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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 etetéwtnon
repulsion, the ligand field and the spinrbit coupling for the & configuration ion in a trigonal ligand field,

the local distortion structure of the (MR~ coordination complex for Mit ions doped into CaC§have

been investigated. Both the second-order zero-field splitting param%laamd the fourth-order zero-field
splitting parametebﬁ are taken simultaneously in the structural investigation. From the electron paramag-
netic resonance (EPR) calculations, the local structure distoriiBrs —0.169 A to—0.156 A A0 = 0.996

to 1.03% for Mn2* ions in calcite single crystal\R = —0.185 A to—0.171 A, A9 = 3.139 to 3.184 for

Mn2* jons in travertines, andR = —0.149 A t0—0.102 A, A0 = 0.79T 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 forids in CaCQ are in

good agreement with the experimental findings. Moreover, to understand the detailed physical and chemical
properties of the doped CaGQhe theoretical values of the fourth-order zero-field splitting paramdafgrs

for Mn?* ions in travertines and shells are reported first.

I. Introduction form a useful starting point for understanding the inter-
L . . . . relationships between electronic and molecular structure éf Mn
Impurities in solid materials have been a subject of wide-

: - : . ions in the (Mn@)°- coordination complex. However, so far,
spread Interest in recent years as doped materials can OIISpIa)fhere has been no systematical theory for their analysis. The
new properties which are absent in pure compodridanong )

the impurities, particular attention has been focused on the reason why the previous theoretical results are not quite in good

transition-metal iong-® The transition-metal divalent manga- agreement with the observed values may be due to the

Lo . . . - oversimplification of the theoretical method. For instance,
nese ion is perhaps the most investigated impurity ion because 6 X ; . o
the shell of 3d electrons responsible for the paramagnetism itheng has theoretically investigated the Ca&Idn®" system

just half filled by the five electrons, and the resultant orbital n smz%le crystal by_ the SUperpOS't'on mode_l. .BUt in Zheng's
angular momentum is ©:8 Since the total spin is 5/2, it exhibits vxgork, tkg)e calculat!ons of the zero-field s'pl|tt|ng parameters
an additional interaction, the zero-field splitting, and this spliting P2 @nd by are not in good agreement with the experiment
is highly sensitive to the local structure of manganese centers.values, which may be ascribed to the fact that the approximate
Electron paramagnetic resonance (EPR) is regarded as aformulasR~ (Ru+ Re)/2 andf ~ (04 + 0r)/2 were taken in
effective tool to study the microstructure and the local environ- the structural investigation. According to the point-charge model
ment around a substitution magnetic ion site in crystarshe and the superposition model, Yu and Zhao have made a
reason is that the EPR spectra usually provide highly detailed theoretical investigation of the second-order zero-field splitting
microscopic information about the structure of the defects. The parameterb; for Mn2* ions in the CaC@Mn2* system by
EPR spectrum of the M paramagnetic ions was used to study using the fourth-order and the sixth-order perturbation formu-
the local structure distortiorfsthe structural phase transi- las?” However, they did not investigate the fourth-order zero-
tions10.11the existence of a high-spin to low-spin transitidn,  field splitting parameters] of Mn?* ions in the CaC@Mn?2*
and the radicals produced during reaction processes in préteins system.
and other biomacromoleculés*® So, we can study the local It is well-known that for a 8 configuration ion in a trigonal
environments of M# ions from their EPR data. ligand field, the high-spin ground state is th&; state. To
The EPR spectra of transition-metal Mnions doped into  describe théA; ground-state splitting of the Mt ions in the
CaCQ have been experimentally observed by many researc- cacQ:Mn2+ system, the spin Hamiltonian should include three
hers!®25 These experimental results give |mport2anF|nformat|on different zero-field splitting parameterlﬁ, bg, and bﬁ. The
about the ground state of the transition-metal?Mions and parameterbi relates to a fourth-order spin operator and

- - represents a cubic component of the crystalline electric field.
* Corresponding author. E-mail: palc@163.com.

