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Abstract  The equilibrium geometry, the Raman and
IR vibrational spectra at the I" point, TO-LO splitting,
IR intensities, Born and dielectric tensors of magne-
site MgCOj5, dolomite MgCa(CO3); and calcite CaCO3
have been calculated with the periodic ab initio pro-
gram CRYSTAL, by using an all-electron gaussian type
basis set and the B3LYP hamiltonian. LO (longitudinal-
optical) modes are computed by correcting the dynam-
ical matrix through Born charges and high frequency
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dielectric tensors obtained from well localized Wannier
functions and a saw-tooth computational scheme. The
mean absolute difference between calculated and
experimental frequencies (IR TO and LO and RAMAN)
is as small as 6.9 cm~! for magnesite, 7.7 cm~! for dolo-
mite and 8.5cm ™! for calcite. Calculated IR intensities
are in semiquantitative agreement with experiment. The
modes of the three compounds are compared through
graphical animation available on the CRYSTAL web-
site.

Keywords Vibrations - Carbonates - IR intensities -
Dielectric tensor - Ab initio simulation

1 Introduction

Magnesium and calcium carbonates are important sed-
imentary minerals. Calcite (CaCO3) is one of the most
common minerals, representing about 4% in weight of
the Earth’s crust and being part of many geological envi-
ronments. Magnesite (MgCO;) and calcite exhibit the
same crystal structure and similar properties. Magnesite
is usually abundant in rocks such as serpentine. Dolo-
mite (MgCa(CO3),) is a common sedimentary rock-
forming mineral and massive layers of dolomite can be
found in ancient rocks. For their large diffusion and sim-
plicity, these minerals have been the subject of many
experimental and theoretical investigations, with partic-
ular attention to thermodynamical properties [1-4] and
vibrational spectra [2,5-9].

In the last few years, computational tools have been
implemented in the CRYSTAL code [10] that permit
to investigate vibrational spectra of crystalline com-
pounds, and calcite [11,12] has been used, together with
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a—quartz [13,14], as a test system for calibrating the
numerical parameters of the method and checking its
accuracy. In the present paper, a previous study on
calcite [12] is extended to magnesite and dolomite. Var-
ious features of the IR (LO and TO) and RAMAN
spectra are compared along the family and thermody-
namics of the reaction of CaCO3; and MgCO; to give
MgCa(CO3); is discussed. Animations are used to com-
pare similar modes of the three compounds. All results
have been obtained with CRYSTAL [10], an ab initio,
periodic, all-electron package based on gaussian-type
basis sets for representing crystalline orbitals. To the
authors’ knowledge, this is the first ab initio calculation
of vibrational properties for this family of compounds.

The rhombohedral cell of magnesite (calcite) con-
tains two MgCO; (CaCOs) formula units and belongs
to space group R3m (n.167). There are ten atoms in the
unit cell and the 27 vibrational modes at I' can be classi-
fied according to the irreducible representations of the
3m point group as:

TofC0% = Ay, + 241, + 3Asg +3As, + 4Eg + 5E,
A1g and Eg modes are Raman-active, Ay, and E, are
infrared-active, whereas Ay, and Ag are spectroscopi-
cally inactive (silent modes).

Dolomite has a hexagonal cell containing one
MgCa(CO3), unit (space group R3, n.148) and its 27
vibrational modes can be classified according to the 3
point group as follows:

Tt €92 = 4B, + 44, + 5E, + 5A,
All modes are active either in Raman (A, Eg) or infra-
red (Ay, Ey,).

This paper is organized as follows: Sect. 2 is devoted
to the computational aspects; Sect. 3 is organized in sub-
sections discussing equilibrium geometries, the relative
stability of dolomite with respect to calcite and magne-
site, Born and dielectric tensors, phonon frequencies at
the I point, infrared intensities, the correlation of fre-
quencies and intensities along the family of compounds.

