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ABSTRACT

First-principles density-functional calculations were used to study the effects of Ca
impurities on the 2=5 (310) <001> tilt grain boundaries in MgO. An equilibrium structure and
two metastable structures of the grain boundaries in pure MgO have been established. The
calculations further demonstrated that Ca impurities segregate at particular sites in the metastable
grain boundary and induce a structural transformation. This result is consistent with atomic
resolution Z-contrast imaging. The calculations also found that the impurities at the grain
boundaries do not induce states in the band gap. The mechanism of the transformation is also

discussed.

INTRODUCTION

Impurity segregation in grain boundaries not only changes the chemistry of the grain
boundaries, but may change the structure also. Thus, the mechanical, electrical and optical
properties of polycrystalline materials can be altered in a dramatic way [1-5]. Theoretical
simulations have been used extensively to model grain boundaries and understand effects of
impurities on grain boundaries. Recently, we have directly observed the structure of an impurity
segregated <001> tilt grain boundary in MgO by the use of Z-contrast imaging. High spatial-
resolution electron energy loss spectroscopy demonstrated that the impurity is Ca. The structure
we observed disagrees with the model proposed by empirical potential calculations for a grain
boundary in pure MgO. In the present paper, we report first-principles density-functional
calculations of the effects of Ca impurities on the X=5 (310) <001> tilt grain boundaries in MgO
and demonstrate that Ca segregation induces a structural transformation of the grain boundary.
METHOD

The calculations were based on density functional theory with the exchange-correlation
energy treated in the local density approximation [6,7]. Norm-conserving Pseudopotentials were
defined on a real-space grid. The calculations were performed using the code CASTEP. An
energy cutoff of 600 eV was used, and the integration over the Brillouin zone was performed using
three special k points chosen according to the Monkhorst-Pack scheme. For each geometry the
electronic wave functions were first relaxed by the conjugate gradient scheme of Payne et al. {8].
Atoms were then fully relaxed according to the Hellman-Feynman forces until the largest force on
any ion in any direction was less than 0.1 ¢V/A. The cell dimensions were optimized until the
largest displacement was less than 0.01 A. We used periodic supercells that contain two
oppositely oriented Z=5 (310) grain boundaries. The grain boundaries are parallel to the {310}
plane of the original crystalline lattice. They have a periodicity of one conventional lattice
parameter (a=4.211 A) in the <001> direction and a periodicity of 6.64 A in the direction
perpendicular to <001> axis. The two grain boundaries are separated by 13.4 A, twice the
distance between neighboring dislocation cores, and each cell contains 40 Mg and 40 O atoms.




RESULTS AND DISCUSSION

s ¢ Grain Boundaries in Pure MeC

MgO has the NaCl structure (Fm 3m) with a lattice parameter of 0.4211 nm. In NaCl type
metal oxides such as MgO and NiO, grain boundaries, especially the <001> tilt symmetric ones
have been studied by both theoretical simulations and high-resolution phase contrast transmission
electron microscopy (HREM) [9-13]. Figure 1A shows the model first proposed by Kingery as a
possible representation of the 36.87° symmetric <001> tilt boundary (=5 (310) <001>) in NaCl-
type metal oxides [9]. This boundary core is similar to that found in f.c.c. metals. However,
static-lattice simulations using interatomic potentials that include the polarizability of oxygen ions in
the shell model, showed that this structure is not energetically favorable in pure NiO and MgO
[10,11]). These simulations showed that the series of (n10) <001> symmetrical tilt grain
boundaries in both NiO and MgO are qualitatively similar and can be considered as arrays of a
single structural unit combined with perfect crystal spacer units. Figure 1B shows the atomic
configuration for this structural unit proposed by the static-lattice simulations for a =5 (310)
<001> tilt grain boundary. It is seen that structural unit of this boundary is relatively open when
compared with Kingery's model (we call these two structures open and dense, hereafter). Phase
contrast HREM observations have revealed the structures similar to those proposed by the static-
lattice simulations in the pure thin film MgO grain boundaries [12]). Our Z-contrast images on
MgO bicrystals show the dense structure (Fig. 1D). In additional, the dense structure with a
displacement (Fig. 1C) on the boundary plane {310} was used to explain the HREM image of
grain boundary obtained in NiO [13,14].

eMg OO

Fig. 1: Models for the Z=5 (310) <001> tilt grain boundary in Mg O, the dense structure (A), the
open structure (B) and the dense structure including a shift R in the boundary plane (C); D
Experimental Z-contrast image showing the A structure.




