temperature according to the given substitution limits for 
limited series of solid solutions in all the above systems. Within the error of 
the method, our results do not contradict the available experimental data for 
La1−xYxFeAsO0.6 and La1–xSmxFeAsO0.85 systems and can be useful in choosing 
the ratio of components in «mixed» matrices, as well as the amount of an ac-
tivator in high-temperature superconductors and effective magnetic materials. 
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2.1 Introduction: Iron-based layered superconductors 

Iron-based layered superconductors (LnFePnO1–y, Ln – lanthanides, Pn – 
P or As) are Fe–containing compounds with a ZrCuSiAs-type of structure 
(tetragonal, P4/nmm) whose superconducting properties were discovered in 
2006 for LaOFeP [2.1], and in 2008 for fluorine-doped LaFeAsO [2.2]. 

The structure, depicted in Fig. 2.1, consists of alternating Fe–As and La–O 
layers. Fe and O atoms sit at the center of slightly distorted As and La 
tetrahedra; the As tetrahedra are squeezed in the z direction. Since the radius 
of As atoms is much larger than the radius of a Fe atom, the Fe–As blocks are 
not atomically planar, in contrast to the Cu–O planes of cuprates. Fe atoms 
form a planar square lattice, with As atoms located above and below this plane, 
forming tetrahedra with Fe atoms in the center; the Fe–As distance is 2.41 Å, 
and the As–Fe–As angles are either 107.50 or 113.50. Fe atoms also bond to 
other Fe atoms in the plane, which are arranged on a square lattice at a distance 
of 2.85 Å [2.2–2.3]. Crystallochemical properties of LnFeAsO compounds are 
determined by the configuration of the outer electron shells: Fe(4s4p3d), 
As(4s4p), Ln(6s5d4f), O(2s2p). The formal valences of ions are as follows: 
La3+, O2–, Fe2+, and As3–. It is thought that these two layers are, respectively, 
positively and negatively charged, and that the La–O chemical bond in the  
La–O layer is ionic whereas the Fe–As has a predominantly covalent nature. 
Thus, the chemical formula may be expressed as (La3+O2–)+(Fe2+As3–)–. 
The conductive carriers, the concentration of which can be increased by 
substitution of the O2– ion with a F– ion, are confined two dimensionally in the 
(FeAs)– layers (Fig. 2.1) [2.4]. 

 
Fig. 2.1 – Crystal structure of LaFeAsO1–xFx. Adapted from Ref. [2.4] 
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Crystal lattice parameters and superconducting transition temperatures for 
some compounds LnFeAsO are given in Table 2.1. 

Table 2.1. Maximal temperatures of superconducting transitions obtained 
by doping of LnFeAsO compounds. 

LnFeAsO1–yFy or LnFeAsOy Tc, K a, Å c, Å 
LaFeAsO0.95F0.05 [2.2] 
LaFeAsO [2.2] 

26 4.0320 
4.0355 

8.7263 
8.7393 

LaFeAsO0.89F0.11 [2.4] 43 (at 4 GPa) 
9 (at 30 GPa) 

– – 

LaFeAsO0.8F0.2 [2.5] 
LaFeAsO [2.5] 

27.5±0.2 4.030 
4.039 

8.716 
8.742 

LaFeAsO0.85 [2.6] 
LaFeAsO [2.6] 

31.2 4.022 
4.033 

8.707 
8.739 

CeFeAsO0.84F0.16 [2.7] 
CeFeAsO [2.7] 

41 3.989 
3.996 

8.631 
8.648 

CeFeAsO0.88F0.12 [2.8] 47 (at 1.8 GPa) 
4.5 (at 19 GPa) 
<1.1 (at 26.5 GPa) 

– – 

CeFeAsO0.85 [2.6] 
CeFeAsO [2.6] 

46.5 3.979 
3.998 

8.605 
8.652 

PrFeAsO0.89F0.11 [2.9] 
PrFeAsO [2.9] 

52 3.967 
3.9853 (y = 0) 

8.561 
8.595 

PrFeAsO0.85 [2.6] 
PrFeAsO [2.6] 

51.3 3.968 
3.985 

8.566 
8.600 

NdFeAsO0.89F0.11 [2.10] 52 – – 
NdFeAsO0.82F0.18 [2.11] 50 – – 
NdFeAsO0.85 [2.6] 
NdFeAsO [2.6] 

53.5 3.943 
3.965 

8.521 
8.572 

NdFeAsO0.7F0.3 [2.12] 46 – – 
SmFeAsO0.90F0.10 [2.13] 
SmFeAsO [2.13] 

55 3.915 
3.933 

8.428 
8.495 

SmFeAsO0.85F0.15 [2.14] 
SmFeAsO [2.14] 

43 3.932 
3.940 

8.490 
8.501 

SmFeAsO0.85 [2.6] 
SmFeAsO [2.6] 

55 3.897 
3.933  

8.407 
8.795 

GdFeAsO0.85 [2.15] 
GdFeAsO [2.15] 