2 Computational methods

Geometry optimization and spectra calculations were
performed by means of the ab initio CRYSTAL code
[10], which implements the Hartree-Fock and
Kohn-Sham, Self Consistent Field (SCF) method for
the study of periodic systems, and adopts a local basis set
[15]. Calculations have been performed with the B3LYP
hamiltonian [16,17]. The exchange-correlation contri-
bution to the hamiltonian is evaluated by numerical
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integration, where radial and angular points of the inte-
gration grid are generated through Gauss-Legendre and
Lebedev quadrature schemes, respectively. In this work,
the same (75,974)p pruned grid was adopted as in previ-
ous studies of calcite [11,12], such a grid being labeled
as XLGRID in the CRYSTAL manual [10]. The effect
of the grid on the vibrational spectrum is discussed in
Ref. [13], concerning «-quartz. The accuracy of such a
grid can be estimated through the integrated charge den-
sity, that differs from the total number of electrons in the
unit cell (84 for magnesite, 92 for dolomite and 100 for
calcite) by 2 x 10~ in all three cases.

All-electron basis sets have been used for all atoms:
8-6511(21), 6-311(11) and 8-411(11) contractions have
been used for calcium, carbon and oxygen, respectively.
These basis sets are reported in Ref. [12], where details
about the gaussian function exponents are also pro-
vided. As regards magnesium, a 8-511(1) basis set has
been used and the exponents of the most diffuse single
gaussian shells are as follows: 0.688 (sp), 0.28 (sp) and
0.5 (d) [18].

Inner coordinates [19] and cell parameters (Table 1)
have been optimized separately within an iterative pro-
cedure based on the total energy analytical gradients.
The level of accuracy in evaluating the Coulomb and
exchange series is controlled by five parameters [10],
and the values used in the present calculations are 6, 6,
6, 6, 12. The reciprocal space has been sampled accord-
ing to a regular sublattice with shrinking factor 6, corre-
sponding to 40 independent k points in the irreducible
Brillouin zone for dolomite, and 32 points for magnesite
and calcite.

Calculation of the vibrational frequencies is
performed within the harmonic approximation. For a
detailed description of the method, we refer to previous
papers [13,14]. Here, we simply remind that frequen-
cies at the I" point (¢ = 0) are obtained by diagonalizing
the mass-weighted Hessian matrix W, whose («i, 8j) ele-
ment is defined as:

Hy; g;

Waisi(g =0) = —=——
z,ﬁ](q ) \/m

where M, and Mg denote the mass of atoms « and g,
and i and j stand for x, y or z.

Total energy first derivatives with respect to the dis-
placement coordinates u; of atoms from equilibrium
geometry, vy; = 9V /du,j, are computed analytically,
whereas second derivatives at u,; = 0 are calculated
numerically as follows:

1

[ﬂ] - Ui (0,. .. ugi,...)
Upilo ugi
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Table 1 Calcite, magnesite and dolomite equilibrium geometries

Calcite Exp [35] Magnesite Exp [30,31] Dolomite Exp [30,32]
a 5.0373 4.991(2) 4.6641 4.635(2) 4.8376 4.830(3)
c 17.3304 17.062(2) 15.2001 15.03(1) 16.2756 16.01(1)
|4 380.8 368.1(3) 286.4 279.7(3) 329.9 323.2(4)
c/a 3.440 3.419(2) 3.259 3.243 3.364 3.315
Zc - - - - 0.24356 0.24289(7)
X0 0.25565 0.2573(2) 0.27568 0.2778(2) 0.24537 0.2480(1)
Yo - — - - —0.03780 —0.0354(1)
Z0 - - - - 0.27754 0.24393(3)
dc-o 1.2878 1.284(1) 1.2858 1.288(1) 1.2865 1.2858(5)
dca-0 2.3907 2.3590(8) - - 2.4099 2.3816(5)
dmg-0 - — 2.1241 2.1018(4) 2.1062 2.0821(5)

a and c are the lattice parameters (in A), V is the volume of the crystallographic cell in A3, z¢ is the fractional coordinate of the carbon
atom in the primitive cell of dolomite, xo, yo and z¢ are the fractional coordinates of the oxygen atoms, d;_; indicate distances between

atoms i and j (in A). Experimental results are also reported for calcite [35], magnesite [30,31] and dolomite [30,32]

Since the energy variations corresponding to the dis-
placements considered here (0.001 A) can be as small
as 107 to 107 hartree, the SCF cycle needs to be very
well converged (1071 hartree).

