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This paper reports on a novel application of a ligand field model for the detection of the local molecular
structure of a coordination complex. By diagonalizing the complete energy matrices of the electron-electron
repulsion, the ligand field and the spin-orbit coupling for the d5 configuration ion in a trigonal ligand field,
the local distortion structure of the (MnO6)10- coordination complex for Mn2+ ions doped into CaCO3, have
been investigated. Both the second-order zero-field splitting parameterb2

0 and the fourth-order zero-field
splitting parameterb4

0 are taken simultaneously in the structural investigation. From the electron paramag-
netic resonance (EPR) calculations, the local structure distortion,∆R ) -0.169 Å to-0.156 Å,∆θ ) 0.996°
to 1.035° for Mn2+ ions in calcite single crystal,∆R ) -0.185 Å to-0.171 Å,∆θ ) 3.139° to 3.184° for
Mn2+ ions in travertines, and∆R ) -0.149 Å to-0.102 Å,∆θ ) 0.791° to 3.927° for Mn2+ ions in shells
are determined, respectively. These results elucidate a microscopic origin of various ligand field parameters
which are usually used empirically for the interpretation of EPR and optical absorption experiments. It is
found that the theoretical results of the EPR and optical absorption spectra for Mn2+ ions in CaCO3 are in
good agreement with the experimental findings. Moreover, to understand the detailed physical and chemical
properties of the doped CaCO3, the theoretical values of the fourth-order zero-field splitting parametersb4

0

for Mn2+ ions in travertines and shells are reported first.

I. Introduction

Impurities in solid materials have been a subject of wide-
spread interest in recent years as doped materials can display
new properties which are absent in pure compounds.1,2 Among
the impurities, particular attention has been focused on the
transition-metal ions.3-6 The transition-metal divalent manga-
nese ion is perhaps the most investigated impurity ion because
the shell of 3d electrons responsible for the paramagnetism is
just half filled by the five electrons, and the resultant orbital
angular momentum is 0.4-6 Since the total spin is 5/2, it exhibits
an additional interaction, the zero-field splitting, and this splitting
is highly sensitive to the local structure of manganese centers.
Electron paramagnetic resonance (EPR) is regarded as an
effective tool to study the microstructure and the local environ-
ment around a substitution magnetic ion site in crystals.7,8 The
reason is that the EPR spectra usually provide highly detailed
microscopic information about the structure of the defects. The
EPR spectrum of the Mn2+ paramagnetic ions was used to study
the local structure distortions,9 the structural phase transi-
tions,10,11 the existence of a high-spin to low-spin transition,12

and the radicals produced during reaction processes in proteins13

and other biomacromolecules.14-18 So, we can study the local
environments of Mn2+ ions from their EPR data.

The EPR spectra of transition-metal Mn2+ ions doped into
CaCO3 have been experimentally observed by many researc-
hers.19-25 These experimental results give important information
about the ground state of the transition-metal Mn2+ ions and

form a useful starting point for understanding the inter-
relationships between electronic and molecular structure of Mn2+

ions in the (MnO6)10- coordination complex. However, so far,
there has been no systematical theory for their analysis. The
reason why the previous theoretical results are not quite in good
agreement with the observed values may be due to the
oversimplification of the theoretical method. For instance,
Zheng26 has theoretically investigated the CaCO3:Mn2+ system
in single crystal by the superposition model. But in Zheng’s
work,26 the calculations of the zero-field splitting parameters
b2

0 and b4
0 are not in good agreement with the experiment

values, which may be ascribed to the fact that the approximate
formulasR ≈ (RH + RP)/2 andθ ≈ (θH + θP)/2 were taken in
the structural investigation. According to the point-charge model
and the superposition model, Yu and Zhao have made a
theoretical investigation of the second-order zero-field splitting
parameterb2

0 for Mn2+ ions in the CaCO3:Mn2+ system by
using the fourth-order and the sixth-order perturbation formu-
las.27 However, they did not investigate the fourth-order zero-
field splitting parametersb4

0 of Mn2+ ions in the CaCO3:Mn2+

system.
It is well-known that for a d5 configuration ion in a trigonal

ligand field, the high-spin ground state is the6A1 state. To
describe the6A1 ground-state splitting of the Mn2+ ions in the
CaCO3:Mn2+ system, the spin Hamiltonian should include three
different zero-field splitting parametersb2

