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Within the framework of V. S. Urusov’s crystal-energy theory of isomor-
phous substitutions, the mixing energies (interaction parameters) and
critical decomposition (stability) temperatures are calculated for the
(Gd,_,Ln,),SiO; systems, where Ln represents rare-earth elements (REEs)
or yttrium. The values of the total mixing energies are determined mainly
by contributions arising from the difference in sizes of the substituting
structural units. The contributions due to differences in the degree of ion-
icity of the chemical bond between the components are significantly
smaller and can be neglected in most cases. Diagrams of the thermody-
namic stability of systems (Gd,_,Ln,),SiO; and decomposition domes of the
(Gd,_,Ln,),SiO; and (Lu,_,Ln,),SiO; systems are presented, which allow for
graphical prediction of decomposition temperatures of solid solutions
within the specified substitution limits, equilibrium substitution limits at
a given temperature, and ranges of thermodynamic stability for solid so-
lutions. The predictions of thermodynamic stability are consistent with
experimental data previously reported in the literature for solid solutions
based on doped gadolinium oxyorthosilicate. The gadolinium oxyorthosili-
cate solid solutions, which exhibit luminescent, scintillation, and other
practically important properties, due to their very low critical decomposi-
tion temperatures and a wide temperature range of thermodynamic stabil-
ity compared to solid solutions of oxyorthosilicate of other REEs, can find
practical applications as nanomaterials.

Y paMKax KpucCTaJoeHepreTnuHoi Teopii izomopduuUx 3amimiens B. C. Ypy-
COoBa pPO3pPaxoBaHO eHeprii smimianHa (mapaMeTpw B3aeMoAii) Ta KPUTHUUHI
TeMIepaTypu posmnany (crabimbHoctu) y cucremax (Gd, ,Ln,),SiO;, qe Ln —
pinkicuosemenbHi enemenTu (P3E) it irTpiii. BemmuwmHu cymapHoi eHeprii
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3MillIaHHA BU3HAYAIOTHCA B OCHOBHOMY BHECKAMU, 3yMOBJIECHUMHU PiKHUIIEIO
PO3MipiB CTPYKTYPHUX ONWHUIH, AKi 3amimniaroTbcAd. BelmumHU BHECKIB 3a
PaxXyHOK BimMiHHOCTeI y CTymeHi HOHHOCTM XE€MiYHOTO 3B’S3KY KOMIIOHEH-
TiB icTOTHO MeHIIIi Ta 34e6iJIbIIIOr0 HUMU MOJKHA HeXTyBaTu. IIpeacTraBiieHO
Iisrpamy TepmoauHamiuHol crabinmbHocTm cucremu (Gd,_,Ln,),SiO; Ta Gani
posnany cucrem (Gd,_ Ln,),SiO; i (Lu,_,Ln,),SiO;, aAKi yMOKINBIOIOTL I'Pa-
¢diuHO mepembauvaTH TeMIIEPATypPH PO3IaAy TBEPAUX POIUMHIB 3a 3aJaHUX
rpaHULb 3aMillleHHA, PiBHOBaKHI I'paHUIl 3aMillleHHA 3a 3aJaHOI TeMIlepa-
Typu I obJsiacTi TepMoAMHAMIUHOI CcTabiIbHOCTY TBEPAMX PO3UMHiB. Pe3yib-
TaTu MPOTHO3YBAHHS TEPMOAMHAMIUHOI CTabiIbHOCTM He CylepedyaTh eKcIle-
PUMEHTAJIbHUM JaHUM, PaHillle HaBeJeHUM y JIiTepaTypi AJg TBepAHUX PO3-
yuHIB Ha OCHOBI momoBaHoro Iamosinifo okcuoprocuiikary. TBepAl POSUMHE
T'agouiniio OKCHOPTOCUJIIKATy, SKi MaioTh JIIOMiHECIIeHTHi, CHUHTUIAIiNHI
# iHIIi TPaKTHUYHO Ba)KJIUBI BJIAaCTUBOCTi, BHACIIZOK y'Ke HUSBKUX KPUTU-
YHUX TeMIepaTyp poslajy Ta AyKe UINPOKOr0 TeMIepPaTypHOro iHTepBaly
TePMOANHAMIUHOI CTA0iIbHOCTH B IOPiBHAHHI 3 TBEPAUMHU POIUYNMHAMHU OK-
cuoprocuiaikaris immux P3E MoXyTh 3HAWTH IPaKTHUUYHE 3aCTOCYBaHHA B
SAKOCTi HaHOMATEpPiAJiB.