LO frequencies are obtained by adding a correcting
non-analytical term (Wﬁj‘};j(q — 0)) to Weigi(g = 0)
(see Ref. [20] Sects. 5, 10, 34, 35; and Ref. [21]):

1 4n (Zk q kZ;,ki) (Zk’ ax Z;,k/j)

whA (qg— 0)=

p M Mg >k AkERp K
where

L0V

I Y Eidug

and E; is a component of an applied external electric
field. In the present case, g vectors are fully defined by
symmetry, and coincide with the z and (x, y) directions.

As shown in the formula above, the additional term
essentially depends on

(i) The electronic (clamped nuclei) dielectric tensor
€*°, which was evaluated by using a finite field saw-
tooth model [22] with supercells of increasing size
that have been used to check the convergence of
the tensor components.

(ii) The Born effective charge tensor Z;’ij obtained from
well localized Wannier functions [23-26].

The intensity of the m-th IR-active mode is proportional
to the square of the first derivative of the dipole moment
wn with respect to the normal mode coordinate Q,, times
the degeneracy d,, of the m-th mode:

8;L2

A d
SR Yo

Dipole moment derivatives are evaluated numerically
by using unit cell localized Wannier functions [24,26].
The static dielectric tensor € is then obtained by
adding to the high frequency term €* the ionic con-
tribution, that depends on the eigenvalues (w,,) and ei-
genvectors (Uyim) of W, and on the atomic Born tensors
(ZZJ-]. :
47T Zm,,-Zm,j

0 _ .00
ei]-(w) =g + 5

] 2 _
Qo w5 — @
where

Zm,j = Z Ij‘m,aizz’ij
ol

and w is the electric field frequency [note that m and
(a,7) span the same set of 3N values, where N is the
number of atoms in the cell].

Calculated TO and LO frequencies v, have been
compared with experimental sets of M frequencies v'e!
through four global statistical indices defined as follows:

M
A=M"1! ZUV — vief
v=1

M

[Al=M""3"

v=1

vy — vref

Amax = max (vv - v‘Eef)

. v=1,2,...
Amin = min (vv —vief) B

M

where, A, [A], Amax and Amin (all in cm™1) are the mean
difference, the mean absolute difference, and the maxi-

mum and minimum difference between the set of v, and

ref

vy

Visualization of structures has been dealt with the
MOLDRAW program [27,28] and vibrational mode ani-
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Table 2 Electronic (E,) and zero point (ZPE) energies, and thermal contribution to the vibrational enthalpy (AH%gS) (in Hartree per
unit cell) for calcite, magnesite and dolomite. In the bottom rows, A refers to the formation of dolomite from calcite and magnesite

Crystal E, ZPE AH(%98 Total

2CaCOs3 —1,883.092441 663 0.035965 505 0.008 630458 —1,883.047 845
2MgCO3 —928.108 132780 0.039022 188 0.007 009 432 —928.062101
CaMg(CO3)2 —1,405.602228 286 0.037409 574 0.007 876 308 —1,405.556 942
2CaCOs3 + 2MgCO3 —2,811.200574 443 0.074 987 693 0.015639890 —2,811.109 946
2CaMg(CO3), —2,811.204456 572 0.074 819148 0.015752616 —2,811.113884
A(Ep) —0.003 882 —0.000168 0.000113 —0.003937
A(kJ/mol) —10.192191 —0.442515 0.295 962 —10.336 593

The calculated formation enthalpy of dolomite is in excellent agreement with the experimental value [4] of —10.47 £ 1.20 kJ/mol

mations have been obtained by using the molecular
viewer Jmol [29].

3 Results and discussion
3.1 Equilibrium geometry and relative stability

Calculated equilibrium geometries for calcite, magnesite
and dolomite are reported in Table 1. The agreement
with experiment [30-32] is excellent. The calculated a
parameters, which are related to the strongly covalent
COs3 bonds, are larger than the experimental ones by
0.5% (magnesite), 0.2% (dolomite) and 1% (calcite) and
the ¢ lattice vector along the direction of the cation—
anion—cation sequence is overestimated by about 1%
(magnesite) and 1.5% (dolomite and calcite). As regards
nearest neighbour distances, the maximum difference
from experiment is 0.003, 0.03 and 0.02A for C-O,
Ca-O and Mg-O, respectively.