0, b4
0, and b4

3. The
parameterb4

3 relates to a fourth-order spin operator and
represents a cubic component of the crystalline electric field.
The parametersb2

0 andb4
0 are respectively associated with the

second-order and fourth-order spin operators and represent an
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axial component of the crystalline electric field that is axially
symmetric about theC3 axis. In order to explain more reasonably
structure distortion, herein, we suggest that the two zero-field
splitting parametersb2

0 and b4
0 should be simultaneously con-

sidered in the determination of the local structure distortion of
Mn2+ ions in the CaCO3:Mn2+ system. In the present work, a
theoretical model for determining the local structure distortion
of Mn2+ ions in the (MnO6)10- coordination complex is
proposed by diagonalizing the complete energy matrices for the
d5 configuration ion in a trigonal ligand field and by considering
the second-order and fourth-order zero-field splitting parameters
b2

0 andb4
0 simultaneously. By this model, the optical absorption

and EPR spectra of Mn2+ ions in calcite single crystal,
travertines and shells have been investigated.

II. Ligand Field Model

Firstly, we construct the complete energy matrix of the d5

configuration ion within the ligand field scheme. There are two
different ways which have been developed to construct the
complete matrix. One way is Racah’s method, in which the
tensor operator has been used;28 the other way is Slater’s
method, in which the relationships between the matrix of the
single d electron and the matrix of the dn configuration have
been established.29 In the present work, Slater’s method has been
employed. For a d5 configuration ion in a trigonal ligand field,
in order to construct the complete matrixes, the|J,MJ〉 basic
functions need to expand into the form of the|L,S,ML,MS〉i basic
functions. This expansion may be realized in terms of the

Clebsch-Gordon coefficients which are associated with the
coupling of two angular moments. In general, the expansion
can be written as30

The relationship of the coefficients betweenm and-m is

From eqs 1 and 2, it is easy to get the|J,MJ〉 basic functions

Figure 1. Splitting of the energy levels for the Mn2+ ion in the crystal field of trigonal symmetry.a is the cubic field splitting parameter,∆E1 )
(1/3[(18b2

0 - 3b4
0)2 + 9/10(b4

3)2]1/2 and∆E2 ) -b2
0 - (9/2)b4

0 ( 1/6[(18b2
0 - 3b4

0)2 + 9/10(b4
3)2]1/2 are the zero-field splitting energies in the ground

state6A1. The positive and negative signs correspond tob2
0 g 0 andb2

0 < 0, respectively.32

ψjm ) ∑
m1m2

(j1j2m1m2||j1j2jm)ψj1m1
ψj2m2

) ∑
m1m2

{δm,m1+m2
× [

(2j + 1)
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(j + j1 + j2 + 1)!
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×

∑
γ
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〈j1j2m1m2||j1j2jm〉 ) (- 1)j1+j2-j〈j1j2 - m1 - m2||j1j2j - m〉
(2)

|J,MJ〉 ) ∑
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i
∑

j

CiCjΦj (3)
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whereCi andCj are the Clebsch-Gordon coefficients andΦj

is one of the 252 basic Slater determinants. According to the
|L,S,ML,MS〉i functions of the d5 configuration ion in a trigonal
ligand field, we have constructed the complete energy matrix
of the Hamiltonian

where the first term is the electron-electron interactions, the
second term is the spin-orbit coupling interactions, and the third
term is the ligand field potentials. For a d5 configuration ion in
a trigonal ligand field, there are 252 independent wave functions.
Using the|J,MJ〉 functions, we find that the symmetry-adapted
functions for theC3

/ double group can be divided into three
groups associated with theΓ1 (or Γ3), Γ2, andΓ4 representations,
respectively. From the representations, three 84× 84 matrices
have been constructed. The matrix elements are the function of
the Racah parametersB and C, Tree’s correctionR, Racah’s
correctionâ, the spin-orbit coupling coefficientú, and the
ligand field parametersB20, B40, B43

c , andB43
s which are in the

following forms31

The EPR spectra of d5 configuration Mn2+ ions in a trigonal
ligand field may be analyzed by employing the spin Hamilto-
nian32

where the first term corresponds to the Zeeman interaction
and the following terms represent the zero-field interaction.
µB is the Bohr magneton,BB is the magnetic field,gb is the
splitting factor, SB is the spin angular momentum oper-
ator, Ok

q are the standard Stevens spin operators,33 and bk
q

are the zero-field splitting parameters. From the spin Hamilto-
nian, we can easily obtain the zero-field splitting energy
levels ∆E1 and ∆E2 in the ground state6A1 for a zero-
magnetic field.32 These energy levels are given in Fig-
ure 1.