Key words: solid solution, mixing energy, isomorphous substitutions, com-
plex oxide systems, oxyorthosilicate, rare-earth elements, gadolinium, yt-
trium.

KarouoBi cioBa: TBepauii po3uWH, eHeprisg 3MimnraHHs, isoMopdHi 3amimnieH-
H, CKJAQTHOOKCHUAHI CHCTEeMU, OKCHUOPTOCUJIIKATH, PiAKicHO3eMeJIbHi eje-
MeHTH, L anominiil, ITpiii.

(Received 23 June, 2023 )

1. INTRODUCTION

Gadolinium oxyorthosilicate (Gd,SiO;), doped with rare-earth elements
(REEs), can be utilized as phosphors, gamma radiation detectors for
high-energy physics in nuclear physics, single-crystal scintillators,
and in the latest generation of scintillation detectors in positron emis-
sion tomography (PET). It is also employed for monitoring radiation
levels in test sites and the operation of pulsed electron guns and elec-
tron beam technology, as well as in oil well logging [1-5]. This is due
to the complex set of physicochemical and electrophysical properties
possessed by Gd,SiO;, including relatively high density, chemical and
thermal stability, non-hygroscopicity, and radiation resistance [1]. It
exhibits a high absorption coefficient, good uniformity of scintillation
characteristics [2], sufficient radiation intensity, high potential as
gamma radiation detectors [3], excellent energy resolution, rapid de-
cay, and superior homogeneity of scintillation blinking [4]. Rare-earth
elements Ce, Eu, Tb, Dy, and Yb are commonly used as dopants, while
La, Gd, Lu, and Y serve as second components in the crystalline ma-
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trices of mixed gadolinium oxyorthosilicates. Consequently, intensive
research has been conducted in recent years to investigate the effects
of isomorphous substitutions on various properties of solid solutions
of REEs oxyorthosilicates based on Gd,SiO;, including mixed ox-
yorthosilicates, as described in works [6—18].

However, it is not always considered that solid solutions synthe-
sized at high temperatures are prone to decomposition upon cooling
within the region of thermodynamic instability, leading to changes
in phase composition and properties [19—21]. This can result in ma-
terial degradation and a lack of reproducibility of properties during
practical application.

Therefore, it is desirable to evaluate the thermodynamic stability
of solid solutions in the corresponding systems before their synthe-
sis and properties investigation, considering the synthesis condi-
tions, expected operating conditions, and even storage conditions.
However, the physicochemical foundations for synthesizing of REEs
oxyorthosilicates solid solutions, such as phase diagrams and their
thermodynamic stability, have been scarcely studied to date.

The experimental determination of substitution limits by x-ray
phase analysis (x-ray diffraction—XRD) using the ‘annealing and
hardening’ method, and the subsequent evaluation of the stability
regions of solid solutions, is complicated by the difficulty of reach-
ing equilibrium at low temperatures due to slow diffusion rates in
the solid phase and the possibility of partial decomposition upon
cooling from high temperatures. Additionally, XRD may provide
limited information when the components have nearly identical siz-
es of substituting structural units, or in the case of spinodal de-
composition of the solid solution [19-21], or in the case of na-
nosized particles in the studied samples, which can lead to broaden-
ing and overlapping of x-ray reflections.

