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Atomic and electronic structures of CaCO3 surfaces
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The atomic structures and electronic states of CaCO3 surfaces in calcite and aragonite polymorph are
theoretically investigated by performing electronic structure calculations within the density-functional theory.
The calculated surface energies demonstrate that in both calcite and aragonite structures the surfaces, containing
the same number of Ca atoms as CaCO3 groups around the top layer, are stabilized irrespective of the chemical
potentials of constituting elements. The analysis of the electronic structures clarifies that the transfer of electrons
between 4s orbitals of Ca atoms into 2p orbitals of O atoms, which are located near the surface, is crucial for
the stabilization. Furthermore, we find the surface states caused by 2p orbitals of the O atoms in triangular
CO2−

3 located at the top or second layer appear above the valence band maximum of bulk CaCO3, leading to the
reduction of C-O bonds of carbonate groups near the surfaces. The emergence of these surface states implies a
possibility to identify the atomic structures by spectroscopic measurements.
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I. INTRODUCTION

Calcium carbonate (CaCO3) is one of the most abundant
minerals and continues to attract much interest both from
scientific and technological viewpoints. CaCO3 has a potential
for the application of surface interactions with heavy metals,1

industrial water treatment,2 and energy storage.3 Among
several polymorphs of calcium carbonate, calcite and aragonite
are the most important crystalline forms. The most stable form
at room temperature and atmospheric pressure is calcite, which
has a rhombohedral crystal structure with space group R3̄c.
Aragonite, which is composed by biogenic environments, has
an orthorhombic crystal structure with space group Pmcn and
is metastable. These CaCO3 polymorphs have been the subject
of extensive experimental and theoretical research.

Knowledge of CaCO3 surface also facilitate a more rigorous
understanding of dynamic processes during the growth of
CaCO3 and is therefore important for a wide range of
applications. The structure of calcite surface has been studied
by a variety of experimental methods. Hence, the nucleation
under compressed Langmuir monolayers of calcite has been
observed by the scanning electron microscopy (SEM).4 The
scanning force microscopy observation have examined the
optical quality of calcite cleavage {101̄4} surface and revealed
the formation of hillocks and holes on terraces and cleavage
steps.5 The cleavage {101̄4} surface has also been investigated
by the atomic force microscopy (AFM) and their atomic scale
images are interpreted in terms of the top-lying surface oxygen
atoms.6–9 X-ray diffraction have been used to measure the
lattice locations of atoms within and at the surface of {101̄4}
plane.10,11 Moreover, structure and bonding environments at
the calcite surface have been examined by x-ray photoelectron
spectroscopy and low-energy electron diffraction (LEED).12

Although experimental studies for aragonite surfaces are
relatively poor compared with those of calcite surfaces, the
structure and nucleation of aragonite have been observed by
the SEM4,13,14 and transmission-electron microscopy.4

In order to clarify the structures and stability of CaCO3

surfaces, there have been performed several theoretical cal-
culations. As for calcite {101̄4} plane, which is experi-
mentally dominant surface, the surface energy containing

both Ca ions and CO3 groups obtained by empirical inter-
atomic potentials15–18 and density-functional theory (DFT)
calculations19,20 has the lowest value among various ori-
entations. Both empirical interatomic potentials and DFT
calculations have also been performed to calculate the sur-
face energy of calcite {011̄2} surface with different surface
termination and clarified that the surface terminated by 0.5
coverage of Ca (θCa = 0.5) is the most stable.17,21 However,
the relative stability among different surface termination and
effects of the growth conditions on the stability is still unclear.
Furthermore, little is known about electronic structures of
these surfaces. In the case of aragonite surfaces, there are few
theoretical calculations for their atomic and electronic struc-
tures. Although surface energies of experimentally observed
planes, such as {010}, {001}, and {110} surfaces,4,13,14,22,23

have been calculated using empirical interatomic potential,15

the energetics among the surfaces with different termination,
detailed atomic arrangements, and their electronic structures
are unknown at the present stage.

In this paper, we systematically investigate atomic struc-
tures and electronic states of various CaCO3 surfaces using the
electronic structure calculations within the density-functional
theory. The calculated results provide detailed atomic struc-
tures, surface stoichiometries, the stability among various
surface structures as a function of chemical potentials of
constituting elements, and the electronic structures. Effects of
charge transfer between Ca atoms and carbonate groups on the
stability of CaCO3 surfaces are also discussed in terms of their
electronic structures. In Sec. II, we describe our methodology,
and Sec. III contains the main results and discussion for atomic
and electronic structures of calcite and aragonite surfaces.
Section IV summarizes our findings.