III. Local Structure Distortion for Mn 2+ Ions in the
(MnO6)10- Coordination Complex

A. Calculation for Mn 2+ Ions in Calcite and Travertine.
The crystallographic properties of calcite are well-stud-
ied.34,35 Calcite is the rhombohedral form of CaCO3 and be-
longs to the space groupD3d

6. There are two nonequivalent Ca2+

sites in the calcite structure associated with the alternation of
the carbonate ion orientations in successive carbonate planes.
When the divalent Mn2+ ion is doped into calcite, it will
substitute for the Ca2+ ion site. The Mn2+ ion is octahedrally
coordinated to six nearest-neighbor O atoms of the CO3

2- ions.
In order to describe the distortion, theZ axis is chosen along
the threefold axis, as shown in Figure 2. According to the
superposition model,36 the ligand field parameterB43

s in eq 5

B20 )
1

2
∑

τ

G2(τ)(3 cos2 θτ - 1)

B40 )
1

8
∑

τ

G4(τ)(35 cos4 θτ - 30 cos2 θτ + 3)

B43
c )

x35

4
∑

τ

G4(τ)(sin3 θτ cosθτ cos 3φτ)

B43
s ) i

x35

4
∑

τ

G4(τ)(sin3 θτ cosθτ sin 3φτ) (5)

Figure 2. (1) Rhombohedral unit cell of calcite. (2) Local structure distortion for Mn2+ ions in the CaCO3:Mn2+ system.R0 andθ0 are the structure
parameters of CaCO3. ∆R and∆θ represent the structure distortion.R is the Mn-O bond lengths.θ is the angle between the Mn-O bond and the
C3 axis when the Mn2+ ion replaces the Ca2+ ion.

Ĥ ) Ĥee+ Ĥso + Ĥlf ) ∑
i<j

e2/ri,j + ú ∑
i

l i‚si + ∑
i

Vi (4)
Ĥ ) µBBB‚gb‚SB + 1

3
b2

0O2
0 + 1

60
(b4

0O4
0 + b4

3O4
3) (6)

Model for Mn2+ Ions in a Trigonal Ligand Field J. Phys. Chem. A, Vol. 111, No. 14, 20072785



will vanish, and the parametersG2(τ) andG4(τ) can be derived
as37

According to the Van Vleck approximation for theGk(τ)
integral,37 we may obtain the following relations

whereA2 ) -eqτ〈r2〉, A4 ) -eqτ〈r4〉, andA2/A4 ) 〈r2〉/〈r4〉. The
ratio of 〈r2〉/〈r4〉 ) 0.119 328 is obtained from the radial wave
function of the Mn2+ ion in complexes.38 A4, as a constant for
the (MnO6)10 - coordination complex, can have its value
determined from the optical absorption spectra and the Mn-O
bond length of the MnCO3 crystal.39,40By fitting the calculated
optical absorption spectra to the observed values, we can obtain
different optical parameters for different Mn2+ compounds.39,41-43

The quantitative calculation results are listed in Tables 1 and
2. From Table 2, we can see thatA4(MnO6)10- < A4(MnCl6)4-

< A4(MnBr6)4- < A4(MnI6)4- for Mn2+ ions in the coordination
complex. As to Mn2+ ions in calcite and travertine, we takeN
) 0.9782 in the calculation from the optical spectra of MnCO3,
since they have the similar structure and the same type of ligand.
Thus, substitutingA4 ) 25.610 553 au andA2 ) 3.056 056 au
for Mn2+ ions in the (MnO6)10- coordination complex into eqs
7 and 8, the local distortion structure of Mn2+ ions in calcite
single crystal and travertine can be determined by diagonalizing
the complete energy matrices. The local structure distortion can
be described by two parameters∆R and∆θ (see Figure 2). We
used the following relationship to evaluate the bond lengthR
and bond angleθ for Mn2+ ions in CaCO3.

