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The formation enthalpies of isovalent, isostructural rocksalt alloys, �A ,B�, where X=O such as �Ca,Mg�O,
are typically unfavorable �positive� for both ordered and random phases. Simple replacement of the single-
atom anion, X, by a larger anionic group, such as CO3 or SO4, is able to induce a favorable �negative�
formation enthalpy, leading to the formation of the ordered alternate monolayer, �CaCO3�1 / �MgCO3�1, dolo-
mite structure. The underlying cause of this behavior is analyzed by breaking down the formation process in a
Born-Haber-like cycle into volume and cell-shape deformation, chemical exchange, and cell-internal relaxation
using first-principles density-functional theory calculations in the generalized gradient approximation. It is
found that when the anion is a group �CO3�, rather than a single atom �O�, the energy gained from the internal
relaxation overcomes the energy required to compensate the volume mismatch. This explains the general
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Solid solutions CaO-MgO and CaCO3-MgCO3 are often
used as prototype systems for the basis of theoretical studies,
and there are numerous previous calculations that have in-
vestigated the energies of point defects �CaO-MgO �Refs.
22–24� and CaCO3-MgCO3 �Refs. 25 and 26��, surfaces �for
example, Refs. 27 and 28��, and the solid solutions in the
bulk phase �CaO-MgO �Refs. 22, 23, and 29–35� and
CaCO3-MgCO3 �Refs. 36–41��. These have shown that mini-
mizing volume mismatch and maximizing internal relaxation
are the most important effects for lowering �H in these sys-
tems. Since



along the �111� direction of the rocksalt conventional cell is
shown in Fig. 1�a�. Calcite, CaCO3, �and magnesite,

MgCO3�, �space group R3̄c�



=b�c, where c /a is constrained to that obtained by a linear
relation from the calculated geometry-relaxed CaCO3 and
MgCO3. The a :b :c ratios are constrained for the SQS struc-
tures in order to preserve the symmetry of the random alloy
at the thermodynamic limit. Note the values of a, b, and c are
all fully relaxed within this constraint.

III. FORMATION ENTHALPIES OF RANDOM AND
ORDERED CaO-MgO AND CaCO3-MgCO3

Table II confirms that the current method reproduces the
experimental lattice parameters well for single oxides and
carbonates, as well as for the mixed carbonates. The c /a
ratios are very close to those in experiment showing the
structural features are accurately modeled, this is particularly
important for the cell-shape deformation step, �ESD of Eq.
�3�.

The formation enthalpies are summarized in Table I. The
CaO-MgO �H are comparable to previous DFT
calculations23,31 and are positive for both ordered and ran-
dom structures. The authors are not aware of experimental
values for comparison but the positive �Hs are in agreement
with the experimental phase diagram where solid phase sepa-
ration into the pure binaries occurs from 2370°C down to
the lowest measured temperature �1600°C�.13

For CaCO3-MgCO3, the observed negative �H for the
ordered dolomite ��CaCO3�1 / �MgCO3�1�111�� and positive
�H of the random �CaCO3�0.5�MgCO3�0.5 phase16,17 is repro-
duced by the calculations. Dolomite is calculated to have a
formation enthalpy of −39 meV/cation pair using PAW
pseudopotentials. This value differs from previous
calculations39 �



positive �H of oxides is due to the strain induced by large
volume mismatch �47%� between the initial binaries �for ex-
ample, Refs. 8, 24, 31, 33, and 34�. For the carbonates �EVD
values are somewhat smaller than for the oxides,
�600 meV/cation pair �Table I�, as expected by the smaller
�32%� volume mismatch between the single carbonates
�Table II�. However, the extra energy required to deform the
lattice angles, �ESD=200 meV/cation pair brings the total
energies required to deform the single carbonates to the final
volume and shape of the ordered dolomite and random struc-
tures to 858 and 821 meV/cation pair, respectively. This
shows that the lowered formation enthalpy of the ordered
carbonate is not entirely due to reduced volume mismatch as
previously suggested8,11 since this is accompanied by ener-
getically costly lattice shape deformation.

V. DECORATION OF METAL SUBLATTICE BY
DIFFERENT CATIONS AT FIXED VOLUME: �ECE

Tepesch et al.22 theorizes that the chemical exchange en-
ergy, �ECE, for CaO-MgO should be negligible because Ca
and Mg are isovalent. The present calculations find that
�ECE, is in fact quite significant, particularly for the ordered
�111� and random oxide structures �Table I�. Previous obser-
vations have shown that when charge transfer occurs, often
from larger cation to the smaller cation43 in the direction of
increased electronegativity, then �ECE�0, but when charge
transfer opposes the preferred direction due to electronega-
tivity, �ECE�0.7 This is seen for the ordered �111� oxide,
there is a decrease in atomic charge from the valence orbitals
on Ca ��e=−0.09e� in the mixed phase compared to the CaO
binary, in conjunction with an increase in atomic charge on
Mg ��e= �0.03e� compared to the MgO binary �see
footnote52�. For the ordered �111� carbonate the charge dif-
ferences are �e=−0.12e on Ca and �e=0.06e on Mg, giving
small but clearly negative �ECE �Table I�. The interaction is
reduced with distance in both oxides and carbonates since
�ECE �Table I� becomes smaller in magnitude with the in-
crease in lattice parameter, a �Table II�.

VI. CELL-INTERNAL RELAXATION: �ESR

A. Oxides

The energy gained on relaxation of the internal coordi-
nates, �ESR



�ESR�M-O� relaxation is the external CO3 group relaxation,
where the CO3 group is effectively a fixed object and moves
closer to Mg and further from Ca atoms, Fig. 3�c�, analogous
to the oxygen asymmetric relaxation described for the �ESR
step for the oxides �Fig.



VII. CONCLUSIONS

For isovalent, isostructural AxB1−xX alloys, the main con-
tributing factor to the formation enthalpy is the volume de-
formation, �EVD, since all other terms are smaller. For al-
loys, where X is a group, �EVD is still large, but structural
relaxation becomes the most important term. The presence of
the a stiff anion such as CO3 allows more internal degrees of
freedom for the A-X and B-X bonds to relax to ideal lengths.
This provides an explanation for the low formation energy of
xMg=50% ordered dolomite. However, distortion of the CO3
group caused by random cation arrangement raises the for-
mation enthalpy, which may be the reason why there are so
few ground states �just ordered �111� dolomite� in the
CaCO3-MgCO3 system.39,41

A larger, less rigid anion molecule, with more flexible
bonds may be able to increase the dominance of the �ESR
term enough while allowing a greater range of structures at
different compositions to exist. A smaller, more rigid, anion

molecule would increase the effect of chemical exchange,
�ECE, but may make it more difficult for the overall structure
to reach ideal bond lengths at the end of the �ESR step.

Understanding the mechanism for the classic CaO, MgO,
CaCO3, and MgCO3 systems could facilitate, in the future,
ways of converting phase-separating alloys with undesirable
microstructure, to more stable alloys with uniform micro-
structure, a central issue in electronic materials.
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