II. COMPUTATIONAL DETAILS

Total energy calculations are performed within the
framework of DFT24,25 with the generalized gradient
approximation.26 We employ ultrasoft pseudopotentials
to simulate nuclei and core electrons.27 To generate
pseudopotentials, 2s and 2p electrons in O and N atoms
are treated as valence orbital, and 3s, 3p, and 4s orbitals of
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TABLE I. Calculated lattice parameters and energy gap Eg of
CaCO3 calcite and aragonite in the bulk phase, along with the
corresponding experimental values.31–33 Note that calcite has a
rhombohedral crystal structure with space group R3̄c, which satisfies
a = b. To our knowledge, there is no experimental data available for
the energy gap of aragonite.

Polymorph a (Å) b (Å) c (Å) Eg (eV)

Calc. calcite 5.039 5.039 17.456 5.06
aragonite 5.112 8.230 5.915 4.24

Expt. calcitea 4.991 4.991 17.062 6.0 ± 0.35
aragoniteb 4.962 7.969 5.743

aReferences 31 and 32.
bReference 33.

Ca atom are regarded as valence electrons. The conjugate
gradient technique28–30 is utilized for both electronic structure
calculation and geometry optimization. In the optimized
geometries, the remaining forces acting on the atoms are
less than 5.0 × 10−3 Ry/Å. The valence wave functions are
expanded by the plane-wave basis set with a cutoff energy
of 25 Ry. Prior to the calculations of CaCO3 surfaces, we
examine structural and electronic properties of CaCO3 in the
bulk phase. Table I shows the calculated lattice parameters
and energy gap of calcite and aragonite structures, along with
those in the experiments.31–33 The differences between the
calculated lattice parameters and corresponding experimental
values are within +2.2 and +3.3% for calcite and aragonite,
respectively, which are comparable to those in the previous
calculations.34–38 The calculated C-O bond lengths are ranging
1.30−1.31 Å, which are almost identical to those obtained in
the previous calculations.35,38 The calculated energy gaps of
calcite and aragonite (5.11 and 4.24 eV, respectively) agree
well with those obtained in the previous studies.34,35,38 The
calculated energy gap of calcite is found to be 16% smaller
than that in the experiment (6.0 eV),32 which is a typical DFT
underestimation of the experimental value.

CaCO3 surfaces are simulated by repeating slab models
with the ∼9 Å vacuum region which is enough to obtain
accurate surface energies. The surfaces are constructed by five
bilayers and four trilayers for calcite and aragonite surfaces,
respectively.39 All the atoms excepting those belonging to
central bilayer and trilayer in the slab of calcite and arag-
onite, respectively, are fully relaxed. The calculated lattice
parameters shown in Table I are used to generate the unit cells
parallel to the surfaces. We use eight k points sampling for the
1 × 1 surface unit, which provides sufficient accuracy in the
total energy. Both sides of the slab are identical and inversion
symmetry is maintained. The macroscopic dipole is removed
and the neutrality of the simulation cell is ensured by two
equivalent surfaces on the opposite sides of the slab.

The relative stability among various surface structures is
evaluated by the surface energy. The surface energy Esurf is
the energy cost to form the surface, which is defined as

Esurf = Etot − nCaμCa − nCμC − nOμO, (1)

where Etot is the total energy in the slab, μα is the chemical of
potential of α species, and nα is the number of α atoms. Here,

we assume that the surface is in equilibrium with bulk CaCO3

expressed as

μbulk
CaCO3

= μCa + μC + 3μO, (2)

where μbulk
CaCO3

is the chemical potential of bulk CaCO3. Each
CO3 group can be assumed as a rigid unit and the reconstruc-
tion can be formed by Ca atoms and CO3 groups, leading to
the relationship 3nC = nO. Owing to these assumptions, the
surface energy Esurf is calculated as a function of μCa written
as

Esurf = Etot − (nCa − nC)μCa − nCμbulk
CaCO3

. (3)

The chemical potential of Ca varies depending on experi-
mental environments, so that the surface energy can be varied
by the environments. Moreover, there are upper and lower
limits in the chemical potential. The upper limit of μCa is
the chemical potential of bulk Ca (μbulk

