
Ceramics International 21 (1995) 283-287 

Covalent Bonding in MgO and Y203 
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Abstract: The electronic structure of sintering aids is studied using extended 
Htickel tight-binding method. The chemical bonding is compared and con- 
trasted for MgO and Y,O,. The covalency degree is evaluated in terms of the 
metal orbital admixture to the bands of occupied states. This was found to be 
approximately twice as large for Y,O, compared with MgO. The influence of 
the covalent interaction on the shape of the occupied bands is demonstrated for 
valence bands resulting in its two peak structure for both oxides. The band 
composition analysis shows increased directional character of the chemical 
bonding in Y,O, compared with MgO. 

1 INTRODUCTION 

Both oxides, MgO and Y203, belong to the group 
of sintering aids commonly used in a process of 
joining grains of S&N,. They create a grain 
boundary liquid phase wetting grain surfaces, thus 
producing dense ceramics. This liquid phase medi- 
ates effective chemical bonding between grains 
and grain boundary phase. Though both oxides 
are highly stable and refractory compounds, the 
melting temperature of the eutectic grain bound- 
ary alloy is relatively low. The presence of the 
grain boundary phase always deteriorates high 
temperature mechanical properties of the ceram- 
ics. Additional kinds of chemical bonds appearing 
at grain boundaries represent one of the reasons 
for this phenomenon. While a single crystal of 
S&N, contains only Si-N bonds, in the sintered 
material Si-0 and M-O bonds are also embodied 
(M stands for the metal atom of the sintering aid). 
Oxygen atoms taking part in bonds at grain 
boundaries come either from oxide or from envi- 
ronmental oxygen overlying grain surfaces.‘T2 Both 
Si-N and Si-0 bonds are known to be highly 
covalent. The M-O bond, on the contrary, repre- 
sents a new feature influencing mechanical proper- 
ties of the sintered material. Though these bonds 
are highly ionic for both metals, magnesium and 
yttrium, pronounced differences exist in their 
degree of covalency. The band structure of MgO 

has been studied by various methods3-*5*33 and is 
reasonably well established. On the contrary, the 
first papers reporting on the band structure of Y,O, 
appeared only recently.‘6s’7 

In the present work the metal-to-oxygen bond- 
ing is compared and contrasted for the stoichio- 
metric crystals MgO and Y2O3. The paper is 
organized as follows: in Section 2 a brief outline 
of the method of calculation is followed by details 
on structures of the two crystals. Results are pre- 
sented in Section 3 in the form of density of states 
(DOS). The degree of covalency is evaluated 
through the analysis of the band composition. 
Some discussion of the directional properties of 
the metal-to-oxygen bonding is completed with 
concluding remarks made in the last section 

2 METHOD OF CALCULATION 

Extended Htickel” (EHT) tight-binding calcula- 
tions’9~20~34 are performed. For MgO the crystal 
structure data from the single crystal determina- 
tion by Sasaki et aL2’ are used. MgO has a rock 
salt-type structure (space group symmetry Fm3m; 
the cell parameter a = 4.217 A). It consists of in- 
terpenetrating fee lattices of Mg and 0 ions, each 
atom having an octahedral surrounding of atoms 
of the opposite species. Yttria crystallizes in a very 
complicated bixbyite structure (space group sym- 
metry Za3; the cell parameter a = 10.604 A) in 
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Table 1. Orbital parameters used in band structure 
calculations 

Atom Orbital HideW LJc,) &2( c*) 

0’ 2s -32.30 2.275 
2P -14.80 2.275 

Mg’ 3s -9.00 I*100 
3P -4.50 I.100 

Y= 4d -6-80 3.550(0.3041) 1.560(0~8316) 
5s -7.02 I.740 
5P -4.40 I.700 

‘From Table of Parameters for Extended Hiickel Calcula- 
tions; collected by Santiago Alvarez, Barcelona, 1985. 
‘Ref. 25. Hii, orbital ionization energies; &ij, Slater expo- 
nents, cj, coefficients in the double-zeta expansion of the 
d orbitals. 

which the cubic cell contains sixteen molecules.22 
According to structural data from the X-ray Ri- 
etveld powder refinement23 the Y-O bond lengths 
range from 2.22 to 2.32 A. In a simplified picture 
one may think of the Y atom as being in a highly 
distorted octahedral environment, while the 0 
atom has a distorted tetrahedral coordination. 