t Sichuan University. The parameterb; and b are respectively associated with the
* Academia Sinica. second-order and fourth-order spin operators and represent an
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Figure 1. Splitting of the energy levels for the Mhion in the crystal field of trigonal symmetrg is the cubic field splitting parameteAE; =
+1/3[(180) — 3092 + 9/1003)% 12 and AE, = —bJ — (9/2)b2 + 1/6[(1805 — 3bD)2 + 9/1003)? Y2 are the zero-field splitting energies in the ground
stateSA;. The positive and negative signs correspondbgte: 0 andbg < 0, respectively?

axial component of the crystalline electric field that is axially Clebsch-Gordon coefficients which are associated with the
symmetric about th€; axis. In order to explain more reasonably coupling of two angular moments. In general, the expansion
structure distortion, herein, we suggest that the two zero-field can be written &8
splitting parametersg and bg should be simultaneously con-
sidered in the determination of the local structure distortion of o o
Mn2* ions in the CaC@Mn?2* system. In the present work, & ~ ¥jm = Z (MMl MY 0, Y, = z Ormm,+m, X

L

theoretical model for determining the local structure distortion My,

of Mn?" ions in the (Mn@)!" coordination complex is (G+ii— QWG -t i — )

proposed by diagonalizing the complete energy matrices for the (2j + 1) x (j; + my)!
d® configuration ion in a trigonal ligand field and by considering G+, +ij,+1)!

the second-order and fourth-order zero-field splitting parameters 12

by andbj simultaneously. By this model, the optical absorption Gy — MGy + M), — MG+ M) — m)|
and EPR spectra of M ions in calcite single crystal,

travertines and shells have been investigated. (- 1)

7 :

Firstly, we construct the complete energy matrix of tite d
configuration ion within the ligand field scheme. There are two G—jotm+MG—j;,—m+ -1 Vi m¥Vim, Q)
different ways which have been developed to construct the
complete matrix. One way is Racah’s method, in which the T relationship of the coefficients betwesnand —m is
tensor operator has been usédhe other way is Slater's
method, in which the relationships between the matrix of the ; o — oyt o — -
single d electron and the matrix of thé donfiguration have Tudzmumylligigm= (= 17 hj, = my = mllj,j rr(12D)
been establisheld.In the present work, Slater's method has been
employed. For a%configuration ion in a trigonal ligand field, ~ From eqgs 1 and 2, it is easy to get tldeM;Obasic functions
in order to construct the complete matrixes, tlgvi;0basic
functions need to expand into the form of theSM_,Mdlbasic |IM,= ZCi|L,SM,_,MSm= ZZCiCJ-CDj (3)
functions. This expansion may be realized in terms of the T T
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Figure 2. (1) Rhombohedral unit cell of calcite. (2) Local structure distortion fo?Mbns in the CaC@Mn?* systemR, andf, are the structure

parameters of CaGOAR andAf represent the structure distortidRis the Mn—0O bond lengthsé is the angle between the MiO bond and the
Cs axis when the M#' ion replaces the Ca ion.

whereC; and C; are the ClebschGordon coefficients and; The EPR spectra ofPcconfiguration MiA* ions in a trigonal

is one of the 252 basic Slater determinants. According to the ligand field may be analyzed by employing the spin Hamilto-
IL,SM_, Mgl functions of the 8 configuration ion in a trigonal niars2

ligand field, we have constructed the complete energy matrix

of the Hamiltonian

H=H.,+H,+H= Zezlriyj +EY s+ YV (@)

1<] T

A

A= B -5+ 20300 + BSOS + 50D (6)

where the first term is the electre®lectron interactions, the  where the first term corresponds to the Zeeman interaction
second term is the spirorbit coupling interactions, and the third  and the following terms represent the zero-field interaction.
term is the ligand field potentials. For & configuration ion in ug is the Bohr magnetorfa is the magnetic fieldg is the

a trigonal ligand field, there are 252 independent wave functions. splitting factor, S is the spin angular momentum oper-
Using the|J,M;functions, we find that the symmetry-adapted ator, O are the standard Stevens spin operatbrand bf
functions for theC; double group can be divided into three  gre the zero-field splitting parameters. From the spin Hamilto-
groups associated with tig (orT's), I'z, andl's representations,  piay - \ve can easily obtain the zero-field splitting energy
respectively. From the representations, threex824 matrices levels AE; and AE; in the ground statéA; for a zero-
have been constructed. The matrix elements are the function of tic field Th level . in Fig-
the Racah parameteB and C, Tree’s correctiont, Racah’s magnetic Tield: €se energy levels are given in g
correction3, the spir-orbit coupling coefficientZ, and the ure 1.
ligand field parameterByo, Bao, B3, andBj; which are in the