53.5 3.890 
3.903 

8.383 
8.453 

GdFeAsO0.8F0.2 [2.15] 51.2 – – 
GdFeAsO0.83F0.17 [2.16] 36.6 4.001 8.650 
TbFeAsO0.85 [2.17] 42 3.889 8.376 
TbFeAsO0.9F0.1 [2.18] 
TbFeAsO [2.18] 

45.5 3.8634 
3.8632 

8.333 
8.322 

TbFeAsO0.8F0.2 [2.18] 45.2 3.860 8.332 
TbFeAsO1−δ [2.19] 
TbFeAsO [2.19] 

48.5 3.878 
3.898 

8.354 
8.404 

DyFeAsO0.9F0.1 [2.18] 45.3 3.8425 8.2837 
DyFeAsO0.8F0.2 [2.18] 43.0 3.8530 8.299 
DyFeAsO1−δ [2.19] 52.2 3.859 8.341 
HoFeAsO1−δ [2.19] 50.3 3.846 8.295 
ErFeAsO0.75 [2.20]a 35.9 3.8198 8.2517 
ErFeAsO0.95 [2.20]a 43.0 3.8238 8.2680 
ErFeAsO0.95 [2.20]a 44.5 3.8219 8.2807 
YFeAsO1−δ [2.19] 46.5 3.842 8.303 
a Nominal starting compositions; polycrystalline samples were synthesized by heating pellets with nominal 
compositions of ErFeAsO1−y (1−y = 0.75–0.95) sandwiched between pellets of LaFeAsO0.8H0.8 compositions at 
1373 K under pressures of 5.5, 5.0 and 5.0 GPa, respectively [2.20]. 
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Information on the influence of the synthesis time and synthesis tempe-
rature on the final temperature of the transition into the superconducting state 
is very limited in the literature. For the HoFeAsO1−xFx system, such data was 
discussed in Ref. [2.21] (see Table 2.2). 

Table 2.2. Synthesis conditions (all samples were synthesized at 10 GPa), 
refined lattice parameters (a, c) and volume (V), Tc, mass fractions, and 
superconducting volume fractions for HoFeAsO1−xFx samples [2.21]. 

Sample tsynth, hr Tsynth, °C a, Å c, Å V, Å3 Tc, K Mass  
frac., % 

Diamag. 
frac., % 

1 2 1 150 3.8246 8.254 120.74 29.3 75 70 
2 2 1 100 3.8272 8.2649 121.06 33.0 74 85 
3 1 1 150 3.8258 8.264 120.96 33.2 73 76 
4 3 1 100 3.8282 8.261 121.07 33.7 84 74 
5 2 1 100 3.8282 8.2654 121.13 35.2 81 57 
6 2 1 100 3.8297 8.270 121.30 36.2 58 46 

 
Although all samples in Table 2.2 have the same starting composition, 

small variations in synthesis pressure and temperature result in a dispersion in 
x around the nominal 0.1 value for the HoFeAsO1−xFx phase and corresponding 
variations in superconducting properties. Tc increases to a maximum value, 
Tc(max), at the upper solubility limit of x in LnFeAsO1−xFx systems [2.14], and 
this is consistent with the observation that the superconducting phases in 
samples 1, 3, and 4, which are heated at high temperatures or for longer times 
and so are likely to have a slightly lower F content, have lower Tc (an average 
value of 32.1 K) compared to other three samples with the average value 
Tc = 34.8 K, made under nominally identical “optimum” conditions. Sample 6 
shows the highest Tc = 36.2 K and the lowest proportion of the diamagnetic 
fraction in the HoFeAsO1−xFx phase. This demonstrates that the sample is at 
the upper limit of the superconducting composition range and so gives a 
realistic Tc(max) for the HoFeAsO1−xFx system [2.21]. 

Also of interest are systematic studies of the pressure effect on properties 
of the obtained materials. In Ref. [2.22], single-phase polycrystalline samples 
of oxygen-deficient oxypnictide superconductors LnFeAsO0.7 (Ln = Sm, Gd, 
Tb, and Dy) were synthesized using high-pressure technique. It was found out 
that the synthesis pressure is a key parameter for synthesizing samples, in 
particular, for heavier lanthanides. It was established that the lattice para-
meters systematically decrease with the atomic number of Ln, reflecting the 
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shrinkage of Ln ionic radius: for the lighter Ln atoms (La, Ce, Pr, Nd), Tc 
increases monotonously with decreasing the lattice parameters from 26 K for 
La to 54 K for Nd, then stays at the constant value around 53 K in the case of 
the heavier lanthanides (Nd, Sm, Gd, Tb, and Dy) (see Fig. 2.2). Obtained 
results suggest the intimate relationship between the crystal structural para-
meters and superconductivity, as well as the possible existence of the inherent 
maximum of Tc located around 50 K in the LnFeAsO based materials [2.22]. 

 
Fig. 2.2 – Relationships between Tc and a-axis lattice parameter for the samples with 

a nominal composition of LnFeAsO0.7 (Ln = Sm(▲), Gd(■), Tb(♦), and Dy(●)) 
synthesized under various pressures ranging from 2.0 to 5.5 GPa.  

