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Static lattice and electron properties of MgCQ3 (magnesite) calculated
by ab initio periodic Hartree-Fock methods
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Calculations of the Hartree-Fock ground-state wave function and total energy of crystalline MgCO3
have been performed using the ab initio cRYsTAL program. Contracted Gaussian-type functions have
been used to represent 18, 18, and 14 (including d) atomic orbitals for Mg, 0, and C, respectively. The
rhombohedral calcite-type structure has been fully relaxed, determining the equilibrium lattice constants
and coordinate of the 0 atom as a function of volume. The bulk elastic modulus and the C33 and
C»+ C» elastic constants have been calculated. Deviations from experimental data are within 1% for
the structural parameters and amount to +6.8%%uo for the bulk modulus. The computed binding energy
(including a correction for the electron correlation based on local-density-functional theory) is smaller

by 6% than the measured value. Mulliken electron charges are +1.750, —0.986, and +1.207 ~e~ for
Mg, 0, and C. Energy bands, density of states, and electron-density maps permit the characterization of
chemical bonding within the CO3 molecular unit and between CO3 groups and Mg atoms.

INTRODUCTION

The hypersurface of the ground-state energy of a crys-
talline solid can be evaluated as a function of the lattice
geometry and of the atomic positions in the unit cell, as
for molecules with respect to bond lengths and angles. A
number of physical properties can thus be derived, at
least in principle: the equilibrium crystal structure at 0
K, its dependence on volume and pressure (hence the
static equation of state), the elastic constants, and some
features of the phonon-dispersion curves.

Such calculations have often been attempted by the
electron-gas approximation' or the local-density-
functional theory and applied to simple systems such
as alkali halides, alkaline-earth halides, and oxides. On
the other hand, use of the ab initio periodic Hartree-Fock
(HF) method (computer program cRYSTAr. ) has allowed
one to consider the simpler properties of more complicat-
ed solids such as quartz, ' and to investigate in depth the
elastic properties with full structural relaxation in the
case of CaF2 (Ref. 11) and MgF2 (Ref. 12). The case of
divalent metal carbonates with the calcite structure is
particularly attractive, in this respect, for a number of
reasons. First, they are good examples of three-atom ox-
ysalt systems containing a covalently bonded molecular

unit (the CO3 anion), which interacts mainly ionically
with the metal cations. Thus the presence of different
kinds of bonding in the same crystal is an interesting test
of the HF method. On the other hand, the rhombohedral
calcite-type crystal structure' (space group R3c) has
only three independent geometrical parameters, so a de-
tailed study of lattice and electron properties is feasible.
Second, there is great interest in ACO3 carbonates both
in the chemistry of raw materials and in the earth sci-
ences, ' so that much effort has been directed to charac-
terize phase transitions, equation of state, elastic and vi-
brational properties, ' and kinetics of chemical reactions
of these compounds. In parallel, extensive theoretical
work by classical, partly empirical interatomic potential
functions has been performed to model the same proper-
ties. ' ' The simplest compound of the series if MgCO3
(magnesite), and has been considered for the present
study. A subsequent paper on calcite, CaCO&, is in
preparation. ' The crystal structure of magnesite has
been determined by several authors, at various tempera-
tures in particular, an accurate x-ray study also al-
lowed the construction of experimental maps of electron
density. The full set of elastic constants is also avail-
able. ' On the other hand, little theoretical work by
quantum methods is available for crystalline MgCO3. we
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are aware of a single paper using a mixed approach,
i.e., a HF self-consistent-field (SCF) calculation (at the 4-
31G level) for the free CO3 ion, supplemented by a
modified-electron-gas (MEG) approximation to account
for Mg +-CO3 interactions in the crystal.

In the present study the periodic HF-SCF method
(CRYSTAL program) is applied to the calculation of the
equilibrium structural configuration of magnesite versus
volume, including a full internal relaxation, and of some
of its elastic properties. The chemical bonding is charac-
terized by computing the electron band structure, the
density of states and related properties, and some
electron-density maps on chemically relevant planes. A
separate paper, now in preparation, will deal with calcu-
lations of the x-ray structure factors and comparison with
experimental values.

