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In this study, we have presented the solid-state theory of plasma oscillations to investigate the anisotropic elastic properties such as
three independent static elastic stiffhess constants (Cij: Ci1, Ci12 & Cas) of C-type Ln203 lanthanide solids. The calculated values of the
static elastic stiffness constants of Ln2Os are in excellent agreement with the theoretical results obtained by using ab-initio techniques.
The values of elastic stiffness constants (Cjj) exhibit a linear relationship when plotted against their plasma energies and lie on a straight
line. To further examine the validity of the present estimations on elastic moduli and other parameters of these materials. The
mechanical moduli such as bulk modulus (B), shear modulus (G), Young modulus (E), Poisson’s ratio (v), shear wave constant (Cs),
Cauchy pressure (C*), Lame’s coefficient (A and p), Kleinman parameter (&) Grunesien parameter (y), Zener anisotropic constant (Z)
and Pugh ratio (G/B) of lanthanide solids have also been investigated. For the lanthanide sesquioxide materials, the values of static
elastic stiffness constants Cij and elastic moduli were presented for the first time. Unfortunately, in the current study, for many
parameters of these materials, experimental results were not found for a comparison with our theoretical predictions. Our estimations
agree well with the available experimental data and other theoretical reports.
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1. INTRODUCTION

Sesquioxide of lanthanide metals are very important technological inorganic materials due to their outstanding
thermo-physical and thermo-chemical properties. Lanthanides sesquioxide in cubic structure with general formula Ln,O3
(Ln = La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) are the subject of theoretical and chemical research
extensively due to their interesting structural, semiconducting, elastic, mechanical, thermal properties and wide industrial
applications such as industrial catalysis, Biomedical applications, Solis-State lighting, permanent magnets, hydrogen
storage and nuclear energy fuels, lasers, optical display, Solid state fuel cells and neutron absorber for nuclear
control etc. [1-7]. Lanthanide sesquioxide metals are n-type wide band gap semiconductors with low carrier mobility and
very high refractive index [8, 9]. It is well known for below the temperature 2000°C, the structure of sesquioxide crystals
exists in three phases; (i) A-type, Hexagonal in space P3ml (ii) B-type, monoclinic in space group (C2/m) (iii) C-type,
Cubic in space group (Ia3) [10] and above the temperature, these materials appearance in X-phase and H-phase have been
reported [11]. The unit cell of cubic structured Ln,Os can be built up of 8-unit cells of fluorite structure (Fm3m) by
removing 25% O-atom and ordering the remaining oxygen in remaining way. In particular, Ln-atoms are surrounded by
6 O-atoms is surrounded by 4-lanthanide atoms [12]. Since, in the sesquioxide form of lanthanide compounds, these atoms
are in trivalent oxidation state and show the three electrons in conduction band partially filled p-orbital of oxygen atoms
“4f” electrons are strongly localized on the rare earth atoms [13]. Hirosaki et al. [14] have focused the first principles
pseudo potential calculation of the equilibrium crystal lattice dimension for most lanthanide oxides Ln,O3 using Vienna
Ab-initio simulation package (VASP). Prokofiev et al [15] have studied the optical band gap on single crystals of the
Ln,Os series. The electronic and optical properties of Ln,Os series analyzed by Singh et al [16] and employing the FPLAP
method with in Local Spin Density Approximation [LSDA] and Coulomb Corrected Local Density Approximation
[LSDA+U] as implemented in the WIEN2K code. The equilibrium volume and bulk modulus of hexagonal and cubic
structured RE»O; investigated within the CSM approach [12].