Insufficient information about the stability regions of solid solu-
tions forces researchers to choose the composition of matrices and
modifying additives (dopants) based either on analogous systems or
through a ‘trial-and-error’ approach. This can result in excessive
consumption of expensive reagents and prolonged research dura-
tion.

Therefore, it is rational to employ not only experimental but also
computational methods that are free from the aforementioned limita-
tions. As an example of such an approach, we can refer to studies
[22, 23], where the synthesis conditions for samples of the Y, .Sc, PO,
system were determined based on computational results obtained for
this system in [24].

Considering the above, the aim of this study was to predict the re-
gions of thermodynamic stability for solid solutions of gadolinium
oxyorthosilicates (Gd,,Ln,),SiO; and lutetium oxyorthosilicates
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(Lu,_,Ln,),SiO0; with the space group P2,/c.

The choice of gadolinium oxyorthosilicate as one of the compo-
nents in the (Gd, ,Ln,),SiO; systems is justified by the fact that it
does not have inherent absorption bands in the visible spectrum and
is expected to form wide regions of solid solutions with oxyorthosili-
cates of most REEs at relatively low temperatures due to the similar-
ity in ionic radii [25] and electronegativity values [26] between gado-
linium and other REEs. According to [19], the prediction of substitu-
tion limits is based on 1 mole of substituting cation, and the anionic
sublattice of oxyorthosilicates contains SiO;” and O* anions not di-
rectly bonded to Si atoms [27]. Therefore, the composition of the ox-
yorthosilicate is presented as a pseudobinary compound
Gd[(Si0,)5005], and the corresponding solid solutions are denoted as
(Gd,_,Ln)[(Si0,)5005], while the traditional formula notation of gad-
olinium oxyorthosilicate Gd,SiO; is used in the article text.

2. CALCULATION METHODOLOGY AND INITIAL DATA

In the developed by V. S. Urusov crystal-energy theory of isomor-
phous substitutions [19—21], the main challenge in determining the
limits of isomorphous substitutions and regions of thermodynamic
stability is finding the mixing energy. Once the mixing energy is
known, the substitution limit (x) can be calculated for a given de-
composition (stability) temperature (T,), or the decomposition tem-
perature can be determined for a given substitution limit, allowing
for the determination of regions of thermodynamic stability. The
Becker equation in the regular solid solution approximation (Eq. (1)
can be used for these calculations [28]:

_ 1-2x
|

=RT,/Q. (1)

n
1-x

The critical decomposition temperatures (T,,) in this case are cal-
culated using Eq. (2) [19]:

T..=Q/(2kN), (2)

where x is the substitution limit; R, is the universal gas constant; @
is the mixing energy; k is the Boltzmann constant; N is Avogadro’s
number. In both cases, the value of @ is expressed in cal/mol [19].
The Becker equation can be used because the size parameter (Ta-
ble 1) does not exceed 0.1 [19]. The size parameter was calculated
based on the volumes of unit cells: &= (VY3  —V./3 )/Vl/3 [19],

) . LnySiO; Gd,SiOy min
where V., is the volume of the smaller unit cell.
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The use of unit cell volumes for the calculation is justified by the
lack of available literature providing interatomic distances for the
low-temperature modification Ln,SiO,, as seen in [29-31]. Further-
more, the authors in [29], who initially described the P2,/c space
group for Ln,SiO;, do not present cell parameters for Lu,SiO;.
Therefore, we determined the volume of the unit cell of the low-
temperature modification Lu,SiO; (approximately 384 A®) through
extrapolation of the unit cell volumes of Ln,SiO; based on the ionic
radii of REEs [32].

Since the components of the considered systems are isostructural
[27, 29], the equation 3 for calculating the mixing energy () con-
sists of two contributions arising from the difference in sizes of
substituting structural units (®;) and the difference in the ionicity
of the chemical bond between the components (®;) [19].