In Table 2, the calculated data for estimating the for-
mation enthalpy of dolomite from calcite and magnesite

2CaCOs + 2MgCO;5; — 2CaMg(CO3)2 2)

are reported: the total static energy as resulting from
the SCF calculations, the zero point energy and the
thermal vibrational contribution, as calculated from the
vibrational eigenvalues according to standard thermo-
dynamical formulas. Bottom rows in the table provide
the formation enthalpy at 298K (see Eq. (2)), where
the zero point energy and thermal contribution for reac-
tants and products are very similar, so that the formation
enthalpy is dominated by the SCF static contribution.
The present calculated result is in extremely good agree-
ment with the accurate experimental datum measured
by Navrotsky et al. [4] (—10.34 vs. —10.47£1.20 kJ/mol).

3.2 Born and dielectric tensors, and Mulliken charges

The almost fully ionic nature of the three compounds is
confirmed by Mulliken net charges of the cations (about

@ Springer

Table 3 Atomic Born effective charge tensors for magnesite

Mg C O

2.30 0.28 0.00 3.10 0.00 0.00 —2.08 0.51 —-0.08
—0.28 2.30 0.00 0.00 3.10 0.00 051 —-1.49 —-0.14

0.00 0.00 2.11 0.00 0.00 0.58 —0.05 —0.10 —0.90

The average value of the diagonal elements are +2.24|e| (Mg),
+2.26le| (C), —1.49]¢| (O)

+1.7lel). The compensating —1.7|e| net charge of the
strongly covalent CO3 group results from +0.7|e| for
carbon and —0.8|e| for oxygen. Bond population is +0.74
le| for C-O and +0.07|e| (+0.02|e|) for Mg-O (Ca-0O).

Calculated Born effective charge atomic tensors for
magnesite only are reported in Table 3, the other two
compounds showing similar Born charges. The Mg (Ca)
tensor is nearly diagonal, and isotropic, with the mean
value of the diagonal elements being +2.24|e|, i.e. slightly
larger than the formal charge (+2|e|). The C tensor is
diagonal by symmetry and strongly anisotropic (the larg-
est difference among diagonal elements is 2.8|e|). Also
oxygen is strongly anisotropic, with large off-diagonal
elements.

High frequency and static dielectric tensors at
T = 0K of the three compounds have been calculated
with a 60 atom supercell for the €7} and €7 components
and with a 30 atom supercell for €Y. The results reported
in Table 4 are stable within 0.001 with respect to the use
of larger supercells. Overall, high frequency and static
dielectric tensor components are between 3 and 20%
smaller than the experimental values [5,33] measured
at room temperature.

3.3 Vibrational spectrum of magnesite, dolomite,
calcite: classification and comparison
with experiment

The calculated and experimental spectra of the three
compounds are reported in Tables 5 and 6, whereas IR
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Table 4 Calculated and experimental high frequency and static dielectric tensors of calcite, magnesite and dolomite
€> el
Crystal Comp. This work Exp.2 Exp. A% This work Exp.© Exp.p A%
Calcite XX 2.6 2.7 2.7 4 7.8 8.5 9.0 8
2z 2.1 22 2.4 4 6.4 8.0 9.0 20
Magnesite xx 2.7 2.9 2.8 7 72 - 8.3 13
2z 21 2.3 25 9 6.0 - 6.5 8
Dolomite XX 2.6 2.8 2.8 7 6.5 8.0 8.0 19
2z 21 22 25 4 6.6 6.8 7.1 3
A% is the percentage difference of the calculated data with respect to the most recently available experimental results [33,36]
2 Ref. [36]
b Ref. [5]
¢ Ref. [33]

intensities are given in Table 7. So far the CRYSTAL
code does not provide RAMAN intensities.