Ca ), since μCa larger
than this value results in the formation of bulk Ca, which
corresponds to the segregation of Ca metal from CaCO3.
According to the relationship expressed by Eq. (2), the lower
limit of μCa corresponds to the upper limits of μC and
μO. These upper limits can be obtained by considering the
vaporization as CO2 and O2 molecules. Therefore μCa can
vary in the thermodynamically allowed range μbulk

Ca + �Hf

� μCa � μbulk
Ca . The heat of formation �Hf is defined as

�Hf = Ebulk
CaCO3

− ECO2 − 1
2EO2 − Ebulk

Ca , (4)

where Ebulk
CaCO3

, ECO2 , EO2 , and Ebulk
Ca are the total energies of

CaCO3 in the bulk phase, a CO2 molecule, an O2 molecule,
and Ca in the bulk phase (face-centered-cubic structure), each
of which is calculated independently. The calculated values
of �Hf for calcite and aragonite in this study are −6.93
and −6.90 eV (−11.10 × 10−19 and −11.05 × 10−19 J),
respectively.

III. RESULTS AND DISCUSSION

A. Calcite {101̄4} surface

The {101̄4} planes is frequently observed and dominate the
morphology of calcite crystal. Each layer in the 1 × 1 unit
cell is constructed of two Ca atoms and two CO3 groups
satisfying θCa = θCO3 = 1. Due to this layer unit, we can
consider the surface with different termination of CaCO3

satisfying (θCa,θCO3 ) = (0,1), (1, 0), (0.5, 1), (1, 0.5), and (0.5,
0.5) by removing Ca atoms or CO3 groups in the 1 × 1 lateral
periodicity. The surface energies of five distinctive structures
with the 1 × 1 lateral periodicity are calculated in this study.
In order to find the stability of the 2 × 1 reconstruction,
which has been observed in the AFM7,9 and LEED,12 we
perform the calculations for the 2 × 1 reconstruction caused
by height deviation of the protruding O atoms in CO3 groups
along the [0100] direction. The calculations for the c(2 × 2)
surfaces with (θCa,θCO3 ) = (0,1) and (1, 0) are also performed
to clarify effects of two-dimensional symmetry on the stability
of {101̄4} surface. Figure 1 shows the calculated surface
energies of calcite {101̄4} surface as a function of Ca chemical
potential. The surfaces with θCa = θCO3 = 1 have low surface
energies for the possible range of Ca chemical potential.
The surface energies of θCa = θCO3 = 1 with the 1 × 1 and
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FIG. 1. (Color online) Calculated surface energy Esurf (in J/m2)
of calcite {101̄4} surface as a function of Ca chemical potential
μCa. The left and right (vertical) dashed lines correspond to Ca-poor
(lower limit of μCa) and Ca-rich (upper limit of μCa) environments,
respectively.

2 × 1 reconstructions (0.51 and 0.52 J/m2, respectively) are
irrespective of Ca chemical potential and agree well with those
obtained in the previous calculations.15–20 The surface energy
of other structure is higher than that for θCa = θCO3 = 1 with
the 1 × 1 reconstruction by more than 0.26 J/m2, even though
Ca-rich (θCa = 0.5) and CO3-rich (θCO3 = 0.5) surfaces have
low energies under Ca-rich and Ca-poor conditions, respec-
tively. The calculated results thus suggest that the {101̄4}
plane experimentally observed corresponds to the surface with
θCa = θCO3 = 1. The surface energy of θCa = θCO3 = 1 with
the 2 × 1 reconstruction is found to be higher than that with
the 1 × 1 reconstruction by only 0.01 J/m2. The formation
of cleavage steps which occasionally appear on the {101̄4}
surface could change the relative stability between the 1 × 1
and 2 × 1 reconstructions. It should be noted that the energies
of the 1 × 1 surface with θCa = 0.5 and θCO3 = 0.5 are lower
than their counterparts with the c(2 × 2) periodicity, but the
energy differences are small (∼0.11 J/m2). We thus expect
that the effects of two-dimensional symmetry on the surface
energy is negligible on the {101̄4} plane.