Recently, Pathak et al [17] have been calculated the structural, elastic and mechanical properties of Ln,Os via Ab-
initio study. Important details of the electronic, optical, mechanical and structural properties of Re;O3; and Re,Ss crystals
are revealed by many workers [18-24]. The density functional theory is to be limited on optical, electronic and structural
properties of rare earth sesquioxides. For such materials the theoretical and experimental details of elastic properties of
lanthanide sesquioxides are very rarer so far. Shafiq and coworker [25] have been investigates the elastic properties of
lanthanide mono-oxides using DFT calculations. Rare earth oxides have increasingly turned into the focus of first
principle studies due to their importance in fundamental research and practical applications [14, 15, 26]. To the best in
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our current knowledge, anisotropic elastic properties of lanthanide sesquioxide series have not been investigated
experimentally due to the various difficulties to found accurate results of such materials. Pathak et al [17] have been lead
to fill-up this gap by the calculation of elastic properties for only six Ln,O3; ( Ln = Pm, Sm, Eu, Gd, Tb, Dy) employing
ab-initio study. In many cases their results are slightly differ and, in few cases, no satisfactory results are thus found. It is
very difficult problem to associate with experimental method and their high cost, as well as difficulties to obtained
accuracy in results of their physical properties, due to this, researchers turned to studying the elastic, optical, thermal and
structural properties of solids state materials through different theoretical techniques. Due to a large process and the
complicated computational methods employing a series of approximations, such a process has always been complicated
[27-31]. In the recent past few years, on the basis of semi-empirical models the theoretical calculations have become an
essential part of the material research. Since empirical formulae do not give highly accurate results for each material in
many cases but they can still be very useful. An empirical concept such as valence electron concentrations, empirical
radii, iconicity and Plasmon energy are then useful [32-34]. Recently, Yadav and coworkers [35-40] have been studied
the structural, optical, electronic, mechanical and thermal properties of binary, ternary chalcopyrite semiconductors and
rare earth chalcogenides employing the plasma energy of solids as a key parameter, which depends on the number of
valence electrons and it is changed when a metal forms the compound. Although various theoretical predictions for
different types of the material using plasma oscillation theory of solids are obtained in literature [31-34], to the best of
my knowledge, there are no theoretical investigations on structural, optical, mechanical and elastic properties of C-type
lanthanide sesquioxides employing the plasma oscillation theory of solids up to date. Therefore, in this work, we propose
a semi-empirical model based on plasma oscillation theory of solids for investigation of anisotropic elastic properties of
cubic structured Ln,O; lanthanide series.

2. THEORETICAL INFORMATION AND COMPUTATIONAL TECHNIQUES FOR STATIC ELASTIC
CONSTANTS

Static elastic constants (Cj) are very important parameters which define anisotropic elastic properties of the material
that undergoes stress, deform and recovers after returning to its original shape and size. For various type of crystal
structure of solids, the no. of independent static elastic constants is different. In case of C-type structured sesquioxide
crystals, there are three independent static-elastic constant (Cj;: Ci1, Ci2 & Cas). Based on semi-empirical linear relations,
a number of theoretical linear expressions for static-elastic constant [41] for binary solids and mechanical properties [42]
of ternary chalcopyrite structured semiconductors in term of the melting temperature (Tr), Boltzmann’s constant (Kg),
atomic volume () and product of ionic charge. Almost in many linear empirical relations [33,40] we have observed that
bulk modulus (B) for various type of crystals is related to the product of ionic charge and bond length of a compound as
follows -

B=A(Z,2,)d" (M

Recently, Verma [41] has developed a linear regression relation for elastic stiffness constant C;j for ZB- structured
binary solids in term of product of ionic charge and bond length of a compound as -

C,=0,+y,(22,"d” @

Here vi;, Wi and &; are numerical constant for binary solids. Further, Frost and Ashby [42] have developed an empirical
model for the elastic moduli of binary solids in terms of (KgTw/Q2) as given as-

E=100K,T, /Q 3)
G=44K,T, /Q 4)

Similarly, Verma [43] has developed an empirical relation for elastic stiffness constant (Cj)) of tetragonal structured
chalcopyrite crystals using ionic charge theory of solids and defined as-

C, = 4,(K,T, /(Z,2,Z,))"" )

Here Ajj is the proportionality constant for Cjj of A'BM'CY, and A'BVCV, chalcopyrite semiconductors. Recently,
Kumar et al [44] have proposed polynomial relations for the estimations of electronic, elastic and optical properties of
divalent and trivalent rare earth mono-chalcogenide materials in term of their Plasmon energy as a key parameter.
According to them-

B=K +K,(ho,)+K,(ho,)’ (6)

E =K, exp[K;(ho,)] O]
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In these relations K, K», K3, K4, and K5 are numerical constants. According to above theoretical information’s, it is
very clear that static elastic constants (Cj) are also depends upon the plasma energy of the materials. To get better
agreement between the available experimental and theoretical data for C-type lanthanide sesquioxide crystals, based on
above discussion, we may extend the relations (2) and (5) employing the plasma oscillation theory [32, 35-38] with minor
modifications and can be written in the following form as-

C, =D, (ha,y (8)

In this relation (9), the numerical value of the proportionality constant depends on the crystal structure. For cubic
structured lanthanide series, the value of D;; equal to 0.717, 0.320 and 0.298 for Ci, Ci2 and Ca4 respectively and exponent
S = 2.0 for all C; of the materials. Using empirical relation (8), elastic constants (Ci1, Ci2, Cs4) and elastic compliance
Sij = Cijl of Ln,Oj are calculated and presented in Table-1 with available theoretical literature [16] for a comparative
study. An excellent agreement has been found between them.