Adapted from Ref. [2.22] 
 
Despite the great interest in high-temperature superconductors based on 

LnFeAsO1–yFy and LnFeAsOy expressed in recent reviews [2.23–2.30] and 
monographs [2.31–2.33], the data on isomorphous substitutions of lanthanides 
in Ln positions in the LnFeAsO1–y structure are rather scarce. 

The effect of replacing La atoms by Y atoms in the oxypnictide supercon-
ductor LaFeAsO0.6 was studied in Ref. [2.34]. It has been found that the 
replacement of La3+ by smaller Y3+ in the La1−xYxFeAsO0.6 form leads to the 
decrease in lattice parameters, and superconducting transition temperature 
increases monotonically with increasing x up to 43.1 K at x = 0.5. Similar 

a, Å 

T c
, K
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results were obtained in the study of partial substitution of La for Y in the  
La1–xYxFeAsO0.85F0.15 superconductor [2.35] that, up to x = 0.70, leads to the 
decrease in lattice parameters a and c of the structure by 1.8 % and 1.7 %, 
respectively. It was determined that 15 % F-doped samples reach a maximum 
critical temperature of 40.2 K for the 50 % yttrium substitution. In addition, in 
the mixed lanthanide compounds of La1−xSmxFeAsO0.85, the onset supercon-
ducting critical temperature was found to rise monotonically from 31.2 K to 
55 K with increasing amount of Sm doping from x = 0 to 1 [2.36]. 

Using resistivity and magnetization studies the pressure effect on the 
superconducting transition temperature of Yb doped Ce0.6Yb0.4FeAsO0.9F0.1 
has been investigated [2.37]. It has been established that increase in chemical 
pressure by substitution of smaller Yb3+ ions in place of Ce3+ ions results in 
a significant enhancement of TC from 38 K (Yb free) to 47 K (40 % Yb), 
enhancement in TC with external pressure has been observed for this com-
pound up to a maximum value of Tc = 48.7 K at 1 GPa, beyond which Tc starts 
decreasing monotonously. 

It is also of interest to study the replacement of three-charged lanthanide 
cations by ions with a larger charge that can lead to the creation of novel ma-
terials with a higher Tc. First studies in this direction showed encouraging re-
sults for Tb0.8Th0.2OFeAs [2.38], Gd0.8Th0.2OFeAs [2.39], and Sm0.7Th0.3OFeAs 
[2.40] where values of Tc = 52–56 K were achieved. 

 
 
2.2 Isomorphous substitutions in the LnFeAsO structure 

Isomorphous substitutions of atoms in crystals attract the attention of 
researchers for the reason that many new inorganic materials (phosphors, 
semiconductors, ferroelectric, piezoelectrics, etc.) are created on the basis 
of not individual compounds, but solid solutions. This is due to the fact that 
the properties in the region of homogeneity regularly change depending on the 
composition. The properties of high-temperature superconductors (HTSCs) of 
the first generation based on barium cuprates and rare-earth elements (REEs) 
are the most studied, both in the case of individual compounds, for example 
[2.41–2.43], and solid solutions based on them when modified with other 
REEs [2.44–2.45]. At the same time, REE intersubstitutions for HTSCs with 
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a tetragonal structure of the ZrCuSiAs type, for which more than 150 repre-
sentatives are known [2.46–2.47], have been hardly studied. 

It is known that undoped LnFeAsO compounds are not superconduc-
tors [2.46]. However, those obtained at high pressures (from 2.0 to 5.5 GPa) 
with a lack of oxygen or with partial substitution of oxygen by fluorine do 
superconduct [2.34, 2.48]. Isomorphous substitution of lanthanum or iron 
cations with other cations can lead to an increase in the critical tempera-
ture [2.19, 2.48]. Therefore, the study of isomorphous substitutions in super-
conducting solid solutions is of current interest, as it has been argued in the 
first chapter above. 

To the best of our knowledge, LnFeAsO-based solid solutions with partial 
REE substitution are described only for a limited number of systems: 
La1−xYxFeAsO0.6 (x = 0.0–0.5) [2.34], La1–xSmxFeAsO [2.47], and also for 
Sm1−x/3Scx/3FeAsO1−xFx (x = 0.09–0.27) [2.48]. La1−xYxFeAsO0.6 samples were 
synthesized by heating LaAs, YAs, Fe, and Fe2O3 at 1423 К for 2 h under the 
pressure of 2 GPa [2.34]. When х changes in the range from 0.0 to 0.4, the unit 
cell parameters in the La1−xYxFeAsO0.6 structure naturally decrease from 
a = 4.029 Å and c = 8.729 Å to a = 3.992 Å and c = 8.652 Å, correspondingly. 
In this case, the critical temperatures of the superconducting transition increase 
substantially. However, the experimental determination of substitution limits 
in this work is not entirely unambiguous. The cell parameters really change in 
the range of initial compositions x from 0.0 to 0.4, however, only samples with 
x from 0.0 to 0.1 are single-phase. Samples of initial compositions x from 0.2 
to 0.5 consist of several phases that is explained by the fact that the compound 
of composition YFeAsO does not exist [2.34]. In this case, the La1−xYxFeAsO0.6 
system should be considered multicomponent rather than pseudobinary, and 
the cell parameters can change in the mixed-phase region. The authors [2.34] 
believe that the designations they use for the compositions simply mean the 
nominal value and do not necessarily agree with the actual ones. However, 
there is another point of view: in Ref. [10] the YFeAsO compound is described 
and even the cell parameters are given. It is possible that equilibrium was not 
reached in Ref. [8] due to the fact that the interaction of the components was 
not completed, since the synthesis was carried out for only 2 h, or partial de-
composition of the solid solution occurred when the samples were cooled after 
calcination. 
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Similarly, in the Sm1−x/3Scx/3FeAsO1−xFx system, as x changes in the range 
from 0.09 to 0.27, the unit cell parameters also regularly decrease, and the 
critical superconducting temperatures increase significantly [2.48]. At the 
same time, samples with х ≥ 0.12 are also not single-phase, and the authors 
suggest that x = 0.23 is the substitution limit. Apparently, the substitution limit 
is approximate in this case as well. An increase in the critical temperature Tc 
can be promoted not only by the substitution of samarium for scandium but 
also by the substitution of oxygen for fluorine with an ionic radius smaller than 
that of oxygen. 