Figure 2 depicts the optimized geometry of the stable
{101̄4}-(1 × 1) surface with θCa = θCO3 = 1 obtained in the
present calculation. The overall features of its atomic con-
figuration are substantially the same as that in the previous
calculations.15 Even though there are two differently oriented
CO3 groups at the top layer, the outermost atoms consist of
oxygen atoms of carbonate groups, consistent with the AFM
observations.6–9 We find that the spacing between the first
and second layer (3.15 Å) is only ∼3% reduced compared to
the layer spacing in the bulk calcite. Accordingly, the energy
gain caused by the atomic relaxation (0.08 J/m2) is small
compared to the surface energy itself. It is thus concluded that

FIG. 2. (Color online) (a) Top and (b) side views of the optimized
geometry of the stable calcite {101̄4}-(1 × 1) surface with θCa =
θCO3 = 1. Green, gray, and red circles represent calcium, carbon,
and oxygen atoms, respectively. The unit cell of slab is enclosed
by solid lines. Isosurface of squared wave function of the occupied
surface state (0.005 electron/Å3) at � point, which is located at
0.4 eV above the valence band maximum of bulk CaCO3, is also
shown. Top view shows only outermost Ca atoms and CO3 groups,
and the wave function around these atoms.

the atomic relaxation in the lateral plane is minor contribution
to the stability. Another prominent feature of the stable surface
obtained by the calculations is the C-O bond length at the
top layer. The outermost C-O bond lengths of CO3 groups in
the top layer (1.27 Å) are shorter than those of bulk calcite,
whereas the other bond lengths of top layer CO3 groups
(1.30–1.31 Å) have similar values to those in the bulk region.
This implies that there exist surface states that result in the
reduction of the C-O bond lengths at the top layer.

Figure 3 shows calculated energy band of the stable surface.
The valence bands of bulk CaCO3 near the Fermi energy have
a character of oxygen 2p orbitals, while the conduction bands
of bulk CaCO3 near the Fermi energy consist of carbon 2p

orbitals and those above 6 eV are originating from Ca 4s

orbitals. In the case of the stable surface on {101̄4} plane, the
energy band clearly shows a semiconducting character. On the
other hands, the energy bands of the other surfaces exhibit
metallic nature in which the highest occupied and lowest
unoccupied states correspond to 2p orbitals of C and O atoms
for Ca-rich and CO3-rich (Ca-poor) surfaces, respectively. This
implies that at the top layer of the stable surface 4s electrons
of the Ca atoms are completely transferred into 2p orbitals
of the O atoms of CO3 groups. Therefore the stabilization of
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FIG. 3. (Color online) Energy band structures of the stable calcite
{101̄4}-(1 × 1) surface with θCa = θCO3 = 1. The occupied surface
state is represented by green (dashed) lines. The Fermi energy is set
to the origin of energy.

the surface with θCa = θCO3 = 1 can be interpreted in terms of
the electron counting model,40 which successfully explains the
stability of semiconductor surfaces. Another important feature
of the energy band is the emergence of surface states. We find
that the completely occupied surface states emphasized by
green (dashed) lines in Fig. 3 are located above the valence
band maximum of bulk CaCO3. Our analysis of corresponding
Kohn-Sham orbitals shown in Fig. 2 clearly shows that these
states possess the character of 2p orbitals of the O atoms
located at the top layer. These surface states are lifted up from
corresponding valence bands by ∼0.4 eV, since no Ca atoms,
which are positively charged, are coordinated above the top
layer. We expect that these surface states can be identified by
spectroscopic measurements.

B. Calcite {011̄2} surface

The {011̄2} planes is also observed and dominate the mor-
phology of calcite crystal. The ideal {011̄2} plane composed
of alternating layers of Ca ions and CO3 groups each of which
is constructed of two Ca atoms and CO3 groups, respectively.
Therefore depending on the coverage of Ca and CO3, there
are four distinctive ways of surface termination of CaCO3 in
the 1 × 1 lateral periodicity, and these surface terminations
can be constructed by removing or attaching Ca atoms and
CO3 groups with each other. Moreover, there are different
ways of removal of surface atoms, which form the c(2 × 2)
lateral periodicity. In order to find effects of two-dimensional
symmetry on the stability of surface, we furthermore perform
calculations for the c(2 × 2) surfaces with θCa = 0.5 and
θCO3 = 0.5. The calculated surface energies of calcite {011̄2}
surface as a function of Ca chemical potential shown in
Fig. 4 indicate that the surface energies for θCO3 = 0.5
have lower values irrespective of Ca chemical potentials. In
particular, the energy of the 1 × 1 surface satisfying θCO3 = 0.5
has the lowest surface energy over the entire range of Ca
chemical potential. The calculated surface energy (0.72 J/m2)
agrees with the value in previous first-principles calculation.21