COMPUTATIONAL METHOD

The CRYSTAL program, on the all-electron ab initio
Hartree-Fock linear combination of atomic orbitals for-
malism applied to periodic systems (crystalline solids,
slabs, polymers), was used for all the calculations. Every
atomic orbital is expressed as a linear combination of
Gaussian-type functions, consisting of a radial Gaussian
multiplied by a real solid harmonic function. The basis
set utilized for Mg contains 18 atomic orbitals and is
denoted as 8-511G* (cf. Ref. 23). Except for the addition
of d-types orbitals, it corresponds to that adopted in the
MgF2 study. ' An attempt to optimize the exponent of
the outer shell made it drift towards lower values with
hardly significant gain of energy, so that the starting
value was kept. For the 0 and C atoms, 18 and 14 orbit-
als were used, respectively, and the corresponding basis
sets are indicated as 8-411G* and 6-21G*. The former
comes from a previous study of Mg0; however, the ex-
ponents of the two outermost shells were fully optimized

here by minimization of the MgC03 total crystal energy.
The basis set of Ref. 25 was adopted for carbon, but op-
timizing the exponent of the outer Gaussian and adding a
d-type shell. Details of the atomic basis sets used are re-
ported in Table I.

The calculations are affected by errors due to the finite
size of the variational basis set. This topic is examined
below by discussing the e6'ect of omitting the d orbitals
from the atomic basis sets on the calculated physical
properties.

The computational conditions employed in the CRYS-
TAL calculations were the following. A value of 10 ~e~

was assumed for the overlap and penetration threshold of
Coulomb and exchange integrals, while 10 and 10
~e ~

were the pseudo-overlap thresholds for the exchange
series. The truncated bipolar expansion was used to ap-
proximate bielectronic integrals with very small recipro-
cal penetration (less than 10 ' and 10 ' for Coulomb
and exchange integrals, respectively). The Brillouin zone
was sampled at 27 points for diagonalization of the Fock
matrix. An estimate of the residual error introduced by
these stringent computational conditions was obtained by
removing the bipolar expansion approximation, decreas-
ing the threshold values of Coulomb and exchange in-
tegrals to 10, and increasing the number of sampled
points in the Brillouin zone to 216. The total energy per
formula unit decreased by 3 X 10 hartrees.

LEAST-ENERGY STRUCTURE
AND ELASTIC PROPERTIES

The structure of magnesite (Fig. 1) has three geometri-
cal degrees of freedom; with reference to the triple hexag-
onal unit cell (containing six formula units of MgCO3),
these are the edges a and c, and the fractional coordinate
x of the 0 atom. The corresponding experimental values
at room temperature are reported in Table II; extrapo-

TABLE I. Exponents (bohr ) and contraction coefficients of the Gaussian functions adopted for the present study. The contrac-
tion coefficients multiply individually normalized Gaussians. y [+z] stands for y X 10—'.

Shell
type Exponents

Carbon
Coefficients

p, d Exponents

Oxygen
Coefficients

p, d Exponents

Magnesium
Coefficients

p, d

3.048 [+3]
4.564[+2]
1.037[+2]
2.923[+1]
9.349
3.189

1.826[—3]
1.406[—2]
6.876[—2]
2.304[—1]
4.685[—1]
3.628[—1]

4.0[+3]
1.356[+3]
2.485[+2]
6.953[+1]
2.389[+1]
9.276
3.820
1.235

1.44[—3]
7.64[—3]
5.37[—2]
1.682[—1]
3.604[—1]
3.861[—1]
1.471[—1]
7.105[—2]

6.837[+4]
9.699[+3]
2.041[+3]
5.299[+2]
1.592[+2]
5.468[+ 1]
2.124[+ 1]
8.746

2.226[—4]
1.898[—3]
1.105[—2]
5.006[—2]
1.691[—1]
3.670[—1]
4.004[—1]
1.499[—1]

2sp 3.665
7.705[—1]

—3.959[—1]
1.216

2.365[—1]
8.606[—1]