The present investigations of C;; for cubic sesquioxides satisfy the mechanical stability conditions defined by Born
[45] as

(C11—C12) > 0, Cyu>0,C11>0,Co> 0, (C11+2C12) >0and C;1>B>Cp»

These results indicate that the lanthanide sesquioxide crystals are mechanically stable against elastic deformations.
For cubic structure crystals, the static elastic constants Cjj play an important role to determining the elastic constants such
as isotropic bulk modulus (B), compressibility (K=1/B), shear modulus (G) using Voigt-Reuss-Hill (VRH)
approximations, Young’s modulus (E), Poisson’s ratio (v), Zener anisotropy factor (Z), shear wave constant (C;), Cauchy
Pressure (C*) and Kleinman internal displacement parameter (£) of these materials. The expressions of above parameters
are defined in terms of Cj; as follows-

B=(C,+2C,)/3 ©)
Voigt shear modulus,
G, =(C,-C,+3C,)/5

Reuss shear modulus,

GR = 5C44(C11 _Clz)/[4c44 +3(C11 - Clz)

G, =(G,+G,)/2 (10)
Young’s modulus,
E=(C +2C,)C,-C,)/(C,+Cy) a1
Poisson’s ratio,
v=C,/(C,+C,) (12)
Zener anisotropic factor,
Z=2C,/(C,~C,) (13)
Kleinman parameter,
E=(C,+8C,)/(7C,, +2C,,) (14)
Shear wave constant,
C.=(C,+C,)/2 (15)

Cauchy pressure,

o =C,-C,) (16)
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Griineisen Parameter,
y=3(C,+2C,)/2(2C,, - C,) =1.5(1+v)/(2-3v) 17)
Based on elastic moduli E and v, Lame’s coefficients (A & p) are computed by the following relations as

A=Ev/(1+v)(1-2v) and u=E/2(1+Vv) (18)

On the basis of above relations, the investigated values of static elastic constants and mechanical moduli of the cubic
structure lanthanide sesquioxides are presented in the respective Tables along with the available experimental data and
other such theoretical reports. We found a good agreement between them. The values of Pugh ratio is equal to 0.556 for
all sesquioxides and indicate the information about covalent and ionic behavior of the materials on the basis of their brittle
and ductile nature in these solids. The upper limits of Pugh ratio is 1.1 for brittle and 0.60 for ductile nature. It is clear
that, if (G/B) < 0.60, the materials are ionic (ductile), otherwise covalent (brittle) in nature.

3. RESULTS AND DISCUSSION

The static elastic constants (C;i, Ci2, Cas) and mechanical/elastic moduli are reflecting the important anisotropic
elastic properties of cubic structured (with space group Ia3, 206) lanthanide sesquioxides. We have employed an empirical
relation for the calculation of Cjj of these compounds in term of their Plasmon energy, which play an important role as
key parameter. In the present work, the calculated values of Cjj employed to the relations (9)-(18) straight forwardly and
the values of elastic moduli (B, G, E, K, v, G/B, S;j=1/Cj;,) and other parameters (Z, Cs, C*, A, u, &, v) of these compounds
are also investigated. We note that the calculated values of Cj; from our proposed model are cited in Table-1and are very
close to theoretical reports [17] and elastic compliances S;j are also presented in such Table. The static elastic constants
(Cjj: Ci1, Cia, Ca4) of these sesquioxides exhibit a linear relationship when plotted on log-log scale against their plasma
energy. Bulk modulus is the key parameter of solid-state materials. The values of B computed by well-known relation in
term of Cy; and C,, and are cited in Tale-2 with the current theoretical and experimental report [17, 46]. An excellent
agreement has been found between them. Voigt-Reuss-Hill approximation is average of the two bounds as lower bound
of Voigt and upper bound by Reuss, which yields good estimations for shear modulus (G) and are provided in Table-2
with current theoretical literature. One of them, Young’s modulus (E) is a mechanical parameter, which is used to measure
the stiffness or hardness of the materials. If the value of E is very high, then the material is stiffer and for low values of
E, the material is least stiff to them. Thus, it is very clear from Table-2 that in a series of Ln,Os, La,0j is least stiff as
compared to all of them, while Lu,O3 is much stiffer in them. Poisson’s ratio is the constant which is used to differentiate
the nature of the materials that it is ductile or brittle. The critical value of Poisson’s ratio is 0.33 proposed by Frantsevich
[52]. If v<0.33, the material is brittle and for v>0.33 the material in ductile nature. The calculated values of Poisson ratio
for these compounds are equal to 0.2604 and displays in the Table 3, which show that the brittle nature of studied
materials. In this Table, the calculated values of Kleinman parameter (§), Lame’s coefficient (A & p) and Zener anisotropy
factor (Z) for cubic sesquioxides are presented here. Zener anisotropy factor (Z) is used to measure the degree of
anisotropy in the solid-state structure. For Z=1, the material is completely isotropic, and if Z # 1 the materials are
elastically anisotropic in nature. In Table-3 the positive values of the Cauchy pressure for all cubic lanthanide series
indicates that the materials are ductile in nature rather than brittle [53].