H 1
following forms’ IIl. Local Structure Distortion for Mn 2t lons in the

(MnO)1%~ Coordination Complex

1
By = —sz(r)(S co6, - 1) A. Calculation for Mn 2* lons in Calcite and Travertine.
2% The crystallographic properties of calcite are well-stud-
1 ied 3435 Calcite is the rhombohedral form of Cag@nd be-
By = —264(1)(35 coé 6. — 30 cod 6.+ 3) longs to the space grous. There are two nonequivalent &a
8% sites in the calcite structure associated with the alternation of
the carbonate ion orientations in successive carbonate planes.
When the divalent M#" ion is doped into calcite, it will
substitute for the Ca ion site. The MAT ion is octahedrally
coordinated to six nearest-neighbor O atoms of thg?C@ns.
35 In order to describe the distortion, tizeaxis is chosen along
B =i Tszl(T)(Si”SezCOS@zSi” 3,) (5) the threefold axis, as shown in Figure 2. According to the

V35
Bl = TZ G,(7)(sin’ 6, cos6, cos 3,)

superposition modéf, the ligand field parameteB;; in eq 5



2786 J. Phys. Chem. A, Vol. 111, No. 14, 2007 Cheng et al.

TABLE 1: Observed and Calculated Optical Absorption Spectra for Mn2* lons in MNCO 3, MnCl,, MnBr ,, and Mnl,
Compoundg

MnCQ; (4.2 K) MnCk, (78 K) MnBr; (78 K) Mnl; (5 K)
state obs#l calcd obsél calcd obsél calcd obsé calcd
‘T1(G) 18350 18349.9 18500 18499.5 18450 18450.2 17630 17630.8
“To(G) 22600 22591.4 22000 21989.1 21650 21636.7 20600 20587.9
‘A1(G) 24580 24579.5 23590 23589.7 23084 23087.1 22373 22376.2
‘E(G) 24580 24579.5 23825 23589.7 23550 23087.1 22062 22376.2
4T,(D) 27255 27284.1 26750 26778.3 26520 26516.1 25420 25430.6
‘E(D) 29170 29210.0 28065 28076.8 27505 27530.9 26338 26373.9
4T(P) 31900 31947.7 36500 36534.8 29950 29987.8 28920 28992.7
4A,(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
4To(F) 41670 41697.5 42370 42410.2 38750 38773.6 37634.3

a All levels in units of cntl. P Reference 3% Reference 419 Reference 42.

TABLE 2: Calculated Parameters for Mn2t in MnCO 3, MnCl,, MnBr ,, and Mnl, Compounds

parameters N B(cm™) C(cm) o (cm) B (cm) Dq (cm™) A; (au) A (au)

MnCO;3 0.9782 840.53 2996.79 59.51 —119.94 771.7 3.056056 25.610553
MnCl, 0.9682 806.68 2876.12 57.12 —115.11 646.6 5.889934 49.359155
MnBr; 0.9630 789.49 2814.82 55.90 —112.66 596.1 6.963984 58.359967
Mnl, 0.9555 765.18 2728.15 54.18 —109.19 604.5 10.174621 85.269530

will vanish, and the paramete@s(r) andGy(z) can be derived ~ TABLE 3: Ground-State Zero-Field Splitting AE;, AE;, and