5.219[+1]
1.033[+1]
3.210
1.235

—8.73 [—3]—8.979[—2]
—4.079[—2]

3.767[—1]

9.22[—3]
7.068[—2]
2.043[—1]
3.496[—1]

1.568[+2]
3.103[+1]
9.645
3.711
1.611

—6.240[—3]—7.882[—2]—7.992[—2]
2.906[—1]
5.716[—1]

7.72[—3]
6.427[—2]
2.104[—1]
3.431[—1]
3.735[—1]

3sp
4sp
d

0.26

0.8

1.0 1.0

1.0

4.790[—1]
0.23
0.8

4.225[—1] 2.777[—1] 0.68
1.0 1.0 0.28

1.0 0.8

1.0
1.0

1.0
1.0
1.0
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FIG. 1 ~ Hexagonal unit cell of the MgCO3 structure. Black,
gray, and open circles represent C, Mg, and 0 atoms, respec-
tively. The labeled atoms appear in the maps of Figs. 11 and 12.

-2774.20—
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lation to 0 K was performed by a parabolic fitting of data
measured in the range 300—773 K (Ref. 19). We have
preferred to choose three other structural variables relat-
ed to the previous ones: the volume of the hexagonal unit
cell V=(&3/2)a c, the ratio q =c/a and the C-0 bond
length rc o =ax. The total (electronic + nuclear) crystal
energy is a function E( V, q, rco) of all three variables,
but only V is independent, as the least-energy conditions
(BE/Bq)~„=0and (BE/Brco)~ =0 lead to q=q(V)
and rc o =rc o( V) functional dependencies: thus at equi-
librium E=E( V ). At first the energy was computed
keeping q and rc Q fixed at their experimental values, and
changing V in the range —9% to +6% with respect to
the experimental volume: the dashed curve in Fig. 2 (un-
relaxed energy) was obtained. Then the q ratio was re-
laxed for 6 of the 13 V values considered ( —9%, 6%,—3%, 0%, +3%, +6%), by computing E(q, V) and
finding the optimum q( V) numerically from the
minimum energy condition (Table III). With the opti-
mized q values, the rc Q bond length was relaxed in its
turn for 6 V/ V = 9%, 6%, 0%, +6%; the
E(rc o, V) surface was calculated and the best rc o
lengths were determined by the condition

v(A )

FIG. 2. Energy vs volume curves for the hexagonal unit cell
(containing six MgCO3 units). The dashed and full lines corre-
spond to neglecting and including, respectively, the structural
relaxation.

(BE/Brc o ) z =0, yielding the linear fit (Fig. 3, full line):

rc Q 1.1896+2.8150X 10 V .

Eventually, the q ratio versus V was optimized again by
using the above computed rco( V) distance instead of its
fixed experimental value (Table III), and the results were
least-squares interpolated according to the following
polynomial (Fig. 4, full line):

q = 13.285 09—0. 117918 V

+4.474 99X 10 V —5.50095 X 10 V

By computing the energy for each volume with the opti-
mized rc Q and q quantities, instead of the fixed equilibri-
um experimental values, the E( V) curve for the fully re-
laxed structure was obtained (Fig. 2, full line). By poly-

TABLE II. Computed (without and with d orbitals on all atoms) vs experimental structural and elas-
tic properties of MgCO3. Relative errors are referred to the T=0 K column.

Expt.
T=300 K' T=o K no d

Calc.

a (A)
c(A)
x(O)
V(A)
q =c/a
rco (A

8 (GPa)
C33 (GPa)
C„+C„(GPa)

4.636
15.026
0.2775

279.7
3.241
1.2865

110
156
334

4.632
14.991
0.2777

278.5
3.236
1.2865

117
159
361

4.648
14.957
0.2768

279.9
3.218
1.287

123
186
401

+0.3
—0.2
—0.3
+0.5
—0.6

0.0

+5.1

+ 17.0
+ 11.1

4.617
15.108
0.2747

278.9
3.273
1.268

125
187
392

—0.3
+0.8
—1.1
+0.1

+ 1.1
—1.4

+6.8
+ 17.6
+8.6

'References 20 and 21 for structural and elastic data, respectively.
For structural data, parabolic extrapolations of high-T measurements in Ref. 19. For elastic data, the

linear extrapolations assume the same temperature coefficients determined for calcite (Ref. 27).
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TABLE III. Computed E (energy of the hexagonal unit cell of MgCO3+2774 hartrees) vs volume
(A ); the optimization against q=c/a and rco in three steps is reported. For the first E column,

0
p c Q 1.2865 A; for the second and third ones q( V) and rc o( V), respectively, take the values opti-
mized in the previous step.