Table 1. Calculated values of elastic stiffness constants of cubic structured lanthanide sesquioxides

Ln20s hop (eV) Elastic Stiffness Constant Cjj (GPa) Elastic Compliance
Cu Cn Cu Sij (10 TPa)

Calc.  Ref” Calc.  Ref” Calc.  Ref” Sii Si2 Sas
La 16.403 192.91 86.09 80.18 7.2 22 12.5
Ce 16.612 197.86 88.30 82.23 7.0 2.2 12.2
Pr 16.818 202.80 90.51 84.28 6.8 2.1 11.9
Nd 17.021 207.72 92.71 86.33 6.6 2.1 11.6
Pm 17.222 212.66 2069 94.91 94.0 88.38 86.0 6.5 2.0 11.3
Sm 17.422 217.63  213.8 97.12 95.8 90.45 88.6 6.3 2.0 11.1
Eu 17.617 222.52 222.6 99.31 98.4 92.48 92.8 6.2 1.9 10.8
Gd 17.812 22748  228.7 101.53 98.9 94.54 94.6 6.1 1.9 10.6
Tb 18.004 23241  235.1 103.73  100.3 96.59 97.1 5.9 1.8 10.4
Dy 18.194 23734 2412 10593 101.4 98.64 99.6 5.8 1.8 10.1
Ho 18.382 242.27 108.13 100.69 5.7 1.8 9.9
Er 18.568 247.20 110.33 102.74 5.6 1.7 9.7
Tm 18.753 252.15 112.54 104.80 5.5 1.7 9.5
Yb 18.935 257.07 114.73 106.84 5.4 1.7 9.4
Lu 19.116 262.00 116.93 108.90 5.3 1.6 9.2

*Ref [16]
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Hence, the calculate results indicate that proposed empirical model is quite simple and give us soundness in results
for these cubic structure lanthanide sesquioxides and predicts the anisotropic elastic properties of Ln,O3; compounds
successfully. We have plotted a graph between static elastic constant (Cjj; in GPa) and Plasmon energy of the materials
shown in Fig.-1. It is clear that C;; trends in these compounds increases on increasing their plasma energy.
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Figure 1. Plot of Cjj versus plasmon energy for Ln2O3.