The carbonate spectrum can be divided into two
frequency regions, separated by about 400cm~!. Fre-
quencies lower than 311 (calcite), 354 (dolomite) and
365cm~! (magnesite) correspond to “external” modes,
and result from the combination of Ca/Mg and COj3
translations (T) with COj3 rotations (R), whereas fre-
quencies larger than 711 (calcite), 722 (dolomite) and
736cm~! (magnesite) correspond to “internal” modes
(I) of COs.

Under the hypothesis of full mode separability, the
12 internal modes, 6 CO3 rotations and the 9 Ca/Mg
and COs translations for calcite and magnesite can be
classified as follows:

9 translations (T): Apg+ Ay, + Ay + Eg 4+ 2E,
6 rotations (R): Agg +Agy + Eg + Ey
12 internal (1) : A1g+Aog+A1,+A2y+2Eg+2E,y,

For dolomite the classification becomes

9 translations (T): Ag+2A, + Eg +2E,
6 rotations (R): A;+A,+E;+E,
12 internal (/) : 2A, +2A, +2E, + 2E,

However, T modes couple to R modes with the same
symmetry at some extent (see below and Ref. [12]),
because they span the same energy range.

A complete classification of calcite modes has been
provided in Ref. [11,12], and animation of the modes is
available at the CRYSTAL web-site [34].

A similar classification applies also to magnesite and
dolomite. However, modes appear in different sequen-
tial order and frequencies shift progressively along the
series calcite-dolomite-magnesite, as we will discuss in
the next subsection.

The bottom part of Tables 5 and 6 contains the
statistics about a comparison of the present calculated
data with the excellent experimental results by Hellwege
et al. [5]. The mean absolute difference [A[ is smaller
than 9cm~! in all cases. The worst agreement between
calculated and experimental frequency values of the full
set is observed for the four lowest frequency modes of
calcite (two TO, two LO, with E, and Ay, symmetry),
with differences between 17 and 34 cm~!. For magnesite,
the largest error (Table 5) is 16cm™!, and it is 18.5cm !
for dolomite (Table 6). As discussed in Ref. [12], tem-
perature effects are not responsible for this large dis-
crepancy and its origin remains unclear. Results for the
corresponding modes of magnesite and dolomite show
smaller overestimations with respect to the experimen-
tal values (Tables 5 and 6): 7-16 and 10-15 cm ™!, respec-
tively. The frequency of the lowest E, and Ay, modes
of magnesite and dolomite are, however, 50-120 cm~!
higher than for calcite. This suggests either possible
problems in the experimental determinations at very
low wavenumbers or an important role of dispersion
forces, not taken into account in our model, that would
nevertheless become negligible for modes just above
150-200cm~!, where the agreement with experiment
improves dramatically. So far no evidence supporting
either of the two hypotheses is available.

Calculated and experimental IR intensities for the
three carbonates are listed in Table 7. The calculated
data have been rescaled by acommon factor f so defined

1 N fg:alc
_ - i

f - eXp
NS

with N = 8 for calcite and magnesite and N = 9 for
dolomite. A semiquantitative agreement is observed in
the three cases, that is to be considered very satisfactory,
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Table 5 Raman (R), infrared (I) and silent (S) frequencies for calcite and magnesite

Calcite Magnesite
v Av Exp v Av Exp
Eg 155.9 —0.1 156 207.4 —4.6 212
Eg 276.6 —7.4 284 324.9 =71 332
R Eg 710.9 -11 712 736.0 1.0 735
Atg 1,088.4 2.4 1,086 1,100.3 43 1,096
Eg 1,432.4 -1.6 1,434 1,446.9 —13.1 1,460
E, 124.9 22.9 102 240.9 15.9 225
139.6 16.6 123 249.5 8.5 241
Ay 126.1 341 92 240.6 10.6 230
159.5 23.5 136 287.6 6.6 281
E, 219.6 —34 223 298.7 -2.3 301
230.7 —83 239 301.3 —13.7 315
I E, 285.9 —-11.1 297 343.1 —-12.9 356
379.4 -1.6 381 473.7 -13 475
Ay 298.9 —4.1 303 348.4 —13.6 362
402.6 15.6 387 457.8 -12 459
E, 711.5 —0.5 712 744.1 -29 747
712.9 21 715 7473 —15.7 763
Ay 874.4 2.4 872 874.8 -12 876
894.2 42 890 910.4 —0.6 911
E, 1,400.1 —6.9 1,407 1,429.1 —6.9 1,436
1,554.4 9.4 1,549 1,600.7 1.7 1,599
Apg 192.9 311.3
Ay 288.6 364.8
S Apg 3114 359.3
Ang 882.3 888.2
Ay, 1,088.3 1,099.7
1A] 8.5 6.9
A 39 23
Amin —11.1 —15.7
Amax 341 15.9