whereR0 ) 2.36 Å andθ0 ) 52.8°.39,44Thus, the trigonal ligand
field parameters (B20, B40, andB43

c ) are only functions of∆R
and ∆θ. In order to decrease the number of adjustable
parameters and reflect the covalency effects, we use Curie et
al.’s covalent theory45 and take an average covalence factorN
to determine the optical parameters as follows

The values of the free-ion parameters for Mn2+ ions have been
obtained asB0 ) 918 cm-1, C0 ) 3273 cm-1, R ) 65 cm-1, â
) -131 cm-1, andú0 ) 347 cm-1.46 For Mn2+ ions in calcite
single crystal and travertines, by diagonalizing the complete
energy matrices, the ground-state zero-field splitting can be
calculated with use of distortion parameters∆R, ∆θ, and the
covalence factorN. The comparisons between the theoretical
values and the experimental findings are shown in Tables 3 and
4.

B. Calculation for Mn 2+ Ions in Shells.Sea shell is mainly
composed of two common mineral forms of CaCO3, calcite and
aragonite. It also consists of less amounts of MgCO3, Ca3P2O8,

TABLE 1: Observed and Calculated Optical Absorption Spectra for Mn2+ Ions in MnCO3, MnCl 2, MnBr 2, and MnI 2
Compoundsa

MnCO3 (4.2 K) MnCl2 (78 K) MnBr2 (78 K) MnI2 (5 K)

state obsdb calcd obsdc calcd obsdc calcd obsdd calcd
4T1(G) 18350 18349.9 18500 18499.5 18450 18450.2 17630 17630.8
4T2(G) 22600 22591.4 22000 21989.1 21650 21636.7 20600 20587.9
4A1(G) 24580 24579.5 23590 23589.7 23084 23087.1 22373 22376.2
4E(G) 24580 24579.5 23825 23589.7 23550 23087.1 22062 22376.2
4T2(D) 27255 27284.1 26750 26778.3 26520 26516.1 25420 25430.6
4E(D) 29170 29210.0 28065 28076.8 27505 27530.9 26338 26373.9
4T1(P) 31900 31947.7 36500 36534.8 29950 29987.8 28920 28992.7
4A2(F) 36500 36553.4 38400 38435.9 34800 34854.1 32725.7
4T1(F) 40820 40865.8 40650 40692.1 37400 37458.2 36958.6
4T2(F) 41670 41697.5 42370 42410.2 38750 38773.6 37634.3

a All levels in units of cm-1. b Reference 39.c Reference 41.d Reference 42.

TABLE 2: Calculated Parameters for Mn2+ in MnCO 3, MnCl 2, MnBr 2, and MnI 2 Compounds

parameters N B (cm-1) C (cm-1) R (cm-1) â (cm-1) Dq (cm-1) A2 (au) A4 (au)

MnCO3 0.9782 840.53 2996.79 59.51 -119.94 771.7 3.056056 25.610553
MnCl2 0.9682 806.68 2876.12 57.12 -115.11 646.6 5.889934 49.359155
MnBr2 0.9630 789.49 2814.82 55.90 -112.66 596.1 6.963984 58.359967
MnI2 0.9555 765.18 2728.15 54.18 -109.19 604.5 10.174621 85.269530

G2(τ) ) eqτG
2(τ)

G4(τ) ) eqτG
4(τ)

Gk(τ) ) ∫0

R
R3d

2(r)r2 rk

Rk+1
dr + ∫R

∞
R3d

2(r)r2 Rk

rk+1
dr (7)

G2(τ) )
-eqτ〈r

2〉

R3
)

A2

R3
, G4(τ) )

-eqτ〈r
4〉

R5
)

A4

R5

(8)

R ) R0 + ∆R , θ ) θ0 + ∆θ (9)