4. CONCLUSIONS

On the basis of solid-state theory of plasma oscillations, the anisotropic elastic properties of lanthanide sesquioxides
are investigated using the proposed empirical model. From above results and discussions, we have concluded that Plasmon
energy of cubic structure sesquioxides is very important parameter which leads to determining three independent elastic
stiffness constants (Cj;: Ci1, Ci2, Ca4). Elastic moduli of these materials increase on increasing the plasma energy as from
La;03—Lu,0;. In our studied materials, La,0Os is least stiff and Lu,Os is stiffer in Ln,Oj3 series. The elastic properties of
these compounds allowed us to conclude that the considered materials are elastically anisotropic. In addition, the values
of the elastic constants of these materials shows that the cubic structured lanthanide sesquioxides are mechanically stable.
Here, the predictions were found to be in good agreement with the available experimental data and theoretical findings.
But, unfortunately for many compounds, some predicted values could not be compared due to lacking of availability of
experimental results to make a comparison. Finally, it may be seen that the proposed empirical model can easily be
extended to cubic sesquioxide crystals for which the work is in progress and will be appearing in forthcoming paper.
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MPYKHI BJIACTUBOCTI CECKBIOKCHUIIB TIAHTAHIAY C-THITY
Myn:ka Sinas?, dipenapa Ciarx SInas®, Ixapmeip Cinrx?, llpasemt Cinrx®, Amkaii Cinrx Bepma®®
4Jlenapmamenm @izuxu, koaeodxc Aepa, Aepa 282002, Inois
bKagpeopa izuxu, Yapan Cinex PG koredc Xeoupa (Caiigpaii) Emaeax 206001, Indis
“/lenapmamenm enekmpouixu ma KomyHixayitinoi mexuixu, epynu ycmanos KIET, I'aziabao 201206, Inois
4Biooin docnioocens ma innoeayiti, LlIkona npuxnaduux nayk ma Hayk npo scumms, Yuieepcumem Ymmapanuarn,
Ymmapaxxano, [expaoyn 248007, Inois
¢Vuisepcumemcovkuil yenmp 00Cnioxdcens i po3sumxy, paxynvmem Qizuxuy, Yuieepcumem Yarnoieapxa,
Moxani, Ilenoxca6 140413, Inois

VY upoMy IOCIIKEHHI MU NPEICTAaBHIM TBEPAOTLIbHY TEODII0 IIIa3MOBHX KOJHMBaHb JUIS JOCHIIKCHHS aHI30TPOIHHX MPYKHHX
BJIACTUBOCTEH, TaKMX 5K TPU He3aleXHi cTaTu4Hi KoHCTaHTH npyxkHOI xopcrkocti (Cij: C11, C12 i C44) TBepaux Tin jaHTaHOIAIB
Ln20; tuny C. Po3paxoBaHi 3HaYCHHs CTaTHYHUX KOHCTAHT MpPY)KHOI xopcTkocTi Ln2O3 4yA0oBO y3roKyIOThCS 3 TEOPETUIHHUMHU
pe3ysibTaTaMy, OTPUMAHUMH 32 JAOTIOMOTOI0 METOiB ab-initio. 3HaueHHsT KOHCTaHT npyxHOI >kopcTKocTi (Cij) BUSBIAIOTH JiHIHHY
3aJIeKHICTh, SIKUIO IX HAHECTH Ha rpadik BiTHOCHO TXHIX IIA3MOBHX SHEpriil i Jiexars Ha npsMid miHil. s moganbuioro BUBUYCHHS
JOCTOBIPHOCTI HAasBHHX OLIIHOK MOJYJiB IPY)KHOCTI Ta iHIIMX HMapaMeTpiB LuX MartepianiB. MexaHiuHi MOy, Taki sk 00’ eMHHUI
moxyis (B), momyns 3cyBy (G), Mmomyas FOura (E), koediuient I[Tyaccona (v), mocriiina xeuii 3¢yBy (Cs), Tuck Komri (C*), koedinieHT
Jlame (A1 p) , mapametp Kneitnmana (&), mapamerp ['pronesiena (y), aHi3oTpornHa koHcTaHTa 3eHepa (Z) i cniBignomienns [1°ro (G/B)
TBEPANX PEYOBHH JIAHTAHOIIIB TAKOXK OyJIH OCIiKeHi. [l ToyCKBIOKCHIHUX MaTepialliB JIAHTAHOIAIB BIIEpIle HABEICHO 3HAYCHHS
CTaTHYHUX KOHCTAHT Npy>KHOI sxopcTkocTi Cij Ta MOy TiB npyskHOCTi. Ha %ainb, y moTo4HOMY DOCIIpKeHH] 171t 6araTbox mapameTpis
LUX MarepiajiB He OyJO0 3HAHIEHO EKCIIEPUMEHTAIBHHUX PE3YJIbTATiB Ul MOPIBHSIHHS 3 HALIMMHM TEOPETUYHHMH IPOTHO3AMH.
OrpuMaHi OLIHKHK J00pe Y3roKYIOThCS 3 HASBHUME CKCIICPUMEHTAIBHUMU JAHUMH Ta IHIIMMHU TEOPETUYHUMH MOBIIOMIICHHSIMU.
KuniouoBi cjioBa: npyoicni enacmusocmi; naasmonna eumepeis;, LnzOs