The surface energy of the other structure is higher than that

FIG. 4. (Color online) Calculated surface energy Esurf (in J/m2)
of calcite {011̄2} surface as a function of Ca chemical potential μCa.
The notation is the same as in Fig. 1.

for θCO3 = 0.5 by more than 0.19 J/m2. Therefore it is likely
that the {011̄2} plane experimentally observed corresponds
to the surface with θCO3 = 0.5. Similar to the case of {101̄4}
surface, the energy difference between the 1 × 1 and c(2 × 2)
surfaces are found to be small (∼0.02 J/m2). The effects
of two-dimensional symmetry on the surface energy is thus
expected to be negligible on the {011̄2} plane.

Figure 5 depicts the optimized geometry of the stable
{011̄2}-(1 × 1) surface with θCO3 = 0.5 obtained in the present
calculation. One of prominent features of the surface relaxation
different from that on the {101̄4} surface is the contraction of
the spacing between the top layer CO3 groups and the second
Ca layer. The space is found to be reduced by 35% compared
to that in the bulk phase. In particular, the CO3 groups at the
top layer are rotated and their triangulars are aligned almost
parallel to the {011̄2} plane. Accordingly, the contribution of
surface relaxation on the surface energy (0.39 J/m2) is of
significance on the {011̄2} surface. These results are consistent
with those in the previous calculations.21 Similar to the {101̄4}
surface, we find that the outmost C-O bond lengths of CO3

groups in the top layer (1.28 Å) is shorter than those in the
bulk region. This also implies that the presence of surface
states that result in the reduction of the C-O bond lengths at
the top layer.

Indeed, we find the surface states caused by the CO3 groups
at the top layer as shown in Fig. 6. The energy band of the stable
{011̄2} surface with θCO3 = 0.5 shown in Fig. 6 clearly shows
a semiconducting electronic structure similar to that of the
stable {101̄4} surface. This is originating from the transfer of
4s electrons of the Ca atoms in the second layer into 2s orbitals
of the O atoms in CO3 group at the top layer. The completely
occupied surface states emphasized by green (dashed) lines in
Fig. 6 are found to be located ∼0.8 eV above the valence band
maximum of bulk CaCO3, and the wave-function distribution
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FIG. 5. (Color online) (a) Top and (b) side views of the optimized
geometry of the stable calcite {011̄2}-(1 × 1) surface with θCO3 = 0.5.
The notation is the same as in Fig. 2. Isosurface of squared wave
function for the occupied surface state (0.005 electron/Å3) at � point
which is located at 0.8 eV above the valence band maximum of bulk
CaCO3, is also shown.

of corresponding Kohn-Sham orbitals shown in Fig. 5 clearly
indicates that these states possess the character of 2p orbitals
of the O atoms located at the top layer. Due to the absence of
positively charged Ca ions above the top layer, these surface
states are lifted up from the corresponding valence bands.

C. Aragonite {001} surface

For aragonite {001} surface,41 there is a layer unit consisting
of three atomic layers along the [001] direction. Therefore, the
layer unit in the 1 × 1 lateral unit of the {001} surface consists
of two CO3 layers each of which is constructed of one CO3

group, and a Ca layer constructed of two Ca atoms. Due to
this layer unit, there are three distinctive ways of termination
of CaCO3 in which the coverage of these surfaces satisfies
either θCa = 1, θCO3 = 0.5, or θCO3 = 1. By removing one
Ca atom in the in the 1 × 1 lateral unit at θCa = 1, we can
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FIG. 6. (Color online) Energy band structures of the stable calcite
{011̄2}-(1 × 1) surface with θCO3 = 0.5. The notation is the same as
in Fig. 3.

construct both 1 × 1 and c(2 × 2) surfaces with θCa = 0.5.
We thus consider five distinctive structures on the {001}
surface in the present study. Figure 7 shows the calculated
surface energies of aragonite {001} surface as a function of Ca
chemical potential. The surface satisfying θCO3 = 0.5 has the
lowest surface energy for the possible range of Ca chemical
potential. However, the calculated surface energy of 0.57 J/m2

is lower than those in previous calculation (0.85 J/m2).15 The
difference between present DFT calculation and the empirical
potential calculation might be due to the effect of dipole
moments, which are locally formed between CO2−