254.51

optimum

262.90

optimum

271.29

3.0340
3.0740
3.1147
3.1561
3.1983
3.2412
3.2848

3.1629

3.0757
3.1160
3.1570
3.1987
3.2412
3.2844
3.3283

3 ~ 1954

3.0774
3.1579
3.1991
3.2412
3.2839
3.3274
3.4167

—0.143 35
—0.146 90
—0.149 21
—0.15006
—0.149 59
—0.147 78
—0.144 49

—0.15009

—0.169 53
—0.172 71
—0.174 60
—0.175 21
—0.174 43
—0.172 17
—0.168 60

—0.175 20

—0.181 36
—0.188 13
—0.189 52
—0.189 73
—0.188 63
—0.186 13
—0.176 95

1.247 90
1.254 33
1.260 76
1.267 19
1.273 63

1.261 02

1.250 47
1.255 61
1.260 76
1.265 91
1.271 05
1.276 20

1.263 73

—0.163 71
—0.167 52
—0.168 85
—0.167 80
—0.16407

—0.168 89

—0.184 72
—0.187 99
—0.189 69
—0.189 80
—0.188 37
—0.185 32

—0.189 95

3.0740
3.1147
3.1561
3.1983
3.2412
3.2848
3.3293

3.1918

3.0757
3.1160
3.1570
3.1987
3.2412
3.2844
3.3283

3.2184

3.1173
3.1579
3.1991
3.2412
3.2839
3.3274
3.3717

—0.163 89
—0.166 95
—0.168 68
—0.169 27
—0.168 31
—0.165 92
—0.162 15

—0.16922

—0.182 19
—0.186 09
—0.188 67
—0.19002
—0.189 91
—0.188 53
—0.185 77

—0.190 13

—0.19505
—0.198 54
—0.200 67
—0.201 51
—0.201 04
—0.19923
—0.19603

optimum

279.68

optimum

288.07

optimum

296.46

3.2261

3.0020
3.0790
3.1587
3.2412
3.3265
3.4149
3.5065

3.2573

3.1595
3.2000
3.2412
3.2835
3.3257
3.3690
3.4131

3.2858

3 ~ 1602
3.2004
3.2412
3.2826
3.3249
3.3678
3.4115
3.5011

—0.189 83

—0.170 82
—0.183 69
—0.191 94
—0.195 45
—0.193 75
—0.186 92
—0.174 21

—0.195 53

—0.187 91
—0.19106
—0.192 91
—0.193 67
—0.193 14
—0.19122
—0.188 03

—0.193 67

—0.177 31
—0.181 07
—0.183 60
—0.185 03
—0.185 20
—0.18406
—0.181 92
—0.173 47

1.255 61
1.260 76
1.265 91
1.271 05
1.276 20
1.281 34

1.268 71

1.260 76
1.265 91
1.271 05
1.276 20
1.281 34
1.286 49

—0.19937
—0.202 57
—0.204 14
—0.204 20
—0.202 64
—0.199 80

—0.204 35

—0.186 45
—0.189 18
—0.19043
—0.19005
—0.188 34
—0.185 31

3.2470

3.1185
3.1587
3.1996
3.2412
3.2835
3.3265
3.4149

3.2748

3.1595
3.2000
3.2412
3.2835
3.3257
3.3690
3.4580

3.3021

3.1602
3.2004
3.2412
3.2826
3.3249
3.3678
3.4115
3 ~ 5011

—0.201 54

—0.195 51
—0.19956
—0.202 38
—0.204 08
—0.204 43
—0.203 49
—0.197 67

—0.204 45

—0.193 38
—0.196 89
—0.19920
—0.200 34
—0.200 34
—0.198 95
—0.192 15

—0.200 49

—0.181 20
—0.185 27
—0.188 18
—0.18993
—0.19055
—0.189 84
—0.188 03
—0.18043

optimum 3.3100 —0.185 26 1.2728 —0.19043 3.3241 —0.19052
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15.6—