Av is the difference (in cm~!) with respect to the available experimental data [5]

as intensities span a range as large as two orders of mag-
nitude.

3.4 Vibrational spectrum of magnesite, dolomite,
calcite: trends along the series

Figures 1,2 and 3 show how corresponding peaks shift to
higher wavenumbers in going from calcite to magnesite
through dolomite. The three carbonates show a similar
pattern in the upper part of the TO-IR and RAMAN
spectra, with a shift to higher frequencies ranging from
10to 30cm~! (Tables 5 and 6) for the three bands above
700cm~!. The LO shift is larger. It can be as large as
50cm~!, because the electrostatic effects are stronger
in magnesite, as a consequence of its smaller unit cell
volume. Larger differences are observed in the lower
part of the spectrum. For example, the lowest calculated
wavenumber is 125cm~! for calcite and 241 cm~! for
magnesite. Figure 1 shows that bands shift by different
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amounts. Therefore, labels have been added to facilitate
the identification of corresponding peaks in the three
systems (“bis” labels peaks appearing in the spectrum
of dolomite because of its lower symmetry). Trends in
the IR intensities are very regular along the family: they
increase from calcite to magnesite for peak 1 and 2,
whereas they decrease for peak 3 and 4 and increase
again for peak 5. A similar regular trend is shown by
LO intensities, although here the calcite < dolomite <
magnesite order (or viceversa) is not observed in gen-
eral. So far, no discussion of intensities in the Raman
spectrum can be done as RAMAN intensities are not
yet available from the CRYSTAL code. The peaks of
the three compounds in Fig. 3 have been represented
with different intensity arbitrarily, just for clarity of rep-
resentation.

By analyzing the possible origin of the frequency
differences among the three systems, we can suppose
schematically that there is
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Table 6 RAMAN (R) and infrared (I) frequencies for dolomite

Dolomite
v Av Exp [5]
E, 177.0 1.0 176
Ag 2352 - -
E, 295.5 -55 301
Ag 3358 0.8 335
R E, 722.5 -1.5 724
Ag 888.2 8.2 880 [2]
Ag 1,101.0 2.0 1,099
E, 1,437.7 —6.3 1,444
Ay 158.6 12.6 146
204.7 11.7 193
E, 165.3 15.3 150
186.9 13.9 173
E, 256.1 1.1 255
264.5 -6.5 271
Ay 302.7 -11.3 314
3214 -3.6 325
E, 3394 —4.8 345
449.6 10.6 439
1 Ay 353.8 =72 361
439.5 10.5 429
E, 726.6 —-14 728
729.1 -11.9 741
Ay 877.6 —-14 879
904.8 38 901
Ay 1,096.7 -33 1,100 [7]
1,096.7 - -
E, 1,416.5 —185 1,435
1,581.5 1.5 1,580
1A] 6.8
A 0.4
Amin -18.5
Amax 15.3

Av is the difference (in cm~!) with respect to experimental data
[2,5,7]. Experimental data corresponding to the calculated Raman
Ay mode at 2352ecm™! (273em ! from Ref. [6], giving Av =

—37.8cm™ 1) is not reported in the table and it has been excluded
from statistics

e a unit cell volume effect (the ionic radius of Mg is
much smaller than that of Ca and, as a consequence
magnesite unit cell volume is smaller than dolomite
and calcite volumes), such that the smaller the vol-
ume, the stronger the electrostatics, which implies
steeper potential wall and higher frequencies

e amass effect, as mass appears in the denominator of
the dynamical matrix (Eq. (1))

e achemical effect, as Ca and Mg have different elec-
tronegativity.