3 in the
top layer and Ca2+ in the second layer. The surface energy
of other structure is higher than that for θCO3 = 0.5 by more
than 0.16 J/m2, even though the surfaces satisfying θCa = 1

FIG. 7. (Color online) Calculated surface energy Esurf (in J/m2)
of aragonite {001} surface as a function of Ca chemical potential μCa.
The notation is the same as in Fig. 1.
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FIG. 8. (Color online) (a) Top and (b) side views of the optimized
geometry of the stable aragonite {001}-(1 × 1) surface with θCO3 =
0.5. The notation is the same as in Fig. 2. Isosurface of squared wave
function for the occupied surface state (0.002 electron/Å3) at � point,
which is located at 0.6 eV above the valence band maximum of bulk
CaCO3, is also shown.

and θCO3 = 1 have low surface energies under Ca-rich and
Ca-poor conditions, respectively. Therefore the {001} plane
experimentally observed is considered to be CO3-terminated
surface with θCO3 = 0.5. It should be noted that the c(2 × 2)
surface with θCa = 0.5 is energetically favorable compared to
that with the 1 × 1 periodicity. Although these surfaces are
metastable over the entire range of Ca chemical potential, two
dimensional symmetry of CO3 at the top layer might be crucial
for the stability of aragonite {001} surface.

The calculated geometry after atomic relaxation of the
{001} surface with θCO3 = 0.5 is shown in Fig. 8. There is a
negligible change in the atomic configurations near the surface.
We find that the spacing between the top and second layers
(0.91 Å) is only ∼1% shorter than the spacing along the [001]
direction in the bulk aragonite. Accordingly, the energy gain
caused by the relaxation (0.13 J/m2) is much smaller than
the surface energy itself. It is thus concluded that the atomic
relaxation in the lateral plane is a minor contribution to the
stability of {001} surface. Similar to the case of calcite surfaces,
the outermost C-O bond lengths in CO3 groups at the top layer
(1.29 Å) are found to be slightly shorter than those in the bulk
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FIG. 9. (Color online) Energy band structures of the stable
aragonite {001}-(1 × 1) surface with θCO3 = 0.5. The notation is the
same as in Fig. 3.

region. As a result, there exist surface states leading to the
reduction of the C-O bond lengths at the top layer.

Figure 9 shows calculated energy band of the stable {001}-
(1 × 1) surface with θCO3 = 0.5. This energy band clearly
shows a character of semiconducting surface, indicating that
4s electrons of the Ca atoms located in the second layer are
transferred into 2s orbitals of the O atoms in CO3 group at
the top layer. The stabilization of the surface with θCO3 = 0.5
can be interpreted in terms of the electron counting model.40

Furthermore, we find that the completely occupied surface
states emphasized by green (dashed) lines in Fig. 9 are located
above the valence band maximum of bulk CaCO3. Our analysis
of corresponding Kohn-Sham orbitals shown in Fig. 8 clearly
shows that these states possess the character of 2p orbitals of
O atoms located at the top layer. These surface states are lifted
up from corresponding valence bands by ∼0.6 eV since no Ca
atoms which are positively charged are coordinated above the
top layer. The reduction of outermost C-O bond in CO3 groups
at the top layer can be attributed to these surface states.

D. Aragonite {010} and {110} surfaces

There is a layer unit consisting of four atomic layers along
both the [010] and [1̄10] directions for aragonite {010} and
{110} surfaces, respectively. This layer in the 1 × 1 lateral
unit consists of two CO3 layers each of which are constructed
of one CO3 group, and two Ca layers each of which are of
one Ca atom. Therefore in both {010} and {110} orientations
there are four distinctive ways of termination of CaCO3 whose
coverage are either 0.5 or 1. We obtain similar surface energies
with each other on these orientations since the triangular planes
of CO3 groups are aligned normal to the surface in both {010}
and {110} surfaces. Figure 10 shows the surface energies
of {010} and {110} surfaces as a function of Ca chemical
potential. In these orientations, the surfaces satisfying θCa =
0.5 have the lowest surface energy for the possible range of
Ca chemical potential. The stable atomic configurations on
these orientations is different from those on the {001} surface.
The surfaces Ca-terminated and CO3-terminaed surfaces with
θCa = 1 and θCO3 = 1 have higher surface energies, indicating
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FIG. 10. (Color online) Calculated surface energy Esurf (in J/m2)
of aragonite (a) {010} and (b) {110} surface as a function of Ca
chemical potential μCa. The notation is the same as in Fig. 1.