1390mz, z o(Ac)’
2R

It should be noted that at temperatures above 1173-1373 K, the
components of systems involving high-temperature modifications of
oxyorthosilicates in the series of REEs from Dy to Lu and from La
to Tb are not isostructural (the P2,/c space group is observed for
oxyorthosilicates from La to Tb, while the B2/b space group is ob-
served for Dy to Lu oxyorthosilicates) [27]. Therefore, in this case,
it is also necessary to consider a third contribution to the mixing
energy due to the enthalpy of the polymorphic transition
P2,/c - B2/b [19], for which, according to our data, there is no in-
formation available in the literature.

In equation 3, the value of C is a constant calculated from the
expression C = 20(2Ay + 1) [21], where Ay represents the electronega-
tivity difference between the cations [26] and the anion [33] in the
pseudobinary approximation of the structure (Table 1). The choice
of the y scale [26], unlike scales used by other authors, is based on
the fact that y values vary with periodicity, increasing in the series
Ce**—Eu®" from 1.348 to 1.433 and in the series Gd*'-Yb*" from
1.886 to 1.479, with a sharp decrease during the transitions Eu®*—
Gd?*" from 1.433 to 1.386 and Yb*—Lu® from 1.479 to 1.431. These
variations are due to the peculiarities of the electronic shell filling
of REEs. The lanthanum has a free 4f shell, europium and gadolin-
ium have a half-filled 4f shell (7 electrons), and ytterbium and lute-
tium have a completely filled 4f shell (14 electrons). In the transi-
tion from Eu to Gd and from Y to Lu, as well as for La, the first
electron appears on the 5d sublevel.

m is the number of formula units in the pseudobinary approxima-
tion of the structure (Gd,_.Ln,)[(Si0,),;0,5] is calculated per 1 mole
of substituting structural unit (1 + 0.5+ 0.5=2); n—the coordina-

R=Q,+Q =Cmnz,z5 + [kJ/mol].  (3)
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tion number of the substituting structural unit in the pseudobinary
approximation of the structure (in the first cation position,
n="7:68i0; tetrahedra and one O? ion; in the second position,
n=6:3Si0;" tetrahedra and three O* ions [27]), i.e., on average,
n=6.5; z,, z,—the formal charges of the substituting and common
structural units in the components: z,=3, z,=4-0.5+2.0.5=3; 6—
the size parameter, calculated for each system based on the volumes
of unit cells provided in [27, 29]; e—the degree of ionicity of the
chemical bond were determined based on the electronegativity dif-
ference y between the REE cations and the anion, as provided in
[26, 33]. The value of y for the SiO; radical was adopted as y of the
oxide anion, following the recommendation [34], and it was taken as
3.7 [33].

o is the reduced Madelung constant, equal to 1.9, was calculated
using the Hoppe formula [35]: (a/n)? + oo = 1.81;

R is the average cation—anion interatomic distance in the pseudobi-
nary approximation, was calculated for one of the previously studied
structures of this structural type—Gd[(SiO,), ;0051 [27]. The distances
between the cation and the tetrahedral anion were taken into account
as the sum of the distances (Gd—O + Si—0) and the distance between
the cation and oxygen (Gd—O) not bonded to a Si atom for both posi-
tions of gadolinium [27]. For the first position: the cation is surround-
ed by 6 tetrahedra-+1 oxygen, resulting in an average distance of
[6-(2.49 + 1.63) + 2.85]/7 = 8.86A; for the second position: the cation is
surrounded by 3 tetrahedra + 3 oxygen, resulting in an average dis-
tance of [3:(2.39+1.63)+3-2.30)]/6=3.15 A. The average distance,
considering both cation positions, is R=38.5 A. The calculation error
for T, was £100 K [19].