TABLE 3: Ground-State Zero-Field Splitting ∆E1, ∆E2, and
the EPR Parametersb2

0 and b4
0 for Mn 2+ Ions in

Calcite Single Crystal at Room Temperaturea

∆R (Å) ∆θ (deg) 104∆E1 104∆E2 104b2
0 104b4

0

-0.116 0.85 -455.99 -143.09 -76.24 -1.93
-0.116 0.855 -453.89 -142.50 -75.88 -1.90
-0.116 0.86 -451.70 -141.49 -75.53 -1.96
-0.156 0.99 -457.40 -141.69 -76.54 -2.33
-0.156 0.996 -454.29 -140.49 -76.03 -2.36
-0.156 1.01 -447.59 -138.30 -74.91 -2.35
-0.196 1.12 -458.81 -139.10 -76.83 -2.96
-0.196 1.127 -454.29 -137.81 -76.12 -2.94
-0.196 1.14 -446.79 -135.19 -74.88 -2.96

exptlb -453.90 -140.39 -75.96 -2.36
-0.169 1.025 -460.32 -141.72 -77.06 2.53
-0.169 1.035 -456.83 -140.44 -76.48 2.55
-0.169 1.045 -449.71 -138.13 -75.29 2.54

exptlc -456.65 -140.40 -76.45 -2.55

a 104∆E1, 104∆E2, 104b2
0, and 104b4

0 are in units of cm-1. b Refer-
ence 24.c Reference 25.

B ) N4B0 , C ) N4C0 , R ) N4R0 ,

â ) N4â0 , ú ) N2ú0 (10)
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SiO2, (Al, Fe)2O3, CaSO4, protein, and mucopolysaccharides.47

The EPR spectra of transition-metal Mn2+ ions in sea shells
have been extensively studied by many researchers.47-51 Blan-
chard and Chasteen observed that the local structure of Mn2+

ions in sea shell has aD3d symmetry.47 Thus, from the optical
absorption spectra of Mn2+ ions in sea shell, we obtain thatN
) 0.9581 for Mn2+ ions in shell andN ) 0.9670 for Mn2+

ions in operculum.48 For the sake of simplicity, the results are
given in Table 5. Substituting the covalence factorN into eq
10, we can get the optical parametersB ) 773.55 cm-1, C )
2757.97 cm-1, R ) 54.77 cm-1, â ) -110.37 cm-1, andú )
318.53 cm-1 for Mn2+ ions in shell andB ) 802.69 cm-1, C )
2861.88 cm-1, R ) 56.84 cm-1, â ) -114.54 cm-1, andú )
324.48 cm-1 for Mn2+ ions in operculum. By using eqs 5 and
6 and the optical parametersB, C, R, â, andú, we can calculate
the corresponding local structure distortion parameters∆R and
∆θ by diagonalizing the complete energy matrices of the
electron-electron repulsion, the ligand field, and the spin-orbit
coupling of the d5 configuration ion in a trigonal ligand field.
The results are listed in Table 6.

It can be seen from Tables 3-6 that the theoretical results
are in good agreement with the experimental values. From the
calculation, the local lattice structuresR ) 2.191-2.204 Å,θ
) 53.796-53.853° for Mn2+ ions in calcite single crystal,R )
2.175-2.189 Å, θ ) 55.939-55.984° for Mn2+ ions in
travertines, andR ) 2.211-2.258 Å,θ ) 53.591-56.727° for
Mn2+ ions in shells are determined. These theoretical results
may provide a satisfactory and unified explanation for the
experimental findings of the optical absorption and EPR spectra.
From the above studies, we can find that the local lattice
structure of the (MnO6)10- coordination complex for Mn2+ ions
in the CaCO3:Mn2+ system has a compressed distortion,∆R <
0 and∆θ > 0. This compressed distortion may be attributed to
the fact that the Mn2+ ion has an obviously smaller ionic radius
( rMn2+ ) 0.91 Å) than that of the Ca2+ ion ( rCa2+ ) 1.00 Å).52

It should be also noted that the local lattice structure of the
CaCO3:Mn2+ system in travertines and shells are obviously
different from those in calcite single crystal. This result may
be explained by the external environmental factor, such as the
density of the Mn2+ ions in water and the temperature of the

TABLE 4: Ground-State Zero-Field Splitting ∆E1, ∆E2, and the EPR Parametersb2
0 and b4