In Ref. [2.36], the La1–xSmxFeAsO0.85 system with x = 0, 0.1, 0.2, 0.3, 0.4, 
0.6, 0.8, 0.9, 0.95 and 1.0 was synthesized at a final temperature of 1623 K for 
2 h. Based on the phase composition and the change in cell parameters, an 
unlimited substitution of lanthanum for samarium was established in the x 
range from 0 to 1. In Ref. [2.47], for the same system, it was found that the 
values of the Ln—O and Ln—As interatomic distances also regularly decrease 
with increasing x in the entire range of compositions indicating the substitution 
of lanthanum by samarium. An increase in the transition temperature Tc is due 
to the compression of the crystal structure, which, in the case of isomorphous 
substitution by a smaller ion, is even called the «effect of chemical 
pressure» [2.47]. 

It should be also noted that the limits of isomorphous substitutions in solid 
solutions are significantly affected not only by the synthesis temperature but 
also by pressure. The data on the pressure effect on the critical decomposition 
(stability) temperature of solid solutions indicate that the pressure growth by 
1 GPa leads to its increase by 20–150 degrees [2.49–2.50]. Also, the degree of 
the pressure influence on the miscibility of the system components depends 
on the temperature. Studies of solid solutions in the enstatite Mg2Si2O6 – 
diopside CaMgSi2O6 system carried out at pressures of 5–40 kbar (0.5–4 GPa) 
and temperatures of 1173–1773 K showed that increasing pressure reduces the 
mutual miscibility only starting from 1473 K, while at 1173 K the effect of 
pressure is still very small. The same conclusion follows from the study of the 
solubility of calcium in olivines at different temperatures and pressures [2.49]. 

At present, one of the ways to search for HTSCs with desired properties 
is to study their dependence on the composition in the regions of the solid-
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solution existence. At the same time, the physicochemical foundations of the 
synthesis of solid solutions, such as state diagrams and solubility regions of 
the La1–xLnxFeAsO1−y systems, to the best of our knowledge, are almost not 
studied. Therefore, in particular, authors studying superconductors based on 
LnFeAsO1−y in most cases limit themselves by the properties of individual 
compounds rather than solid solutions. 

At the same time, it is known [2.49–2.50] that solid solutions which are 
synthesized at high temperatures tend to decompose upon cooling that can lead 
to degradation of materials based on them, changes and irreproducibility of 
their properties. In this regard, before the synthesis of solid solutions and the 
study of their properties depending on the composition, it is desirable to know 
the limits of isomorphous substitutions depending on temperature and stability 
of solid solutions in the corresponding areas of the systems under synthesis, 
storage and intended operation conditions. Experimental determination of sub-
stitution limits with X-ray diffraction analysis (XRD) by annealing and har-
dening is complicated by the difficulty of achieving equilibrium at low tem-
peratures due to the low diffusion rate in the solid phase and the possibility of 
partial decomposition of the solid solution during its quenching from high tem-
peratures. In addition, XRD can be inefficient, in particular, for isostructural 
components with similar sizes of substituting structural units, in the cases of 
spinodal decomposition of a solid solution [2.49–2.50] or nanosized particles. 
In such cases, difficulties arise in determining the substitution limits by XRD, 
as was the case in the La1−xYxFeAsO0.6 [2.34] and Sm1−x/3Scx/3FeAsO1−xFx 
systems [2.48]. 

Insufficient information about substitution limits and stability regions of 
solid solutions forces researchers to choose the composition of matrices and 
modifying additives (dopants) either by analogy with related systems or by the 
«trial and error» method that can lead to excessive consumption of expensive 
reagents and an increase in the duration of reearch. Thus, for determining the 
substitution limits, it is rational to use not only experimental but also calcu-
lation methods, devoid of the above disadvantages. The aim of our work has 
been to predict the substitution limits and thermodynamic stability of solid 
solutions with a structure of the ZrCuSiAs type in a wide range of composi-
tions and temperatures in La1–xLnxFeAsO1−y systems with Ln = Ce–Er, and Y. 
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The choice of such systems was also due to the fact that LnFeAsO1−y super-
conductors are perspective naterials for generating very strong magnetic 
fields [2.51]. 