3. RESULTS OF THE CALCULATIONS AND DISCUSSION
3.1. Mixing Energies of Oxyorthosilicates (Gd,-.Ln,),SiO;

Some initial data and results of the mixing energy calculations are
summarized in Table 1 and Fig. 1. As can be seen from the provided
data, with an increase in the atomic number of the REEs, the con-
tributions to the total mixing energy due to differences in the sizes
of substituting structural units @z (Fig. 1) smoothly vary in the se-
ries of systems from (Gd,_ La,),SiO; to (Gd,_.Eu,),SiO;, decreasing
significantly from 21.110 to 0.127, and then increasing from 0.198
to 8.355 kJ/mol in the series of solid solutions from (Gd;_,Tb,),SiO;
to (Gd,_,Lu,),SiO;.

Such variation in the @, mixing energy is caused by the fact that
in the series of systems with La—Eu oxyorthosilicates, the differ-
ences between the crystal radii of the ions in the La—Eu range
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Fig. 1. Dependences of the calculated contributions to the mixing energies
of solid solutions @, (m) and Q. (®), as well as for @ (A), in the systems
(Gd,_,Ln,),SiO; for the La—Lu series.

(1.8300-1.206 A) and gadolinium (1.193 A) decrease, while in the
series of systems with Tb—Lu oxyorthosilicates (1.180-1.117 A), on
the contrary, they increase. This is because the crystal radius of
gadolinium (1.193 A) is very close to the radius of europium and
terbium (1.206 and 1.180 A). Here and further, the crystal ionic
radii of cations are given according to R. Shannon [25] for a co-
ordination number of 8.

The value of the total mixing energy @ is mostly determined by
the contribution due to differences in the sizes of the substituting
structural units @y, except for the systems (Gd, ,Tm,),SiO, and
(Gd,_,Yb,),SiO;, where the contribution @, is comparable to the cor-
responding values of ®z. The minimal mixing energies of the sys-
tems in the series (Gd;_.Sm,),SiO;—(Gd,_.Dy,),SiO; are due to very
close values of the crystal ionic radii and electronegativities of the
respective REEs and gadolinium. The maxima in the contributions
Q. for (Gd,_.La,),SiO;, (Gd,_.Eu,),SiO;, and (Gd,_.Yb,),SiO; are due
to the above-mentioned electronic shell structures of lanthanum,
europium, and ytterbium.

3.2. Limits of Isomorphous Substitutions in Oxyorthosilicates
(Gd,-,Ln,),Si0;

The decomposition temperatures of limited series of solid solutions
(Table 2) were calculated based on the given substitution limits at
x=0.01, 0.03, 0.09, and 0.20 using equation (1), while the critical
decomposition (stability) temperatures were determined at x=0.50
using Eq. (2).
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TABLE 2. Decomposition temperatures of solid solutions of oxyorthosili-
cates (Gd,_,Ln,),SiO; for x=0.01, 0.03, 0.09, and 0.20, and critical de-
composition temperatures (T., [K] for x = 0.50).

In Decomposition temperatures, K
x=0.01 | x=0.03 | x=0.09 | x=0.20 |x=0.50(T,)

La 587 745 976 1178 1377
Ce 373 473 620 757 874
Pr 207 262 344 415 485
Nd 135 171 225 271 316
Pm 68 86 109 137 158
Sm 28 36 46 57 67
Eu 25 32 41 51 59
Tb 11 13 18 21 25
Dy 35 44 56 69 81
Ho 84 106 135 168 196
Er 105 133 174 210 246
Tm 186 235 308 377 435
Yb 268 339 445 543 628
Lu 229 291 381 466 538
Y 81 102 134 163 190

Based on the calculated values of the decomposition tempera-

tures, their dependences on the REEs numbers were plotted (Fig. 2).