as? the EPR Parametersh) and b for Mn 2+ lons in
Calcite Single Crystal at Room Temperaturé
G,(7) = eq,G(7) AR(R) A0 (deg) 16AE;  10°AE, 102 1000
—-0.116 0.85 —455,99 —-143.09 -76.24 —1.93
G,(r) = e0,G(7) -0.116  0.855 —453.89 -14250 -75.88 —1.90
’ —-0.116 0.86 —451.70 —141.49 -—-7553 —-1.96
K Rk —0.156 0.99 —457.40 —141.69 -—-76.54 —2.33
ke _ (R 2 2 I © 2 2 —0.156  0.996 —454.29 —140.49 -76.03 —2.36
G (D) = fy Re'(r R dr + [ Rag’(D)r ferL dr (7) ~0.156 1.01 —44759 —138.30 -7491 -235
—0.196 1.12 —458.81 —139.10 -76.83 —2.96
. o -0.196 1.127 —454.29 —137.81 -76.12 —2.94
Accordmg to the Van_ Vleck app_rOX|mat|(_)n for thé(z) —0196 114 —44679 —13519 —7488 —296
integral3” we may obtain the following relations exptl® —453.90 -14039 —75.96 —2.36
—0.169 1.025 —-460.32 —141.72 -—77.06 2.53
—eq, 120 A, —eq, 10 A, —-0.169 1.035  —456.83 —140.44 —76.48 255
Gy(1) = ———— = —, G(t)=—r—=— -0.169 1.045 —449.71 —138.13 -75.29 254
=& =& R =8 exptlc —456.65 —140.40 —76.45 —2.55

® 3 10°AE;, 10°AE,, 10, and 16 are in units of cm?. © Refer-
whereA, = —eq,[1°[) A, = —eq,[*[] andAy/A, = 240 The ence 24° Reference 25.
ratio of [M2M*(J= 0.119 328 is obtained from the radial wave
function of the MiA* ion in complexes$8 A4, as a constant for ) : )
the (MnQ) — coordination complex, can have its value fi€ld parameterskzo, Bso, andB,y) are only functions 0AR
determined from the optical absorption spectra and the-@n ~ @nd A0. In order to decrease the number of adjustable
bond length of the MnCgrystal3240By fitting the calculated pa,rameters and reflect the covalency effects, we use Curie et
optical absorption spectra to the observed values, we can obtairfl-'S covalent theor and take an average covalence fadtor
different optical parameters for different Kfhcompoundg94t43 to determine the optical parameters as follows
The quantitative calculation results are listed in Tables 1 and 4 4 4
2. From Table 2, we can see thaMnOg)1%~ < Ay(MnClg)*~ B=NB,, C=NGC, a=Nay,
< Ay(MnBrg)*~ < Ay(Mnlg)*~ for Mn2* ions in the coordination g=N o = NZCO (10)
complex. As to MA" ions in calcite and travertine, we take
= 0.9782 in the calculation from the optical spectra of MRCO  The values of the free-ion parameters forWions have been
since they have the similar structure and the same type of ligand.gptained ad, = 918 cnl, Co = 3273 cmrl, o = 65 cnTd, B
Thus, SUbStitUtingM = 25.610 553 au ané, = 3.056 056 au = —131 cn1}, andgo = 347 cnt 146 For M2t ions in calcite
for Mn?* ions in the (Mn@)'°~ coordination complex into eqs  single crystal and travertines, by diagonalizing the complete
7 and 8, the local distortion structure of Rions in calcite energy matrices, the ground-state zero-field splitting can be
single crystal and travertine can be determined by diagonalizing calculated with use of distortion parametéx® A6, and the
the complete energy matrices. The local structure distortion cancovalence factoN. The comparisons between the theoretical
be described by two parametek® andAd (see Figure 2). We  yalues and the experimental findings are shown in Tables 3 and
used the following relationship to evaluate the bond lerigth 4.
and bond angl® for Mn?* ions in CaCQ. B. Calculation for Mn 2* lons in Shells.Sea shell is mainly
composed of two common mineral forms of Ca>€alcite and
R=R,+ AR, 0=0,+ A0 9) aragonite. It also consists of less amounts of MgGQTaP>0s,

whereR, = 2.36 A andd, = 52.8.3944Thus, the trigonal ligand
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TABLE 4: Ground-State Zero-Field Splitting AE;, AE,, and the EPR Parametersbg and bg for Mn 2* lons in Travertines?

travertine samples AR(A) A0 (deg) 10AE,; 10°AE, 109 1090 10 exptF
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  —257 103.27
papigno -0.179 3.164 598.83 211.20 99.21 -252 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

a10°AE;, 10°AE,, 10'09, and 16h] are in units of cm™. ® EPR paramete

rs 46 from —2.57 to—2.39 for Mr?* ions in travertines are predicted

first. The experimental values ofﬂtﬁ from —2.55 to—2.36 for Mr?* ions in calcite single crystal were reported in refs 24 and*Reference 20.