15.2—

14.8—

cite, owing to the lack of corresponding results for mag-
nesite. It is also interesting to consider how the elastic
properties are affected by the structural relaxation: in the
case of B, a value of 139 GPa was obtained from the un-
relaxed E( V) curve (dashed line in Fig. 2), instead of 125
GPa. Similar increases are observed also for the elastic
constants, if relaxation is neglected.

14.4—

4.7—

4.6—

4.5—

1.28—

1.26—

I I I

4 8

p (Gpa)

12

FIG. 5. Computed dependence on pressure of the unit-cell
edges and of the C-0 bond length of magnesite.

considered. The results are reported in Table II. The
effect of d orbitals on the computed elastic properties
seems to be small, except perhaps for the C»+C&2 case
where some improvement is brought about by use of po-
larization functions. All calculated values are overes-
timated with respect to experimental data, and the effect
is larger for the C33 constant. However, this comparison
might not be fully reliable because the data measured at
room temperature were extrapolated linearly to 0 K us-
ing the temperature dependence of elastic data of cal-

BINDING ENERGY

The difference between total crystal energy per formula
unit (computed for the optimized equilibrium structure)
and energies of isolated atoms yielded BE(HF), the
Hartree-Fock approximation to the binding energy of
MgCO3 (Table IV). The atomic energies were calculated
with the basis sets of Table I, omitting the d orbitals and
adding two diffuse sp shells for Mg (8-51111G),and a sin-
gle shell for 0 (8-4111G) and for C (6-211G). In this way
the more diffuse character of atomic wave functions in
the absence of chemical bonds was accounted for. The
exponents (bohr ) of the outer shells were optimized,
giving values of 0.073 and 0.023 for Mg, 0.487, 0.202, and
0.087 for 0, and 0.108 for C. The contribution of elec-
tron correlation to the binding energy was estimated by
two different density-functional formulas, ' applied to
the Hartree-Fock charge densities of the crystal and of
the isolated atoms. The 5E, and 5Ez values (Table IV)
are the differences between crystal and atomic correlation
energies for the two formulas, respectively.

For a comparison, the experimental value of the bind-
ing energy was computed from the formation enthalpy of
magnesite at 298 K, by applying a conventional Born-
Haber thermochemical cycle. Solid Mg, C, and MgCO3
and gaseous 02 were ideally cooled down to 0 K; sub-
limation of Mg and C and dissociation of 02 molecules
followed. Because no heat capacity data could be found
for MgCO3, its cooling energy was estimated from the
corresponding result of calcite CaCO&. The zero-point

TABLE IV. HF total energy at equilibrium (per MgCO3 unit formula), atomic energies, and binding
energy (BE) (hartree). 6E& and 5E2 are correlation contributions to BE calculated by using charge-
density functionals DF& (Ref. 28) and DF2 (Ref. 29), respectively. 5 (%) is the percentage error with
respect to BE {expt.).

E(HF)
BE{HF)
~ (%)

MgCO3

—462.367 43
—0.716

+31.0

Mg

—199.604 24

0
—74.794 27 —37.664 85

DFi
5El
BE(HF+DF)
~ (%)

—1.668
—0.260
—0.976
+6.0

Correlation contributions
—0.464 —0.261 —0.161

DF2
5E2
BE(HF+DF)
~ (%)

—1.615
—0.244
—0.960
+7.5

—0.448 —0.255 —0.158

BE (expt. ) —1.038
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vibrational energy of magnesite was evaluated by the De-
bye model, using a value OD =739 K obtained by appli-
cation of Anderson's method to the elastic constants. '

All other data involved are taken from Ref. 31.
The HF theory substantially underestimates the bind-

ing energy (in absolute value), as expected. It should be
noticed that omitting the d orbitals from the atomic basis
sets in MgCO3 would give BE(HF)= —0.623 hartree,
thus increasing the error to 40%. On the other hand, we
believe that the value reported in Table IV is close to the
true HF limit. A large improvement is observed by in-
cluding the correction for electron correlation, and re-
sults based on the older density-functional formula
seem little different than those based on the more recent
one. The residual error may be partly related to the ap-
proximations in the correlation correction, partly to some
residual inadequacy of the HF variational basis set, and
partly to approximations in the thermochemical data
used to obtain the experimental binding energy.