Table 1 summarizes the extended Hiickel pa- 
rameters used. The solid state calculation for both 
oxides are performed using 56 k points uniformly 
distributed in the irreducible wedge of the Bril- 
louin zone.24 

3 RESULTS AND DISCUSSION 

3.1 Density of states 

Energy levels sampled in a set of k points result in 
the DOS curves shown in Fig. 1. The states are 
grouped into three bands separated by energy 

s band p band conduction 

(025 states) (02p states) band 

(metal states) 
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Fig. 1. The total DOS curves for MgO and Y,O, showing en- 
ergy levels in the valence region. The states below the Fermi 
level (I$) are occupied, the conduction band represents 

empty states. 
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gaps, two of them being situated bellow the Fermi 
level (&). Because of the close positions of the EF 
(e-14.2 eV and m-14.3 eV for MgO and Y2O3, 
respectively) this level is for both oxides indicated 
by a single vertical line. The bands of occupied 
states (s and p band) ai-e narrow. On the contrary, 
the conduction band (CB) on the right of Fig. 1 
is comprised of unoccupied nonbonding states 
dispersed over a large energy range. The bands of 
occupied states measured experimentally are 
broader, e.g. the total width of the valence band 
(VB) for MgO is about 6 eV.26,27 Nevertheles, it 
must be noted that ceramic oxides are usually 
contaminated with defects and impurities causing 
the band broadening which is very difficult to dis- 
tinguish. Though the methodology used in the 
present work is approximate it provides a concep- 
tual basis for understanding the chemical bond- 
ing.28 In both oxides the Fermi level falls at the 
edge of the valence band. Such a configuration 
with closed energy bands documents high stability 
of the system. Broad energy gaps between the VB 
and the CB, responsible for their insulating prop- 
erties, enable the refractory behaviour of these 
materials. The highly ionic character of the metal- 
to-oxygen bond means that almost all of the metal 
atom valence electrons are transferred to oxygen 
atoms. The high electronegativity of the oxygen 
atoms and the large energy difference between 
atomic 0 2s and 0 2p energy levels cause a sepa- 
ration of the corresponding energy states. Thus in 
both oxides the 0 2s states dominate in the s band 
and 0 2p states in the p band. The unoccupied 
states of the CB consist almost entirely of metal s 
and p orbitals in MgO, completed with empty d 
orbitals in Y2O3. The states of d orbitals taking 
part in the chemical bonding of transition metal 
(TM) oxides greatly influence their properties. In 
Y2O3 empty d states are located in the upper part 
of the energy gap (Fig. 1) thus lowering its value 
compared with the band gap of MgO. On the 
other hand, the smaller energy difference between 
the atomic energy levels enables increased 0 2pY 
3d interaction. Further details on the metal-to- 
oxygen hybridization are given in Section 3.3. The 
band gap lowering in Y2O3 corresponds to the de- 
creasing of its melting point to the value 2420°C 
compared with the value 2820” for MgO. 