Data in Table 8 are helpful in such analysis. In an attempt
to separate and estimate mass effects, we have
re-calculated the vibrational spectrum of calcite by
assigning the mass of magnesium to Ca ions in Eq. (1)

and, viceversa, the spectrum of magnesite by assigning
the mass of Ca to Mg ions.

For symmetry reasons, Ca and Mg cations do not
participate in gerade modes (see animations at the
CRYSTAL web-site) [34] and the wavenumbers corre-
sponding to these modes are invariant to a change of
cation mass (compare columns 1-2, and 4-5 in Table 8).
Differences between calcite (column 1) and magnesite
(column 5) are then due to unit cell volume or “chemi-
cal” effects. However, since all three carbonates have
similar Born and Mulliken charges, we can suppose
that “chemical” effects are much less important. For
the “internal” modes (stretching and bending in CO3),
this shift between the two spectra is small: 25, 6, 12
and 14cm™! for calcite modes at 710, 882, 1,088 and
1,432cm™!, respectively. For the “external” gerade
modes the volume effect is larger, i.e. of the order of
50cm~! for the modes at 155, 276 and 311 cm~! and it
extends to 120cm ™! for the A, mode at 192 cm_l, this
last mode corresponding to a vertical translation-rota-
tion of the CO3 group (see animation at Ref. [34]). For
the ungerade “internal” CO3 modes, to which Ca and
Mg cations give essentially no contribution, the shift
from column 1-5 is similar to that for the gerade modes:
33,0,10,28 cm~! for modes at 711, 874, 1,088, 1400 cm ™!
of calcite.

The only subset for which both mass and volume
effects are active are ungerade “external” modes. Mass
effect is limited for the A, mode at 126 cm™! and the E,
mode at 124.9cm™! (minor participation of the cation
to these modes, i.e. mostly translations-rotations of the
CO3 group, with a syncronous cation movement with
the center of mass at rest). However, the volume effect
is larger than for all other modes discussed so far (120
and 100 cm™~!, respectively).

For the six modes with the largest cation participa-
tion (“translation modes” of cations) the mass effect is
similar or larger than the volume effect: the £, mode at
219cm~! of calcite increases by 80 cm™! in magnesite,
but 60 of 80 cm~! are due to mass effects (277.9cm~! in
column 2). Similarly, the A, mode at 299 cm~! increases
to 348 cm~! in magnesite (38 out of 50 cm~! due to mass
effects) and a similar behavior is shown by the E,, mode
at 285cm~! of calcite (shift of 50 cm~!, mass effect of
40cm™1). Finally the A, (A1, in the full calcite symme-
try) mode at 288 cm™~! shifts to 364, the largest part of
the shift being due to a mass effect.