2.3 Calculation method and initial data 

In the general case, according to V. S. Urusov, the mixing energy (in-
teraction parameter) Q which determines possibility and substitution limits, 
consists of three contributions due to the difference in the sizes of the 
substituting structural units, the degrees of ionicity of the chemical bond in the 
components, and the crystal structures of the components [2.49–2.50]. 

Since we are dealing with the intersubstitution of REE in groups of 
systems, both components of which are isostructural to ZrCuSiAs, the third 
contribution is equal to zero. The second contribution, according to [2.49–
2.50], must be taken into account in cases where the electronegativity 
difference Δχ(Ln3+) of ions replacing each other is greater than 0.4. Since the 
value of this difference calculated by us does not exceed 0.111 (Table 1), the 
mixing energy is calculated using the formula [2.49–2.50]: 

Q = 1000Сmnzmzxδ2 J/mol, (2.1) 

where C is an empirical parameter calculated from the expression 
C = 20(2Δχ + 1) kJ [2.50] by the difference in the electronegativity of the 
cation and anion, taken from Ref. [2.52]. The electronegativity of the anion 
χ(AsO1–y) is estimated as the average of the electronegativity of arsenic and 
oxygen; n = 6.8 is the effective coordination number of the substituted struc-
tural unit for the LnFeAsO1–y structure calculated according to S. Batsa-
nov [2.53], since in LnFeAsO1–y the REE cation is surrounded by four arsenic 
anions and four oxide anions located at two significantly different distances 
(for example, in the SmFe0.92Co0.08AsO structure they are equal to 3.277 and 
2,2884 Å, respectively) [2.54]; m is the number of different structural units in 
the components calculated taking into account the peculiarities of the 
LnFeAsO1–y, layered structure with alternating LnO+ and FeAs– layers [2.46]. 
Since the substitution occurs only in the LnO+ layers (the Ln—O and Ln—As 
distances decrease, while the Fe—As distances are constant [2.47]), iron 
cations are passive in isomorphous substitution and, therefore, in accordance 
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with Ref. [2.49] were not taken into account in the calculations: 
m = 1 + 1 + (1 – y) (Table 2); zm, zx are moduli of charges of structural units, 
zm = 3, zx = 2,5 are average charges of oxygen and arsenic ions; δ is the relative 
difference in the sizes of substituting structural units (a size parameter) that 
was calculated taking into account the assisting rule [2.49] by crystalline ionic 
radii: 

δ = [(r(La3+) – r(Ln3+)]/[r(Ln3+) + r(O2–)]. (2.2) 

Crystalline ionic radii of REE were taken according to R. Shannon [2.55] 
for a coordination number of 7 closest to the effective coordination number of 
6.8 according to S. Batsanov [2.53]. The Ln—О distances were taken equal to 
the sum of the crystalline ionic radii of the cations and the oxide anion: 
r(Ln3+) + r(O2–). The choice of the oxide anion as the common structural unit 
in calculating δ is due to the fact that it is located in the LnO+ layer, in which 
substitution occurs. The crystalline ionic radius of oxygen was taken according 
to R. Shannon for a coordination number of 4. The accuracy of the calculation 
of the mixing energy according to the data [2.49] is ± 13 %. 

Since the values of the dimensional parameters δ are less than 0.067 
(Table 2), according to the recommendations [2.49–2.50], the critical decom-
position temperatures of solid solutions were calculated in the approximation 
of regular solutions by the expression Tcr = Q/2kN, where k is the Boltzmann 
constant and N is the Avogadro number. The equilibrium decomposition tem-
perature Td was calculated from the given substitution limit х or the substitu-
tion limit x from the decomposition temperature, according to the Becker 
equation [2.56]: 

– (1 – 2 x) / ln[x/(1 – x)] = kN × Td/Q. (2.3) 

In the two cases, the Q value was taken in cal/mol [2.49–2.50]. 
 
 
2.4 Results and discussion 

Some initial data and results of calculations of the mixing energy and 
critical decomposition temperatures Тcr are summarized in Tables 2.3–2.4. 
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Table 2.3. Values of electronegativity of cations χ(Ln3+), the average 
electronegativity of anions χ(As, O) and constants C calculated for  
La1–xLnxFeAsO1−y solid solutions (Ln = Ce–Er, and Y) 

Ln 1–y χ(Ln3+) Δχ(Ln3+) χ(As,O) χ(As,O) – χ(Ln3+) С, kJ 
La 0.65 1.327 – 2.300 0.973 58.92 
Ce 0.65 1.348 0.021 2.300 0.952 58.08 
Pr 0.65 1.374 0.047 2.300 0.926 57.04 
Nd 0.65 1.382 0.055 2.300 0.918 56.72 
Pm 0.65 1.391 0.064 2.300 0.909 56.36 
Sm 0.65 1.410 0.083 2.300 0.890 55.6 
Eu 0.65 1.433 0.106 2.300 0.867 54.68 
Gd 0.65 1.386 0.059 2.300 0.914 56.56 
Tb 0.65 1.410 0.083 2.300 0.890 55.6 
Dy 0.65 1.426 0.099 2.300 0.874 54.96 
Ho 0.80 1.433 0.106 2.583 1.150 66.00 
Er 0.95 1.438 0.111 2.865 1.427 77.08 
Er 0.75 1.438 0.111 2.488 1.051 62.04 
Y 0.80 1.340 0.013 2.583 1.150 66.00 
Y 0.60 1.340 0.013 2.207 0.867 54.68 