0 for Mn 2+ Ions in Travertinesa

travertine samples ∆R (Å) ∆θ (deg) 104∆E1 104∆E2 104b2
0 104b4

0 b 104b2
0 exptlc

ascagnano -0.171 3.139 568.20 200.61 94.23 -2.39 94.21
massa martana -0.185 3.184 622.62 219.61 103.28 -2.57 103.27
papigno -0.179 3.164 598.83 211.20 99.21 -2.52 99.25
perugia -0.177 3.165 593.49 209.41 98.44 -2.47 98.42
poggio moiano -0.176 3.167 592.00 208.82 98.19 -2.45 98.22
postignano -0.174 3.152 580.79 204.89 96.33 -2.41 96.36
sasso -0.171 3.139 568.20 200.61 94.23 -2.39 94.21

a 104∆E1, 104∆E2, 104b2
0, and 104b4

0 are in units of cm-1. b EPR parameters 104b4
0 from -2.57 to-2.39 for Mn2+ ions in travertines are predicted

first. The experimental values of 104b4
0 from -2.55 to-2.36 for Mn2+ ions in calcite single crystal were reported in refs 24 and 25.c Reference 20.

TABLE 5: Observed and Calculated Optical Absorption Spectra for Mn2+ Ions in Shellsa

shell operculum arca burnesi lamellidens marginalls

state obsdb caldb obsdc calcdc obsdd calcdd obsde calcde

4T1(G) 17695 17694.7 18000 17999.6 17725 17724.6 17850 17849.5
4T2(G) 21270 21210.9 21280 21213.6 22069 22099.9 21735 21703.9
4A1(G) 22620 22620.7 23475 23473.1 24443 24443.1 24385 24385.1
4E(G) 22620 22620.7 23475 23473.1 24443 2443.1 24385 24385.1
4T2(D) 26310 26372.6 25965 26059.4 26659 27683.4 27015 27066.9
4E(D) 27391 27428.4 27170 27227.8 28081 28152.0 28565 28591.3
4T1(P) 29131.1 28978.6 30232.1 32250 32311.9
4A2(F) 31760.2 31203.3 32676.9 37834.7
4T1(F) 35393.4 34893.8 36421.7 39627.5
4T2(F) 39562.3 38893.9 41046.1 42148.8

a All levels in units of cm-1. b Reference 48,N ) 0.9581,B ) 773.55 cm-1, C ) 2757.97 cm-1, R ) 54.77 cm-1, â ) -110.37 cm-1, Dq )
624.8 cm-1. c Reference 48,N ) 0.9670,B ) 802.69 cm-1, C ) 2861.88 cm-1, R ) 56.84 cm-1, â ) -114.55 cm-1, Dq ) 686.7 cm-1. d Reference
50, N ) 0.9768,B ) 835.73 cm-1, C ) 2979.67 cm-1, R ) 59.17 cm-1, â ) -119.26 cm-1, Dq ) 822.5 cm-1. e Reference 51,N ) 0.9763,B
) 834.02 cm-1, C ) 2973.58 cm-1, R ) 59.05 cm-1, â ) -119.02 cm-1, Dq ) 803.0 cm-1.

TABLE 6: Ground-State Zero-Field Splitting ∆E1, ∆E2, and the EPR Parametersb2
0 and b4

0 for Mn 2+ Ions in Shellsa

pila globosa

shell layers hypostracum ostracum of operculum hypostracum of operculum
mytilus conradinus

prismatic layer
mytilus edulis
prismatic layer

∆R (Å) -0.144 -0.149 -0.148 -0.102 -0.109
∆θ (deg) 3.483 3.927 3.875 0.791 0.931
104∆E1 704.80 903.19 878.41 -538.50 -481.82
104∆E2 246.01 312.50 304.01 -168.40 -149.31
104b2

0 117.02 150.08 145.96 -90.08 -80.63
(104b4

0)b -2.36 -2.44 -2.39 -2.41 -2.43
(104b2

0)expt 117c 150c 146c -90d -80.58e

a 104∆E1, 104∆E2, 104b2
0, and 104b4

0 are in units of cm-1. b EPR parameters 104b4
0 from -2.44 to-2.36 for Mn2+ ions in shells are predicted first.