In summary, the shift of individual modes is in no case
larger than 120 cm~!. However, it varies for the differ-
ent modes, so that the sequential order of peaks can
be altered and the low frequency part of the spectra of
the three compounds may appear as quite different, as
shown by Figs. 1, 2 and 3.
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Table 7 IR intensities for calcite, magnesite and dolomite
Calcite Dolomite Magnesite
Calc. Exp. A Calc. Exp. A Calc. Exp. A
2 2.9 3.1 —0.2 5.5 4.9 0.6 5.4 6.2 —0.8
5 4.1 5.1 -1.0 3.0 4.6 —1.6 31 6.7 -3.6
E, 9 16.2 14.6 1.6 233 20.3 3.0 40.5 26.4 14.1
12 0.6 0.52 0.08 1.0 1.9 -0.9 1.7 31 —14
17 106.6 108.9 -2.3 120.0 115.5 5.1 169.2 125.6 43.6
1 42 42 0.0 59 32 2.7 17.4 13.9 35
AQu 7 14.1 12.8 1.3 7.3 6.8 0.5 15.5 14.5 1.0
13 6.5 6.7 —0.2 8.7 9.4 —0.7 14.9 13.1 1.8
10 - - - 8.3 10.0 -1.7 - - -
1A] 0.8 1.9 8.7
Modes are labeled as in Table 8. |A| is the mean absolute difference between calculated and experimental [5] data
Fig. 1 Calculated infrared 80 20 400
TO spectrum of magnesite, \E Calcite s \E’
dolomite and calcite. Dolomite 5
Intengltles have been ‘ Magnesite
magnified by a factor 5 in the
0-500cm™~! region of the H
spectrum, and by a factor 20
in the 500-1,000 cm ™! z
interval. For clarity peaks % 40 10+ 200
have been labeled in a g
sequential order and dolomite
extra peaks (symmetry is
lower than for calcite and Sbis
dolomite) are indicated as
“bis”
0 T "/
0 250 500 750 1000 1250 1500
Frequency (cm™1)
Fig. 2 Calculated infrared 5 20 400
LO spectrum of magnesite, Calcite
dolomite and calcite. \ﬂ, Dolomite \ﬂ, EI
Intensities have been Magnesite 5bis, 5
magnified by a factor 80 in the ‘ 5
0-350 cm™~! region of the
spectrum, and by a factor 20 4
in the 350-1,000 cm ! g 4
interval. For clarity peaks g 2001
have been labeled in a =
sequential order and dolomite i
extra peaks (symmetry is
lower than for calcite and
dolomite) are indicated as
0 . = ALh f— L ;
0 200 400 800 1500 1600
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Fig. 3 Calculated Raman 20+

spectrum for magnesite,
dolomite and calcite.
Intensities are assigned
arbitrarily. See Figs. 1 and 2

Calcite
Dolomite

Magnesite

for peak labels

Intensity
IS

100

/
Frequency (cm™!)

300 1000

1400

Table 8 TO modes of calcite, dolomite and magnesite as such, and when a cation mass is substituted in the mass weighted hessian matrix

before diagonalization

Modes Calcite Dolomite Magnesite
Cay Mg, MgCa Cay Mg,
1 Ay 126.1 132.6 158.6 215.3 240.6
2 E, 124.9 132.6 165.3 224.6 240.9
3 Eg 155.9 155.9 177.0 207.4 207.4
4 Ag 192.9 192.9 2352 311.2 3113
5 E, 219.5 277.9 256.1 237.0 298.7
6 E, 276.6 276.6 295.5 3249 3249
7 Ay 298.9 336.2 302.7 282.6 348.4
8 Ag 311.4 3114 335.8 359.3 359.3
9 E, 285.9 3245 3394 305.7 343.1
10 Ay 288.5 3722 353.8 330.9 364.8
11 Eg; 710.9 710.9 722.5 736.0 736.0
12 E, 711.5 711.8 726.6 744.1 744.1
13 Ay 874.4 874.4 877.6 874.7 874.8
14 Ag 882.3 882.3 888.2 888.2 888.2
15 Ay 1,088.3 1,089.0 1,096.7 1,098.6 1,099.7
16 Ag 1,088.4 1,088.4 1,101.0 1,100.3 1,100.3
17 E, 1,400.1 1,400.4 1,416.5 1,428.8 1,429.1
18 E 1,432.4 1,432.4 1,437.7 1,446.9 1,446.9

og

In column two (Mg), for example, the magnesium mass has been used in the denominator of the calcite weighted hessian matrix. The
effect of the pure mass substitution is then evidentiated. Frequencies for the three systems are labeled according to the space group of

dolomite (R3)

4 Conclusions

The vibrational spectrum of magnesite, dolomite and
calcite, and many related properties, have been investi-
gated with an all electron, local basis set and the B3LYP
hamiltonian by using the CRYSTAL code.

RAMAN and infrared (LO-TO) spectra of the three
compounds, IR intensities and dielectric tensors are in
excellent agreement with experiment. Trends along the
family have been discussed and interpreted. The vari-
ous modes can be analyzed by means of tools recently
implemented in the CRYSTAL code, including isotopic

substitution and graphical animation, that provide a
full characterization of the spectrum. The present study
shows that the compelte characterization of the dynam-
ics of large unit cell crystalline systems is now within
reach.
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