Sm 0.85 1.410 0.083 2.677 1.267 70.68 
 

Table 2.4. Some initial data and results of calculation of mixing energies 
and critical decomposition temperatures for La1–xLnxFeAsO1−y solid solutions 
(Ln = Ce–Er, and Y) 

Ln 1–y r(Ln3+), Å Ln–О, Å δ С, kJ m Q, J/mol Tcr, K 
La 0.65 1.240 2.480  58.92 2.65   
Ce 0.65 1.210 2.450 0.01224 58.08 2.65 1175 70 
Pr 0.65 1.198 2.436 0.01806 57.04 2.65 2513 150 
Nd 0.65 1.186 2.426 0.02225 56.72 2.65 3794 226 
Pm 0.65 1.172 2.412 0.02819 56.36 2.65 6053 361 
Sm 0.65 1.160 2.400 0.03333 55.60 2.65 8346 498 
Eu 0.65 1.150 2.390 0.03765 54.68 2.65 10474 625 
Gd 0.65 1.140 2.380 0.04202 56.56 2.65 13496 806 
Tb 0.65 1.120 2.360 0.05084 55.60 2.65 19422 1159 
Dy 0.65 1.110 2.350 0.05531 54.96 2.65 22722 1352 
Ho 0.80 1.098 2.338 0.06073 66.00 2.80 34759 2075 
Y 0.80 1.100 2.340 0.05982 66.00 2.80 33725 2014 
Y 0.60 1.100 2.340 0.05982 54.68 2.60 25945 1549 

Sm 0.85 1.160 2.400 0.03333 70.68 2.85 11412 681 
Er 0.95 1.085 2.325 0.06666 77.08 2.95 51530 3077 
Er 0.75 1.085 2.325 0.06666 62.04 2.75 38663 2309 

The calculations were carried out for substitutions in the previously 
oxygen-deficient compounds [2.19, 2.20, 2.22], synthesized by the following 
procedures: 

1. Samples of the LnFeAsO0.8 initial composition with Ln = Ho and Y 
sintered for 1 h at a temperature of 1 273 K and a pressure of 5 GPa. After 
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turning off the power, the samples were quickly quenched to room temperature 
by cooling in water for about 1 min and then the pressure was released [2.19]. 

2. Samples of the LnFeAsO1–y composition (y = 0,60–0,70), synthesized 
at a pressure of 2.0 GPa for Ln = La, Ce, Pr, Nd, at a pressure of 5.0 GPa for 
Ln = Sm, Gd, Tb and at a pressure of 5.5 GPa for Ln = Dy. The pellets were 
heated for 2 h at a synthesis temperature of 1 323–1 373 К for Ln = Gd, Tb, 
Dy and 1 373–1 423 К for Ln = La, Ce, Pr, Nd and Sm [2.22]. 

3. Samples with the ErFeAsO1–y nominal composition were synthesized 
by heating pellets, sandwiched between LaFeAsO0.8H0.8 granules at 1 373 K 
under a pressure of 5.0–5.5 GPa [2.20]. 

As can be seen from the data presented, with an increase in the atomic 
number of REEs, values of the dimensional parameter δ, mixing energies Q, 
and critical decomposition temperatures Tcr increase in the series of the  
La1–xLnxFeAsO1−y systems, where Ln = Ce–Er. This is so since in such series of 
systems the difference between the radii of lanthanum and REE ions increases. 
According to the calculated values of the critical decomposition temperatures 
(for х = 0.50) and decomposition temperatures of limited solid solutions (for 
х = 0.01, х = 0.03, х = 0.05, х = 0.09, see Table 2.5) their dependence on REE 
numbers for the La1–xLnxFeAsO0.65 systems with Ln = Ce–Dy (diagram of 
thermodynamic stability of solid solutions) was plotted in Fig. 2.3. 

Table 2.5. Decomposition temperatures (K) of La1–xLnxFeAsO0.65 solid 
solutions, where Ln = Ce–Dy, for х = 0.01, 0.03, 0.05, 0.09, and 0.50 

x Ce Pr Nd Pm Sm Еu Gd Tb Dy 
0,01 30 64 97 154 213 267 344 495 579 
0,03 38 81 122 196 269 338 436 627 734 
0,05 43 92 138 221 305 382 493 709 830 
0,09 50 106 161 256 353 443 571 822 962 
0,50 70 150 226 361 498 625 806 1159 1352 

 

The thermodynamic stability diagram was calculated only for La1–

xLnxFeAsO0.65 systems, where Ln = Ce–Dy, since the chemical composition 
of their components in terms of oxygen content is identical and the value (1−y) 
according to Ref. [2.22] differed only within 0.60–0.70 (for the calculations, 
an average value of 0.65 was taken). 