ENERGY BANDS AND CHEMICAL BONDING

A first-approximation overview of electron transfer in
magnesite is given by the results of a conventional Mul-
liken population analysis (Table V). Significant contribu-
tions are observed from the d shells of all three atoms,
but that of C is an order of magnitude larger than the
other ones. This confirms the importance of d orbitals
for a correct account of the C-0 bonding. The net atom-
ic charges indicate not only a strong back-transfer of
electrons in the covalent C-O bond (consistently with the
large overlap population), but also a substantial deviation
from ionicity for the Mg-0 interaction. The Mg charge
is lower than that computed in MgO (1.95 ~e ~), and also
in MgFz (1.80 ~e ~ ),

' with similar orbital basis sets. The
Mg-0 overlap appears to be populated by a small but
significant fraction of electrons, again pointing to the par-
tially covalent bonding between Mg and the carbonate
ions. Also noticed should be the relevant antibonding
population of the 0-0 interaction, due to strong repul-
sion between oxygen atoms belonging to the same C03
group.

The charge distribution within the C03 molecular
ion can be compared to results obtained for calcite

-0.30

-0.40

(Q

CD

tD

UJ

-0.50

-0.60

-0.70

-0.80

FIG. 6. Structure of the upper set of electron valence bands
along two symmetry lines in the first Brillouin zone.

d(O) X 40

CaCO& by fitting a point-charge model to structural, elas-
tic, and vibrational experimental data. ' A potential-
energy function consisting of a Born-Mayer two-body
term (with zc, =2 ~e ~, zo variable, and zc constrained by
electroneutrality) plus a three-body harmonic angular
0-C-0 term was used. The optimized charges were
zo= —0.995 and zc=0.985 ~e~ for a rigid-ion model,
and zo= —1.095 and zc=1.285 ~e~ for a shell model.
The agreement with the present results is striking, sug-
gesting a sound physical basis for the point-charge ap-
proximation in ionic-molecular solids.

The electron band structure was calculated along the
threefold and one of the twofold axes in the first Brillouin
zone (I -2 and A Hlines, respectiv-ely). In Fig. 6 a por-
tion corresponding to the upper set of valence bands, just
below the Fermi energy, is shown. The high-order degen-
eracy at the 3 point, and the partial removing of degen-

TABLE V. Mulliken charges and bond populations (lel
units) for individual atoms and for atomic pair overlap in

MgCO3 ~
s(O)

1s
2$p
3sp
4sp
d
total
net charge z

Mg

2.000
6.456
1.448
0.327
0.019

10.250
+ 1.750

0
1.997
2.704
2.471
1.791
0.023
8.986

—0.986

1.997
1.671
0.944

0.180
4.793

+ 1.207
-0.75

p(c)

s(C)

p(Mg)X 40

-0.65 -0.55

Energy (a.U. )

-0.45
EF

total

Mg-0

+0.029

O-O

—0.065

C-0

+0.389

FIG. 7. Total and projected densities of states (DOS) of
MgCO3. A Mulliken partition scheme was used to obtain atom-
ic orbital contributions.
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Q
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FIG. 8. Total electron-density map on the plane of the CO3
molecular unit. Contour lines are separated by 0.025 e bohr

FIG. 10. Difference map between the electron densities com-
puted with and without d orbitals, on the plane of the CO3
group. Symbols and scale as in Fig. 9.