The experimental values of 104b4
0 from -2.55 to-2.36 for Mn2+ ions in calcite single crystal were reported in refs 24 and 25.c Reference 48.

d Reference 49.e Reference 47.
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water. Of course, other factors can also affect the local structure,
such as deposition and infiltration of clay minerals, dissolution
and recrystallization cycles of CaCO3, impurity of the protein
and mucopolysaccharides, and biological action.

Using the complete diagonalization method, we establish the
inter-relationships between electronic and molecular structure
and study the local molecular structure of the (MnO6)10-

coordination complex. By comparing our theoretical results (R
) 2.191-2.204 Å,θ ) 53.796-53.853°) with the results (R )
2.29 Å,θ ) 53.46°) obtained by Zheng,26 we find it noteworthy
to mention that the empirical formulasR ≈ (RH + RP)/2 andθ
≈ (θH + θP)/2 are not suitable for the CaCO3:Mn2+ system.
Furthermore, the previous theoretical result of the second-order
zero-field splitting parameterb2

0 (b2
0 ) -82 × 10-4 cm-1)

obtained by Yu and Zhao27 is not quite in good agreement with
the observed value (b2

0 ) -75.96× 10-4 cm-1) for Mn2+ ions
in the CaCO3:Mn2+ system.24 This indicates that the high-order
perturbation method is imperfect. Considering that the two zero-
field splitting parameters are useful in understanding the
coupling strength of Mn2+ ions to the CaCO3 lattice and
accordingly in understanding the changes of other properties
induced by the Mn2+ impurity, we have constructed the
complete energy matrixes for d5 configuration ion in a trigonal
ligand field and have made an analysis of the zero-field splitting
parametersb2

0 andb4
0 of Mn2+ ions in the CaCO3:Mn2+ system.

This is a generic theoretical method. It is very interesting as
the complete diagonalization method avoids perturbation solu-
tions which are known to be extremely sensitive to the part of
the matrix included in the determination of relationships between
the crystal field and the spin Hamiltonian parameters. At the
same time, this theoretical method opens the possibilities to test
a different approximate method, for example, the high-order
perturbation method. Of course, our theoretical results remain
to be checked by other more direct experiments.

IV. Conclusion

From the above studies, we have the following conclusions.
(i) The EPR and optical absorption spectra of Mn2+ ions in

CaCO3 have been studied by the complete energy matrices for
a d5 configuration ion in a trigonal ligand field. It is worth noting
that the above theoretical study of EPR and optical absorption
spectra provides powerful guidelines for future experimental
studies aimed at pinpointing exactly how Mn enters into the
CaCO3 environment.

(ii) By solving the energy matrices, the zero-field splitting
parametersb2

0 and b4
0 have been derived, and the theoretical

values are found to be in good agreement with the experimental
findings.

(iii) From the EPR calculation, local structure distortion
parameters∆Rand∆θ for Mn2+ ions in CaCO3 are determined.
The results show that the local lattice structure of the (MnO6)10-

coordination complex for Mn2+ ions in the CaCO3:Mn2+ system
has a compressed distortion and the local lattice structure of
the CaCO3:Mn2+ system for Mn2+ ions in travertines and shells
are obviously different from those in calcite single crystal.
Moreover, the theoretical values of the zero-field splitting
parameterb4

0 for Mn2+ ions in travertines and shells are
reported first. These parameters are of significance in broadening
our understanding of the physical and chemical properties of
CaCO3. Of course, careful experimental investigations, espe-
cially electron nuclear double resonance (ENDOR) experiments,
are required in order to clarify the local structure around the
Mn2+ ions in the CaCO3:Mn2+ system in detail.
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Appendix

Ligand Field Potential. The ligand field potentialVi in eq 4
can be written as53

whereri, θi, andæi are spherical coordinates of theith electron.
Zlm, Zlm

c andZlm
s are defined as

The Yl,m are the spherical harmonics.γl0, γlm
c , and γlm

s are
associated with the local lattice structure around the d5 config-
uration ion by the relations

whereθτ andæτ are angular coordinates of the ligand.τ andqτ
represent theτth ligand ion and its effective charge, respectively.
Rτ denotes the impurity-ligand distance.
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