It follows from the presented diagram that the continuous series of solid 
solutions for the La1–xLnxFeAsO0.65 systems (Ln = Ce–Dy) are thermodynami-
cally stable in the temperature ranges above the critical ones (above curve e). 
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At lower temperatures (below curve e), they can decompose, forming two 
series of limited solid solutions in each system, if the diffusion rate is sufficient 
for the formation and growth of new phases. Similarly, limited solid solutions 
of limiting compositions х = 0.01, х = 0.03, х = 0.05, and х = 0.09 at tempe-
ratures in the region above curves a, b, c, and d are thermodynamically stable 
while below these curves they can decompose. It should be also noted that 
a change in the oxygen content significantly affects the mixing energy, 
the critical decomposition temperatures of solid solutions, and, consequently, 
the stability and substitution limits. Thus, in the La1–xLnxFeAsO1–y systems 
with Ln = Sm, Er, and Y, with growing (1–y) values from 0.65, 0.75 and 0.60 
to 0.85, 0.95 and 0.80, the critical decomposition temperatures increase from 
498, 2 309 and 1 549 K to 681, 3 077 and 2 014 К respectively. 

 
Fig. 2.3 – Diagram of the thermodynamic stability of solid solutions:  

Dependences of the calculated decomposition temperatures for La1–xLnxFeAsO0.65 solid 
solutions (Ln = Ce–Dy) for x = 0.01 (a), x = 0.03 (b), x = 0.05 (c), x = 0.09 (d),  
and x = 0.50 (е) of the REE atomic number. Below the horizontal line at 545 K,  

solid solutions can become metastable 
 
It is known that with decreasing temperature the mobility of the solid-

solution structural units reduces due to the diminishing diffusion rate and the 
solubility regions become narrower [2.49–2.50]. This happens until the diffu-
sion rate becomes so small that the decrease in the solubility regions practi-
cally stops, i. e., spontaneous hardening occurs and solid solutions can be 
metastable. If we assume that the spontaneous hardening temperature is close 



75 

to the temperature at which the components begin to interact when their 
mixture is heated, leading to the formation of a solid solution, we can estimate 
the spontaneous hardening temperature and the metastability region [2.57]. 
For example, as was shown in Ref. [2.46], the BiCuSO compound with the 
ZrCuSiAs structure, similar in composition to LnFeAsO, was synthesized by 
the low-temperature hydrothermal method at 520 K or using freshly prepared 
highly reactive precursor compounds at 570 K. Therefore, it can be assumed 
that spontaneous hardening of solid solutions of the systems under conside-
ration can occur at temperatures of ~545 К and less. 

Thus, the La1–xLnxFeAsO0.65 systems with Ln = Ce–Dy, continuous series 
of solid solutions, are thermodynamically stable above the critical decompo-
sition temperatures of 70–1 352 K (Table 2.4, Fig. 2.3, curve е). With decrea-
sing temperatures, they become thermodynamically unstable and can split into 
two regions of limited solid solutions. At temperatures below ~545 К solid 
solutions should not decompose, that is, spontaneous hardening will take place 
and they will come to be metastable. 

Based on the foregoing, it can be assumed that continuous series of solid 
solutions in the La1–xLnxFeAsO0.65 systems, where Ln = Ce–Pm, in the range 
of temperatures above the critical one (above 70, 150, 226, and 361°K, respec-
tively) will be thermodynamically stable, and below critical temperatures do 
not decompose, i. e., become metastable. 

In the range from melting temperatures to critical ones (625, 806, 1 159, 
1 352 К respectively), continuous series of solid solutions in the  
La1–xLnxFeAsO0.65 systems with Ln = Eu–Dy will be thermodynamically 
stable. In the temperature range from critical one to ~ 545 К they will de-
compose into two solid solutions, which will become metastable at lower 
temperatures. Since the critical temperature of the La1–xSmxFeAsO0.65 solid 
solutions (498 K) differs from the spontaneous hardening temperature (~ 545 К) 
within the calculational error, it is not possible to conclude unequivocally 
about their behaviour at temperatures close to the critical one. 

According to Fig. 2.3, one can visually estimate the decomposition tem-
perature of limited series of solid solutions by setting the substitution limit or 
determine the substitution limit of lanthanum for REE by setting the decom-
position temperature. To find the substitution limit for a given temperature, it 
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is necessary to draw an isotherm until it intersects with a vertical line drawn 
from the REE number. This will determine the range of compositions in which 
there is a substitution limit, and the interpolation of the vertical segment 
between the two nearest curves gives this substitution limit. The slatter can be 
determined more precisely by constructing for a specific system the depen-
dence of the decomposition temperatures calculated from the Becker equation 
on the composition (the dome of decomposition), which, in the approximation 
of regular solid solutions, will be symmetrical. 