that they are always metastable. It is thus likely that the {010}
and {110} surfaces experimentally observed corresponds to the
surfaces satisfying θCa = 0.5. The calculated energies of these
surfaces (0.73 and 0.64 J/m2 for {010} and {110} surfaces,
respectively) are lower than those in the previous calculation
(0.96 and 0.88 and J/m2 for {010} and {110} surfaces,15

respectively). As mentioned above, the difference between
present DFT calculation and the empirical potential calculation
might be due to the effect of dipole moments, which are locally
formed between Ca2+ in the top layer and CO2−

3 in the second
layer.

FIG. 11. (Color online) (a) Top and (b) side views of the
optimized geometry of the stable aragonite {010} surface with
θCa = 0.5. The notation is the same as in Fig. 2. Isosurface of squared
wave function for the occupied surface state (0.005 electron/Å3) at
� point, which is located at 0.3 eV above the valence band maximum
of bulk CaCO3, is also shown.

The calculated geometries after atomic relaxation of the
{010} and {110} surfaces with θCa = 0.5 are shown in Figs. 11
and 12, respectively. One of the prominent features of these
surfaces different from those of the stable {001} surface is
the termination of CaCO3. The top layer of these surfaces in
the 1 × 1 unit is constructed of one Ca atom. In contrast to the
{001} surface, we find a contraction of the spacing between
the top Ca and the second CO3 layers. These Ca atoms moves
toward bulk region by 0.30–0.31 Å and the spaces are found to
be reduced by 30 and 15% compared to those in the bulk phase
on {010} and {110} surfaces, respectively. Furthermore, the
outermost O atom of CO3 in the second layer moves along the
[001] and [100] directions by 0.15–0.16 Å toward the Ca atom
at the top layer on {010} and {110} surfaces, respectively. As
a result of these atomic relaxation, the contribution of surface
relaxation (∼0.28 J/m2) on the surface energy in {010} and
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FIG. 12. (Color online) (a) Top and (b) side views of the
optimized geometry of the stable aragonite {110} surface with
θCa = 0.5. The notation is the same as in Fig. 2. Isosurface of squared
wave function for the occupied surface state (0.004 electron/Å3) at
� point, which is located at 0.2 eV above the valence band maximum
of bulk CaCO3, is also shown.

{110} surfaces is relatively large compared to that in the {001}
surface. It is thus concluded that the atomic relaxation in the
lateral plane play a role on the stability of these surfaces.
Even though outermost CO3 groups are located in the second
layer, the outermost C-O bond lengths in these CO3 groups
(1.29 and 1.27 Å for {010} and {110} surfaces, respectively)
are still shorter than those in bulk aragonite. This implies the
appearance of surface states which cause the difference in the
C-O bond lengths at the second layer.

Similarity in the energy band between the {010} and {110}
surfaces can also be recognized, as shown in Fig. 13. The
energy bands of these surfaces clearly show a character of
semiconducting surface. This is originating from the transfer
of electrons between 4s electrons of the Ca atoms at the top
layer and 2s orbitals of the O atoms in CO3 group located
at the second layer. The stabilization of the surface with
θCa = 0.5 can be interpreted in terms of the electron counting
model.40 We also find that the completely occupied surface
states emphasized by green (dashed) lines in Figs. 13(a) and
13(b) for the {010} and {110} surfaces, respectively, are located
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FIG. 13. (Color online) Energy band structures of the stable
aragonite (a) {010} and (b) {110} surfaces with θCa = 0.5. The
notation is the same as in Fig. 3.

above the valence band maximum of bulk CaCO3. Similar to
the case of {001} surface, these states possess the character of
2p orbitals of O atoms located at the second layer as shown
in Figs. 11 and 12 for {010} and {110} surfaces, respectively.
These surface states are lifted up from corresponding valence
bands by ∼0.3 and ∼0.2 eV for {010} and {110} surfaces,
respectively. The energy shift are smaller than that on {001}
surface since negatively charged CO3 groups are coordinated
in the second layer. However, less Ca atoms which are
positively charged still exist above the second layer. Owing
to this atomic configuration, these surface states are lifted up
from corresponding valence bands, leading to the reduction of
outermost C-O bond in CO3 groups in the second layer.