T, K
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Fig. 2. Dependences of the calculated decomposition temperatures of solid
solutions of oxyorthosilicates (Gd,_Ln,),SiO; on the REEs atomic numbers
for substitution limits x=0.01 (a), x=0.03 (b), x=0.09 (¢), x=0.20 (d), and
x=0.50 (e).
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These dependences allow for graphical determination of the equilib-
rium substitution limits (x) at specified decomposition temperatures
(T,), or the decomposition temperatures for given substitution lim-
its for gadolinium oxyorthosilicate with REEs ranging from La to
Lu [24]. The intersection points of an isotherm drawn from a given
decomposition temperature and a vertical line drawn from the REE
number allows for estimating the composition range within which
the substitution limit is located, and interpolation along this verti-
cal line segment between the two closest curves provides the actual
substitution limit. To refine the substitution limit, the dependence
of calculated decomposition temperatures on the specified composi-
tion (decomposition dome) can be plotted for a specific system. The
critical decomposition temperatures for unlimited series of solid so-
lutions (Fig. 2, e) vary with the REEs numbers in accordance with
the changes in the total mixing energy, as predicted by the Becker
equation.

3.3. Thermodynamic Stability Regions of (Gd,—_,Ln,),SiO; Solid Solu-
tions

Based on Figure 2, the thermodynamic stability regions of
(Gd,_,Ln,),SiO; solid solutions can be assessed graphically. At tempera-
tures above T, (curve e), the unlimited series of solid solutions are
thermodynamically stable across the concentration range of 1.0> x> 0.
In the region below curve e, at temperatures below T,,, the unlimited
solid solutions become unstable and can undergo decomposition into
phases with limited solubility if the diffusion rate and time are
enough for their formation [24]. Solid solutions with x values of 0.01,
0.03, 0.09, and 0.20 are thermodynamically stable in the regions
above curves (a), (b), (¢), and (d), respectively, while they become un-
stable below these curves.

It should be noted that solid solutions of (Gd;_.Ln,),SiO; systems
have very low critical decomposition temperatures, with 8 out of 15
such systems even below room temperature. Therefore, the latter
will exhibit thermodynamic stability over a wide temperature range,
ranging from below room temperature to the melting temperatures,
which for REEs oxyorthosilicates are in the range of 2170-2320 K
[86]. This fact may indicate an advantage of Gd-based oxyorthosili-
cates solid solution materials in terms of stability of properties and
their reproducibility compared to similar materials based on solid
solutions of oxyorthosilicates of other REEs such as cerium [37].

For all (Gd,_,Ln,),SiO; systems, the decomposition temperatures
were calculated within the composition range of 1.0 > x>0 with a
step size of x =0.05, and decomposition domes were plotted (Fig. 3).
They allow for a more precise graphical determination of the ther-
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modynamic stability regions, the decomposition temperature for a
given limiting composition of the solid solution, or its equilibrium
composition at a given decomposition temperature.

4. COMPARISON OF CALCULATION RESULTS WITH
LITERATURE DATA

In the literature, there is scarce data available on the thermody-
namic stability, substitution limits, and critical decomposition tem-
peratures of solid solution systems based on Gd,SiO,. This, of
course, hinders the assessment of the reliability of the conducted
calculations. However, there are numerous studies on the synthesis
temperatures of Gd,SiO; doped with REEs, for example [11, 17, 40—
42], and as far as we know, about 15 studies on the synthesis tem-
peratures of mixed oxyorthosilicates [1-4, 6—-10, 12-14, 16, 38, 39]
(Table 3).
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Since the dopant content is usually in small quantity or several
percent, solid solutions involving it can be thermodynamically sta-
ble over a wide temperature range [19]. On the other hand, the
amount of the second REE in the mixed oxyorthosilicate matrix
typically constitutes tens of percent, which can lead to the decom-
position of the solid solution, accompanied by changes in phase
composition and properties upon cooling after synthesis and during
practical application. For example, mixed crystals of Lu,,Gd,; ¢SiO;
annealed after growth have shown improved scintillation emission,
higher light output (2.0 times higher than that of Gd,SiO;), and
good energy resolution [4], highlighting the need to ensure their
thermodynamic stability during cooling and practical use.