cracy along the I -2 with respect to the 3-H path ap-
pears clearly. The computed energy gap amounts to 0.64
hartree; this value should be a substantial overestimate,
as usual for Hartree-Fock calculations, but is consistent
with the insulating nature of the MgCO3 crystal. A more
complete picture of the electron energy distribution is
given by the density of states (DOS), reported in Fig. 7
for the same energy range considered in Fig. 6. In partic-
ular, by projecting the total DOS onto contributions of
specific atomic orbitals, it is possible to interpret the band

structure of valence electrons. All three upper bands,
starting from the Fermi energy downwards, are contrib-
uted by the p orbitals of 0, plus s(O) and p(C) in the
second band and s(O) and s(C) in the third one. Thus the
first band is related to excess p electrons on 0 giving rise
to the mainly ionic interaction with Mg. The second
band, on the other hand, and to a lesser extent the third
one as well, correspond to sp overlap in the C-O covalent
bonding. This finely structured DOS of magnesite should
be compared to the much simpler ones found for MgO
and MgF2, where the upper valence band gives a single
sharp peak due to p(O) or p(F) electrons only.

FIG. 9. Difference (crystal minus atomic superposition)
electron-density map on the plane of the CO3 molecular unit.
Continuous, dashed-dotted, and dashed lines indicate positive,
zero, and negative values, respectively. Isodensity curves are
separated by 0.005 e bohr

FIG. 11. Total electron density map on the plane 1-2-3-4 in
Fig. 1, showing the coordination environment of the O atom.
The separation between isodensity curves is 0.025 e bohr
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ELECTRON CHARGE DENSITY

The steric and anisotropic character of chemical bond-
ing in magnesite is well represented by maps of total and
difference (between crystal and atomic superposition)
electron density. Results of this computation on the
plane of the C03 group are shown in Figs. 8 and 9. The
deformation of 0 atoms from spherical shape can be no-
ticed even in the total map, but is very evident from the
difference density. Three main features appear in Fig. 9:
the buildup of bonding electron density along the C-0
directions, the peculiar two-lobe shape of charge distribu-
tion around the 0 atoms, and the withdrawal of electrons
from the angular sectors between C-0 directions. These
results are fully confirmed by inspection of the deforma-
tion density map computed as the difference between
experimental x-ray data and data calculated by spherical
atomic scattering factors. Similar features are also ob-
served in a difference density map computed for the iso-
lated C03 ion, starting from 4-31G basis sets. Thus
the two-lobe shape of the extra electron charge on the ox-
ygen atoms should not be ascribed to intermolecular in-
teractions in the crystal, but rather to the bonding pat-
tern of the carbonate ion. In Fig. 10, a picture is shown
of the effect of d orbitals on the charge density of the C03
group. They appear to contribute substantially to the
C-0 covalent bonding density, thus giving rise to C-0
bond shortening. Also, the electron cloud around the
whole carbonate ion contracts significantly, explaining
the decrease of intermolecular repulsion and shortening
of the a cell edge, as discussed above.

Charge-density maps (Figs. 11 and 12) were also calcu-
lated on the plane determined by atoms 1, 2, and 3 in Fig.
1, in order to show bonding features in the coordination
shell of the 0 atom. The latter is ionically bonded to two
Mg atoms, and attains, with the covalent C-0 bond, a
planar triangular coordination. The total map (Fig. 11)
shows a small but significant electron-density buildup
along the Mg-0 direction, indicating a covalent contribu-
tion to the bonding, consistently with the Mulliken popu-
lation analysis discussed above.
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FIG. 12. Difference electron-density map (crystal minus
atomic superposition) on the same plane as Fig. 11. Symbols
and scale as in Fig. 9.

studied by ab initio Hartree-Fock techniques. The co-
valent bonding inside C03 molecular units and the pre-
valently ionic Mg-0 interaction have been fully charac-
terized: a non-negligible electron transfer between Mg +

and C03 ions, rejecting partial covalency between these
two entities, appears. A detailed picture of structural re-
laxation as a function of volume has been established, in
very good agreement with experimental data at room
pressure. These results, together with the evaluation of
some relevant elastic properties, allow the prediction of
the static equation of state at the athermal limit from
first-principles quantum calculations for a ternary solid of
significant chemical and structural complexity.
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