TABLE 5: Observed and Calculated Optical Absorption Spectra for Mn2* lons in Shell$

shell operculum arca burnesi lamellidens marginalls
state obsktl cald® obsd calcd obsd calcd' obsd calca
“T1(G) 17695 17694.7 18000 17999.6 17725 17724.6 17850 17849.5
TA(G) 21270 21210.9 21280 21213.6 22069 22099.9 21735 21703.9
A1(G) 22620 22620.7 23475 23473.1 24443 24443.1 24385 24385.1
‘E(G) 22620 22620.7 23475 23473.1 24443 2443.1 24385 24385.1
4T,(D) 26310 26372.6 25965 26059.4 26659 27683.4 27015 27066.9
“E(D) 27391 27428.4 27170 27227.8 28081 28152.0 28565 28591.3
4T1(P) 29131.1 28978.6 30232.1 32250 32311.9
4A(F) 31760.2 31203.3 32676.9 37834.7
4T1(F) 35393.4 34893.8 36421.7 39627.5
“To(F) 39562.3 38893.9 41046.1 42148.8

aAll levels in units of cnr®. ® Reference 48N = 0.9581,B = 773.55 cm?, C = 2757.97 cm?, a = 54.77 cm?, f = —110.37 cm?, Dq =
624.8 cnt, ¢ Reference 48\ = 0.9670,B = 802.69 cm?, C = 2861.88 cm?, . = 56.84 cm'’, B = —114.55 cm?, Dq = 686.7 cm™. 4 Reference

50,N = 0.9768,B = 835.73 cm?, C = 2979.67 cm?, o = 59.17 cm'?, j

= —119.26 cm?, Dg = 822.5 cm. ¢ Reference 51N = 0.9763,B

= 834.02 cm?, C = 2973.58 cm?, a = 59.05 cn1t, f = —119.02 cn?, Dg = 803.0 cnt?.

TABLE 6: Ground-State Zero-Field Splitting AE;, AE;, and the EPR Parametersbg and bg for Mn 2* lons in Shell$

pila globosa mytilus conradinus mytilus edulis
shell layers hypostracum ostracum of operculum hypostracum of operculum prismatic layer prismatic layer
AR (R) —0.144 —-0.149 —-0.148 —-0.102 —-0.109
A6 (deg) 3.483 3.927 3.875 0.791 0.931
10°AE; 704.80 903.19 878.41 —538.50 —481.82
10°AE; 246.01 312.50 304.01 —168.40 —149.31
100) 117.02 150.08 145.96 —90.08 —80.63
(1069)P —2.36 —2.44 —2.39 —2.41 —2.43
(100 et 117 150 146 —90¢ —80.58

3 10°AE;, 10°AE,, 10%), and 16b] are in units of cm™. ® EPR parameters #f from —2.44 to—2.36 for Mr?* ions in shells are predicted first.
The experimental values of itﬂﬂ from —2.55 to —2.36 for MI#* ions in calcite single crystal were reported in refs 24 and°Beference 48.

d Reference 49 Reference 47.

SiO,, (Al, Fe)0s, CaSQ, protein, and mucopolysaccharidés.
The EPR spectra of transition-metal Rnions in sea shells
have been extensively studied by many researfetsBlan-
chard and Chasteen observed that the local structure f Mn
ions in sea shell has By symmetry?” Thus, from the optical
absorption spectra of M ions in sea shell, we obtain thkit

= 0.9581 for M#* ions in shell andN = 0.9670 for Mi#*
ions in operculunt® For the sake of simplicity, the results are
given in Table 5. Substituting the covalence fadibinto eq
10, we can get the optical paramet&s= 773.55 cn1!, C =
2757.97 cm?, oo = 54.77 cmt, f = —110.37 cm?, and¢ =
318.53 cmi! for Mn?* ions in shell and = 802.69 cn?, C =
2861.88 cmt, o = 56.84 cn1l, f = —114.54 cm?, and¢ =
324.48 cn! for Mn2* ions in operculum. By using eqs 5 and
6 and the optical parameteBsC, o, 3, andg, we can calculate
the corresponding local structure distortion paramesdsand
A6 by diagonalizing the complete energy matrices of the
electron-electron repulsion, the ligand field, and the spambit
coupling of the 8 configuration ion in a trigonal ligand field.
The results are listed in Table 6.