Comparison of the calculation results with the experimental lit-
erature data on synthesis temperatures, as presented in Table 3,
indicates that the synthesis of (Gd,_,Ln,),SiO; oxyorthosilicates
solid solution in the majority of studies was conducted within the
predicted ranges of thermodynamic stability. This is because the
synthesis temperatures were higher than the calculated critical
decomposition temperatures. Only in studies [13, 16] and possibly
[38, 39], were the synthesis temperatures lower than the calculat-
ed critical decomposition temperatures. In other words, the au-
thors carried out the synthesis of solid solution samples at tem-
peratures below the decomposition dome temperatures of the
(Gd,_,La,),SiO; solid solution (Table 3). This resulted in the for-
mation of two-phase solid solutions samples in systems [13, 16, 38,
39], where the interplanar distances of each phase varied with the
composition, which is also consistent with the prediction results.
Below the decomposition dome, samples in an equilibrium state
should not be single-phase.

5. DECOMPOSITION DOMES OF (Lu,_,Ln,),Si0; SYSTEMS

Previously [32], using the same methodology, we calculated the
mixing energies and critical decomposition temperatures of
(Lu,_,Ln,),Si0, systems. However, the decomposition domes were
not presented. In addition to the work [32], the decomposition
domes of (Lu;_.Ln,),SiO; systems are shown in Fig. 4.

6. CONCLUSIONS

1. The values of total mixing energies @ decrease in the case of sub-
stituting gadolinium with cerium subgroup REEs in the series from
La to Eu, and they show a moderate increase when gadolinium is
substituted with yttrium subgroup REEs. In both cases, these val-
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Fig. 4. Decomposition domes of oxyorthosilicates (Lu,_,Ln,),SiO; solid solu-
tions: (¢) Ln=La, Ce, Pr, Nd; (b)) Ln=Pm, Sm, Eu, Gd; (¢) Ln=Tb, Dy,
Ho; (d) Ln = Er, Tm, Yb.

ues are mainly determined by contributions arising from the differ-
ences in sizes of the substituting structural units Qp.

2. The contributions arising from the differences in the degree of
ionicity of the chemical bond between the components are signifi-
cantly smaller, and in most cases (except for (Gd, ,Yb,),SiO, and
(Gd;_,Tm,),SiO; systems), they can be neglected. The insignificant
maxima in the @, contributions for (Gd,_,La,),SiO;, (Gd,_,Eu,),SiO;,
and (Gd,_,Yb,),SiO;, are attributed to the peculiarities of the elec-
tronic shell structures of lanthanum, europium, and ytterbium.

3. The diagram of thermodynamic stability for the (Gd;_.Ln,),SiO;
systems and the domes of decomposition for the (Gd,_,Ln,),SiO; and
(Lu,_,Ln,),Si0; systems are presented, allowing for graphical predic-
tion of solid solutions decomposition temperatures based on given
substitution limits, equilibrium substitution limits for given tem-
perature, and ranges of thermodynamic stability.

4. The calculation results are consistent with the experimental lit-
erature data in the sense that the synthesis of single-phase samples



28 E.I. GET’MAN, O. Yu. MARIICHAK, L.I. ARDANOVA, and S. V. RADIO

of solid solutions (Gd;_,Ln,),SiO; in studies [6—-12, 14, 15, 17, 18]
was conducted within the predicted regions of thermodynamic sta-
bility, while the synthesis of multiphase samples [13, 16, 38, 39]
was carried out within the predicted regions of solid solution de-
composition.

5. The majority of solid solution systems (8 out of 15) have critical
decomposition temperatures below room temperature. Therefore,
they may hold promise in the production of nanomaterials, as their
synthesis typically requires relatively low temperatures.

6. Due to the very wide temperature range of thermodynamic stabil-
ity, materials based on gadolinium oxyorthosilicate solid solutions
may exhibit superior properties and reproducibility compared to
materials based on oxyorthosilicates solid solutions of other REEs.
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