3.2 Shape of the valence band 

The metal orbital admixture to the s and p bands 
influences the shape of the bands. This admixture 
results from the overlap of AOs. The states due to 
the covalent component of the bond are stabilized 
compared with the ionic component, i.e. they are 



Covalent bonding in MgO and Y,O, 285 

shifted to the higher binding energies (more nega- 
tive energies). The mechanism of the stabilization 
through the covalent interaction is the same for 
both bands of occupied states. Figure 2 shows de- 
tails for the valence band where the covalent ad- 
mixture is more pronounced. The total DOS curve 
for MgO and Y,03 is shown together with the 
partial DOS coming from the metal atoms. Both 
systems show the two peak structure of the valence 
band. The first peak is situated at z-14.8 eV, rep- 
resenting the states of the lone electron pairs on 
oxygen atoms. The second peak, shifted by some 
0.5 eV towards higher binding energies, represents 
the covalent part of the bonding. It corresponds 
well with a maximum of the partial metal DOS 
admixture. In Y,03 the contribution of the partial 
metal DOS to the valence band is much higher 
than in MgO and the total DOS consists of two 
components of comparable intensity. Note that 
the small admixture of the metal states raises the 
stabilization of oxygen 2p states (further details 
are given in Section 3.3). Though Ching and Xu16 
do not discuss the iono-covalent properties of the 
chemical bonding in Y,O, their first-principle total 
and partial DOS agree well with results presented 
in this work. Similarly, the cluster calculation on 
Y,03 reported by Jollet et aZ.,” though compli- 
cated by finite-size effects, comes to the same two- 
peak structure of the VB. As the DOS should be 
compared with the photoemission spectra the 
comparison is given in Fig. 3. The measured VB 
spectra show a single major peak. Two total DOS 
curves (Fig. 3, curves b and c) are shifted towards 
the band centre of gravity in order to be aligned 
with the VB DOS and the major peak of the XPS 
spectra. This shift is fully justified as the DOS is 
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Fig. 2. The total DOS curves (full line) for the valence band 
completed with the partial metal DOS (dotted line). The 
metal orbital admixture corresponds with the covalency 

degree of the chemical bonding. 
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Fig. 3. The shape of the valence band as obtained by the pho- 
toemission spectroscopy (a),” first-principles OLCAO method 
(b),16 and EHT method (c, this work). Both theoretical curves 
demonstrate the fact that deep lying states at e-11 eV 

cannot originate in the ideal structure of Y203 (see text). 

obtained for the ideal crystal and the measured 
Fermi level position is moved upwards due to sur- 
face states. The comparison shows that the main 
XPS peak comprises both VB components, and 
also the states due to the ionic and the covalent 
bonding, the latter states being responsible for the 
higher energy part of the photoemission curve. 
The small intensity tail extending to more than 10 
eV cannot originate in the VB of the ideal struc- 
ture of Y,O,. Haruyama et a1.29 in their XPS study 
on SrTiO, (100) have shown recently that states 
approximately 11 eV below the Fermi level are 
closely connected with oxygen vacancies near the 
surface. In the light of their findings we support 
the view of Ching and XU’~ that the low-intensity 
peak comes from the defect-related structure 
rather than the intrinsic VB states in Y,O,. More- 
over, the spectra were recorded on samples manu- 
factured by the sintering process’7 supporting the 
oxygen vacancy creation. 

3.3 Degree of covalency 

Covalent and ionic bonds differ from each other 
in the valence charge density distribution. In the 
covalent bond the valence charge density is shared 
by the neighbouring atoms and its maximum is 
situated between the atomic nuclei. On the other 
hand, in the ionic bond the valence charge density 
is located around the more electronegative atom. 
Closed atomic levels (completely filled or emptied 
for the electronegative or electropositive atom, re- 
spectively) result in the spherical distribution of 
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Table 2. Band composition for MgO and Y,O, 