 
Fig. 2.4 – Calculated domes of the solid solutions decomposition  

for La1−xLnxFeAsO0.65 systems 
 

 
Fig. 2.5 – Calculated domes of the solid solutions decomposition  

for the La1−xLnxFeAsO0.65 systems 
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Fig. 2.6 – Calculated domes of the solid solutions decomposition  

for La1−xLnxFeAsO1–y systems with Ln = Dy (1–y = 0.65) (■); Ln = Ho (1–y = 0.80) (●); 
Ln = Er (1–y = 0.75) (▲) 

 
To do this, using the Becker equation, the decomposition temperatures for 

the La1–xLnxFeAsO1−y systems, where Ln = Ce–Er, and Y, were calculated in 
the composition range 1,0 > x > 0 with the step x = 0.05 and the dependences 
of the decomposition temperatures on the composition (domes of decomposi-
tion, Fig. 2.4–2.8) were plotted. Using them, with greater accuracy, one can 
graphically determine the equilibrium composition at a given temperature, or 
the decomposition temperature at a given composition, as well as the stability 
regions of solid solutions. 

 
 
2.5 Comparison of calculation results with literature data 

To the best of our knowledge, there are no literature data concerning mixing 
energies and critical decomposition temperatures in the La1−xLnxFeAsO1–y 
systems. This, of course, makes it difficult to assess the reliability of the 
calculations performed. At the same time, there is information about 
experimental studies of isomorphous substitutions of lanthanum for yttrium 
in the La1−xYxFeAsO0.6 system [2.34] and lanthanum for samarium in the  
La1–xSmxFeAsO0.85 system [2.36]. In the La1−xYxFeAsO0.6 system, the sub-
stitution limit of lanthanum for yttrium at 1 423 K was not determined in 
Ref. [2.34]. Using the XRD method it was shown that the single-phase region 
extends up to х = 0.1 inclusive, the non-single-phase region is located at 
х ≥ 0.2, and the cell parameters decrease in the region up to х = 0.4. It follows 
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from this that the substitution limit is in the interval between 0.1 and 0.4, which 
does not contradict the limit х = 0.27 calculated by us (Fig. 2.7) that is in the 
middle of this interval. 

In the La1–xSmxFeAsO0,85 system, compositions with x = 0, 0.1, 0.2, 0.3, 
0.4, 0.6, 0.8, 0.9, 0.95, and 1.0 were previously studied [2.36]. According to 
the phase composition and the change in cell parameters, unlimited substi-
tution of lanthanum for samarium in the x range from 0 to 1 was established. 
This does not oppose the calculation results, since the established unlimited 
miscibility of the components [2.36] is in the temperature range above 681 K 
which is predicted by us for the thermodynamic stability of continuous series 
of solid solutions, see Table 2.4 and Fig. 2.8. 

 
Fig. 2.7 – Calculated dome of the solid solutions decomposition  

for the La1−xYxFeAsO0.6 system. The straight line at 1 423 K is the temperature  
of the solid solution synthesis [2.34] 

 
Fig. 2.8 – Calculated dome of the solid solutions decomposition  

for the La1–xSmxFeAsO0.85 system. The straight line at 1 623 K is the temperature  
of the solid solution synthesis [2.36] 
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2.6 Conclusions 

1. Within the approximation of regular solid solutions and using the 
crystal-chemical approach by V. S. Urusov, the mixing energies (interaction 
parameters) and critical decomposition (stability) temperatures of solid so-
lutions of the La1–xLnxFeAsO1−y systems (Ln = Ce–Er, and Y) with the 
ZrCuSiAs structure have been calculated. 

2. With an increase in the REE number, the calculated mixing energies 
and critical decomposition temperatures for the La1–xLnxFeAsO1−y solid so-
lutions grow in the Ce–Er series of the rare earth elements. 

3. It is shown that the magnitude of the mixing energy is determined 
mainly by the difference in sizes of the substituting structural units of the 
system components. 

4. The presented thermodynamic stability diagram for the La1–xLnxFeAsO0.65 
systems with Ln = Ce–Dy makes it possible to visually evaluate not only the 
thermodynamic stability, instability, and supposed metastability of solid so-
lutions in a wide range of compositions and temperatures, but also the sub-
stitution limits for limited series of solid solutions according to a given decom-
position temperature, or their decomposition temperature according to a given 
substitution limit. 

5. Continuous series of solid solutions in the La1–xLnxFeAsO0.65 systems 
(Ln = Ce–Pm) in the range of temperatures above the critical ones (above 70, 
150, 226, 361 K, respectively) will be thermodynamically stable, and below 
the critical ones they cannot decompose, i. e., become metastable. In the range 
of temperatures above the critical ones (625, 806, 1 159, 1 352 K, respective-
ly), continuous series of solid solutions in the La1–xLnxFeAsO0.65 systems with 
Ln = Eu–Dy will be thermodynamically stable. In the temperature range from 
critical values to ~ 545 К, they will decompose into two solid solutions, which 
will become metastable at lower temperatures. 

6. The decomposition temperatures of solid solutions in the  
La1–xLnxFeAsO1−y systems, where Ln = Ce–Er and Y, have been calculated in 
the composition range 1.0 > x > 0 with the step x = 0.05 and the dependences 
of their decomposition temperatures on the composition (domes of decom-
position) were plotted. 
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7. The calculation results do not contradict experimental data for 
La1−xYxFeAsO0.6 and La1–xSmxFeAsO0.85 systems obtained by other research 
groups [2.34, 2.36]. 
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