E. Surface energies

Table II summarizes the calculated surface energies of the
stable surfaces for various orientations, along with those ob-
tained by previous calculations. Since these surfaces maintain
the stoichiometry of bulk CaCO3, their surface energies are
irrespective of the chemical potential of constituting elements.
The stability of these surfaces is thus determined in terms
of the surface energy over the wide range of crystal growth
conditions. For calcite surfaces, the {101̄4} surface with
θCa = θCO3 = 1 has the lowest surface energy, and its surface
energy (0.51 J/m2) is much lower than the other one by
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TABLE II. Calculated surface energy Esurf of the stable CaCO3 surfaces for various orientations, along with those in the previous empirical
potential and density-functional theory (DFT) calculations.15–21

Polymorph Orientation θCa/θCO3 Esurf (J/m2) Authors Calculation method

calcite {101̄4} θCa = θCO3 = 1 0.51 This work DFT
0.59 de Leeuw and Parkera empirical potential
0.57 Nygren et al.b empirical potential
0.60 Duffy and Hardingc empirical potential
0.53 Rohl et al.d empirical potential
0.42 Parker et al.e DFT
0.50 Bruno et al.f DFT

{011̄2} θCa = 0.5 0.89 This work DFT
1.25 Duffy and Hardingc empirical potential
1.06 Bruno et al.f DFT

{011̄2} θCO3 = 0.5 0.72 This work
1.06 Duffy and Hardingc empirical potential
0.75 Bruno et al.f DFT

aragonite {001} θCa = 0.5 0.89 This work DFT
1.05 de Leeuw and Parkera empirical potential

{001} θCO3 = 0.5 0.58 This work DFT
0.85 de Leeuw and Parkera empirical potential

{010} θCa = 0.5 0.73 This work DFT
0.96 de Leeuw and Parkera empirical potential

{010} θCO3 = 0.5 0.84 This work DFT
1.50 de Leeuw and Parkera empirical potential

{110} θCa = 0.5 0.64 This work DFT
0.88 de Leeuw and Parkera empirical potential

{110} θCO3 = 0.5 0.73 This work DFT
1.04 de Leeuw and Parkera empirical potential

aReference 15.
bReference 16.
cReference 17.
dReference 18.
eReference 19.
fReference 20.

more than 0.21 J/m2. This implies that the {101̄4} surface
is the most stable surface among various orientations and
is dominant during the growth and equilibrium morphology
of calcite crystal. The stability of calcite surfaces is thus
consistent with the experimental findings.2 Among various
orientations in aragonite surfaces, the {001} surface with
θCO3 = 0.5 has the lowest surface energy. The the {110} surface
with θCa = 0.5 has low surface energy (0.64 J/m2) close to that
of the {001} surface with θCO3 = 0.5. Therefore it is likely that
these surfaces are stable and dominant in the experimental
morphology of aragonite crystal. Actually, the plausibility
of the stable {001} surface obtained from our calculations is
consistent with the observation of {001} surface under biogenic
environments,14 and that of some planes whose angle and
positions could be assigned to the {001} surface.23 The stability
of {110} surface is also consistent with the emergence of
{110} orientation in the experimental morphology of aragonite
crystal.22

IV. SUMMARY

We have investigated the structural stability and electronic
structure of CaCO3 surfaces in calcite and aragonite poly-

morphs using the electronic structure calculations within the
density-functional theory. Each plane has several distinctive
surface terminations. We have performed systematic calcu-
lations to reveal surface atomic relaxation, surface energies,
and electronic structures. We have found that in both calcite
and aragonite surfaces the surfaces with the same number of
Ca atoms as CaCO3 groups have the lowest surface energy
over the wide range of Ca chemical potential. Detailed atomic
structures of each surface has been obtained, which is imper-
ative for atom-scale clarification of reaction of the surfaces.
The electronic states of each plane have been calculated in
detail. The surface states located above the valence band
maximum result in the reduction of C-O bonds in carbonate
groups at the top or second layer, and offer a possibility
to identify the atomic structures by spectroscopic measure-
ments. The determination of atomic arrangements, along
with the corresponding surface electronic states, has been
interpreted in terms of their ionicity, metalicity, and covalency.
This would give several insights to atom-scale quantitative
identification and characterization of CaCO3 surfaces, and
provide a firm theoretical framework to consider atomically
controlled growth and deposition of important materials on
CaCO3.
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