It can be seen from Tables—® that the theoretical results
are in good agreement with the experimental values. From the
calculation, the local lattice structur€= 2.191-2.204 A, 6
= 53.796-53.853 for Mn?* ions in calcite single crystaR =
2.175-2.189 A, 6 55.939-55.984 for Mn2* ions in
travertines, andR = 2.211-2.258 A, = 53.591-56.727 for
Mn?* 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 (Mn@*°- coordination complex for M#t ions
in the CaC@Mn?* system has a compressed distortidiR <
0 andA#@ > 0. This compressed distortion may be attributed to
the fact that the M#" ion has an obviously smaller ionic radius
(rvnz- = 0.91 A) than that of the Ga ion (rcz+ = 1.00 A)52
It should be also noted that the local lattice structure of the
CaCQ:Mn?* 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 MA" ions in water and the temperature of the
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inter-relationships between electronic and molecular structure .

and study the local molecular structure of the (MO Appendix

coordination complex. By comparing our theoretical resi®s ( |igand Field Potential. The ligand field potentiaV; in eq 4

=2.191-2.204 A,G = 53796‘53853) W|th the I’esultSIR = can be Written é§

2.29 A, 0 = 53.46) obtained by Zhengt we find it noteworthy

to mention that the empirical formulds~ (Ry + Rp)/2 andf - 2 o 4 o C , 4-C

~ (O + 6p)/2 are not suitable for the CaGMn2* system. Vi = YooZoo + Voo i Zool 01 01) + Vadi ZaoOhs ) F Vadi Zas

Furthermore, the previous theoretical result of the second-order (6, &) + vadi'Zak6;, b))
zero-field splitting parameteb; (b) = —82 x 1074 cmY) . _

obtained by Yu and Zh&bis not quite in good agreement with ~ Wherer;, i, andg; are spherical coordinates of tith electron.
the observed valuésf = —75.96 x 1074 cm2) for Mn2* ions Zim, Zyy, and Z;,, are defined as

in the CaC@:Mn?" system?* This indicates that the high-order _

perturbation method is imperfect. Considering that the two zero- Zo= Yo

field splitting parameters are useful in understanding the

coupling strength of M# ions to the CaC® lattice and e = (AN2IY, _n+ (— 1™,

accordingly in understanding the changes of other properties

induced by the M#" impurity, we have constructed the = (i/\/é)[\(l’,m - (- 1)mY|’m]

complete energy matrixes foP donfiguration ion in a trigonal
ligand field and have made an analysis of the zero-field splitting
parameter§) andb of Mn2* ions in the CaC@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 4y O
the matrix included in the determination of relationships between 7 _TZ| ©., ¢.)
the crystal field and the spin Hamiltonian parameters. At the 2l + 121@“ e e
same time, this theoretical method opens the possibilities to test

a different approximate method, for example, the high-order N

perturbation method. Of course, our theoretical results remain c _ _ i i 0., ¢)
to be checked by other more direct experiments. Yim 2| + 1;|{+1Z'm v

s 4r 2 &

From the above studies, we have the following conclusions. Tm =TT — %m0 )

(i) The EPR and optical absorption spectra of ¥ions in IR,
CaCQ have been studied by the complete energy matrices for
a cP configuration ion in a trigonal ligand field. It is worth noting
that the above theoretical study of EPR and optical absorption X o .
spectra provides powerful guidelines for future experimental R; denotes the impurityligand distance.
studies aimed at pinpointing exactly how Mn enters into the
CaCQ environment.

(i) By solgmg th(g energy matrices, the zero-field splitting gg gﬁiﬁ’, esv-a*f-ééns‘ig;’;’g&%_?mfé’CF?_;efpi-r 55’3411?? ?33;%75-_
parameterdy, and b, have been derived, and the theoretical cnhem. B2003 107, 4290.
values are found to be in good agreement with the experimental  (3) Jeschke, GJ. Phys. Chem. R00Q 104, 8382.

The Yim are the spherical harmonicgio, 71, andy;, are
associated with the local lattice structure around theomfig-
uration ion by the relations

€q

Yio=™ —

IV. Conclusion

where@, andg, are angular coordinates of the ligandandg,
represent theth ligand ion and its effective charge, respectively.
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