The calculations were performed on four structures for the pure grain boundaries in MgO,
the dense and open structures with and without displacement R in the{310} plane. It was found
that the open structure with displacement R is unstable, and spontaneously reverts to the open
structure without any displacement. Of the other three structures, the open structure has the lowest
total energy, in agreement with previous calculations [11]. However, we found that the dense
structure with and without the displacement R are both metastable. The local minimum in energy
was obtained at R = 0.084<310> by the calculations. It should be noted that this dense structure
with the displacement R explains the HREM image of the asymmetric grain boundary in NiO.

Fig. 2A, 2B, 2C and 2D shows the total density of states (TDOS) calculated for bulk MgO
and the three grain boundaries shown in Fig. 1A, 1B and 1C. It is seen that the TDOS of the three
grain boundaries are very similar to that of the bulk crystal, suggesting no major change in the
electronic structure induced by these grain boundaries. The TDOS also shows that the grain
boundaries do not change the width of the band gap and do not induce electronic states in the gap.
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Fig. 2 Total density of states calculated for MgO Bulk (A), dense structure (B), open structure (C),
and dense structure with displacement R= 0.0839<310> (D). No significant difference is

observed.
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Effects of Ca mpuri he Grain Boundari

While both the ionic shell model simulations and some phase contrast HREM observations
of <001> tilt grain boundaries in pure NaCl-type oxides indicate that the open unit is the
equilibrium configuration, our Z-contrast image provides a different result. Of the three proposed
models, our experimental observations most closely match the model proposed by Kingery. It is
also noted that in the Z-contrast image certain columns in the boundary are brighter than their
neighbors. This implies that impurity elements with atomic numbers greater than that of Mg
(Z=12) are segregated to these sites. Using high spatial resolution electron energy loss
spectroscopy we have determined that the impurities are Ca atoms. No other impurities were
detected at the boundary. It is important to note that Ca segregates to particular columns in the
boundary structural units. This suggested that the segregation of Ca induces a structural
transformation of the MgO grain boundary core from the open structure to a more dense structure.
First principles calculations were performed to understand this transformation.

Firstly, the calculations demonstrated that Ca impurities segregate at particular columns in
the dense structure. It was found that the calculated total energy for Ca segregated at column 1 (see
Fig. 1A) is 0.4eV lower than Ca segregated at column 2 in the dense structure. This result is in
agreement with that obtained from the Z-contrast images. The preferred site for Ca segregation in
the open structure was found by bond-valence sum calculation [15,16] and is marked by an arrow
in Fig. 1B. The presence of Ca at the boundary does not affect the character of the dislocation
array of the boundary, nor does it affect the relative positions of the adjacent grains. In both
structures, Ca prefers boundary sites with the largest nearest neighbor distances. Defining the Ca

segregation energy as Eq = -;-(E. - Ei pure - 2 Ecaomgo + 2 Emgomgo), Where E; is the total energy

of the Ca doped structure, E; poc is the total energy of the pure boundary structure, Ec.omgo is the
energy of CaO in bulk MgO and Ey,omg0 is the energy of a MgO molecule in bulk MgO, we find
for the dense structure, Eg o= - 1.2464 ¢V/Ca atom and for the open structure, E.p= - 0.9571
eV/Ca atom. This driving force for segregation is reflected in the excess energy associated with the

grain boundary, which for both structures is reduced to 1.17 - 1.19J m-2.

More importantly, Ca segregation brings the total energy of the dense structure to a value
0.1 eV/supercell lower than that of the open structure. While this is not a large enough difference
to safely conclude that the calculations alone show the Ca-doped dense structure will be the
preferred structure, Z-contrast imaging observations strengthen this deduction.

Contour plots of the charge density differences between the ions in the crystal and free
atoms calculated for the pure and Ca-doped dense structures of the grain boundary are shown in
Fig. 3. It is seen that electron distribution is little affected by the boundary structures or by the
segregation of Ca to the boundary. This implies Ca stabilization of the grain boundary structure is
an elastic rather than electronic effect.

The total density of states calculated for the pure and Ca-doped grain boundaries (Fig. 4)
are very similar to that of the bulk crystal, suggesting no major change in the bonding in the grain
boundaries. The total density of states also shows that the grain boundary and Ca segregation do
not change the width of the band gap and do not induce electronic states in the gap. The calculated
band gap is found to be 4.2 eV which, while lower than the experimental value of 7.8 €V, is
consistent with previous LDA calculations {17].

CONCLUSION

First-principles density-functional calculations determined that Ca impurities segregate at
particular sites in the dense structure of Z=5 (310) <001> tilt grain boundaries in MgO. This
segregation induces a structural transformation from the open structure to the dense one. It is also
found that both the Ca impurities and the grain boundaries do not change significantly the total
density of states.




Fig. 3 Charge-density difference maps of the pure dense structure (A) and the Ca segregated dense
structure (B).
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Fig. 4 Total density of states calculated for the pure dense structure (A) and the Ca segregated
dense structure (B).
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