
CHEMISTRY AND MINERALOGY OF EARTH’S MANTLE

First-principles prediction of pressure-enhanced defect segregation and migration at MgO 
grain boundaries†

Bijaya B. KarKi1,*, Dipta B. Ghosh1 anD ashoK K. Verma2

1School of Electrical Engineering and Computer Science, Department of Geology and Geophysics, Center for Computation and Technology, 
Louisiana State University, Baton Rouge, Louisiana 70803, U.S.A

2High Pressure Physics Division, Bhabha Atomic Research Center, Mumbai 400085, India

aBstract

Understanding the ability of grain boundaries to accommodate point defects and enhance diffusion 
rates in mantle materials represents an important but challenging problem. Extant experimental studies 
and recent computational efforts are mainly limited to the ambient pressure. Here, we investigate this 
SUREOHP�IRU�0J2�DW�WKH�DWRPLVWLF�OHYHO�E\�SHUIRUPLQJ�¿UVW�SULQFLSOHV�VLPXODWLRQV��EDVHG�RQ�GHQVLW\�
functional theory, of the {310)}/[001] tilt grain boundary in MgO at pressures up to 100 GPa. Our 
results show that native defects and impurities (Ca, Al, and proton modeled here) favorably segregate 
to the boundary, with the segregation considerably increasing with pressure. They also imply that 
grain boundary diffusion is easier, and more anisotropic and complex than bulk (lattice) diffusion: 
The calculated migration enthalpies for host ions and impurities at the grain boundary are smaller 
than the bulk values, more so at higher pressures with their values being as low as ~1.5 eV at 100 GPa 
FRPSDUHG�WR�WKH�EXON�YDOXHV�RI�a��H9��7KXV�GHPRQVWUDWHG�KLJK�GHIHFW�DFWLYLW\�RI�JUDLQ�ERXQGDULHV�
in MgO—a major phase of Earth’s lower mantle is expected to be relevant to our understanding of 
mantle rheology and geochemical process.
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introDuction

Grain boundaries (GBs), which exist in most naturally occur�
ring as well as synthesized materials, are known to dramatically 
influence many physical properties of these materials. GBs are 
considered to serve as effective sinks for point defects includ�
ing impurities thereby controlling chemical diffusion, electrical 
conduction, and creep process, and also as nucleation sites for 
corrosion, precipitation, fracture, and plastic deformation (Duffy 
1986; Sutton and Balluffi 1995; Hiraga et al. 2004; Dohmen and 
Milke 2010). These effects can be considered to arise mainly 
because the interfacial regions separating the component crys�
tal grains contain structural distortions and void spaces (e.g., 
Kingery 1974; Duffy 1986; McKenna and Shluger 2009; Wang et 
al. 2011). Such interfacial features are likely to be highly sensitive 
to pressure as suggested by some calculations (Harris et al. 1999; 
Verma and Karki 2010). Much less is, however, known about the 
way pressure controls the ability of GBs to accommodate native 
and impurity defects, and influence diffusion rates.

Here, we investigate the effects of pressure on the interplay 
between point defects and GBs in materials by considering 
0J2²D�SURWRW\SH�PHWDO�R[LGH��D�WHFKQRORJLFDOO\�LPSRUWDQW�FH�
ramic, and a major mantle mineral. In particular, the importance 

of grain boundaries for understanding of chemical distribution in 
the mantle has been widely discussed (e.g., Hiraga et al. 2004; 
Hayden and Watson 2007; Dohmen and Milke 2010). Extant 
experimental measurements are limited to the ambient or low 
pressures. The tilt boundaries in MgO were observed as atomic 
resolution images (e.g., Yan et al. 1998; Wang et al. 2011). Fast 
diffusion was measured for cations and oxygen, and siderophile 
elements in polycrystalline MgO (Oishi and Kingery 1960; 
Wuensch and Vasilos 1966; Hashimoto and Hama 1971; Chang 
et al. 1981; Kizuka et al. 1998; Hayden and Watson 2007). To 
H[WHQG�RXU�XQGHUVWDQGLQJ�RI�WKH�*%V�WR�KLJK�SUHVVXUH�UHJLPH��
ZH�SHUIRUP� WKH�GHQVLW\�IXQFWLRQDO�WKHRU\�EDVHG� FRPSXWDWLRQ��
which is widely accepted to make accurate prediction at the 
macroscopic (bulk) level as well as allow access to atomistic 
information. Previous studies were mostly based on pair poten�
tials, which allow fast computation but have a disadvantage of 
being empirical (e.g., Harris et al. 1999; Browning et al. 1999; 
Karki and Kumar 2007; Adjaoud et al. 2012).

7KH�ILUVW�SULQFLSOHV�DSSURDFK�KDV�VR�IDU�EHHQ�DSSOLHG�WR�WLOW�
grain boundaries in materials with focus on their atomic and elec�
tronic structures (Yan et al. 1998; McKenna and Shluger 2008, 
2009; Ghosh and Karki 2014). We have previously simulated 
{n10}/[001] tilt boundaries in MgO to show that the boundary 
structures vary considerably with pressure and also show that 
vacancy defects favorably segregate to the boundaries (Verma 
and Karki 2010). Here, we extend our simulations to the incorpo�
ration and migration of impurities including Ca, Al, and proton at 
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† Special collection papers can be found on GSW at http://ammin.
geoscienceworld.org/site/misc/specialissuelist.xhtml.