MN 

y203 

Atom 

Mg 

0 

Y 

0 

Orbital 

3s 
3P 
2s 
2P 

5s 
5P 
4d 
2s 
2P 

Content (%I 
s band p band 

9.07 1.59 
0.15 2.77 

90.78 0.06 
o-0 95.58 

2.45 1.26 
2.23 2.30 
4.75 4.48 

90.57 0.01 
0.0 91.95 

the charge density. This is the reason why struc- 
tures of ionic compounds are simpler than struc- 
tures of covalent systems. The charge transfer 
occurring in the process of the bond creation is 
usually characterized by the effective atomic 
charge. This single number reflects the global 
charge density distribution and corresponds to the 
degree of ionicity (or covalency). According to the 
highly precise first-principles computational 
OLCAO procedure,15@ magnesia and yttria should 
be described as Mg +1.830-1.83 and y;2.160i1.44. These 

formulae show that both oxides are far from being 
ideal ionic compounds, yttria showing a consider- 
able degree of covalency. The increasing role of 
the metal orbitals in the chemical bonding necessi- 
tates careful analysis of the atomic level occupa- 
tion. The composition of bands for the occupied 
states is given in Table 2. Both bands show differ- 
ences for the two oxides. Let us discuss the s band 
first. Though the metal atom admixture to the 
band is similar (9.22 and 9.43% for MgO and 
Y2O3, respectively) the occupation of the metal 
atom energy levels differs. In MgO almost the 
whole metal contribution comes from spherical s 
orbitals. On the contrary, in Y2O3 the occupation 
of the p states is comparable to the number of the 
occupied s states and the number of d states is 
almost twice as large as the s state occupation. 
The p band represents the outer valence region 
forming the shape of the bonding charge density 
distribution. The number of its states is three 
times larger than that of the s band (see Fig. 1). 
The properties of materials depending on the 
chemical bonding correlate with the outer valence 
band composition. In the p band the occupation 
of the s and p levels is similar in both oxides. Nev- 
ertheless, in Y,O, the metal orbital admixture is 
due to the d orbitals being almost twice as large 
compared with MgO. The effective inclusion of 
the d orbitals into the chemical bonding changes 
the character of the interatomic interaction. The 
M-O bonds become more covalent, i.e. a part of 

the electron density is transferred from oxygen 
atoms towards metal atoms. The increased cova- 
lency is reflected in different mechanical properties 
(e.g. the strength increases from 100 MPa for 
MgO to 290 MPa for Y20330). The charge density 
distribution is no longer spherical but shaped ac- 
cording to the directional characteristics of the d 
orbitals. Though an increased degree of covalency 
causes improved mechanical properties which are, 
in sintering aids, highly desirable, the directional 
character of the interatomic interaction brings 
difficulties into the process of creating bonds at 
grain boundaries. The degree of covalency of the 
Mg-0 bond is considerably lower compared with 
Y-O. The interaction of Mg to oxygen atoms re- 
sembles the interaction of spherical particles. The 
coordination of the magnesium atom is thus not 
restricted to some kind of polyhedra. Conse- 
quently, in the process of creating chemical bonds 
at grain boundaries, Mg atoms support the forma- 
tion of the amorphous intergranular phase and 
MgO performs as an outstanding sintering aid.31,32 
On the contrary, the increased covalency of the 
Y-O bond, documented in Table 2, means that yt- 
trium atoms, when coordinated by oxygen atoms, 
tend to retain their coordination sphere. This di- 
rectional dependence of the Y-O bonding repre- 
sents an additional restriction to the process of 
joining particles. Comparing magnesia and yttria 
as sintering aids, the directional character of Y-O 
bonding is one of the reasons why yttria performs 
worse in the sintering of Si,N, compared with 
magnesia. 

4 CONCLUSIONS 

The electronic structure is compared and con- 
trasted for the stoichiometric crystals MgO and 
Y2O3. The covalency degree of the metal-to-oxy- 
gen bonding, evaluated in terms of the metal or- 
bital admixture to the bonding states, was found 
to be approximately twice as large for Y2O3 com- 
pared with MgO. This admixture causes stabiliza- 
tion of the valence states bringing about the two 
peak structure of the valence band for both ox- 
ides. The analysis of the band composition shows 
increased directional properties of the Y-O bond- 
ing compared with Mg-0, corresponding to low- 
ered ability of yttria to join particles in the process 
of sintering Si3N4. 
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