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A simple theoretical method is shown to yield a detailed explanation of numerous EPR parameters for a d
configuration ion in tetragonal ligand field. Using the unified ligand-field-coupling (ULFC) scheme, the
formulas relating the microscopic spin Hamiltonian parameters with the crystal structure parameters are derived.
On the basis of the theoretical formulas, the 21210 complete energy matrices including all the spin states

are constructed within a strong field representation. By diagonalizing the complete energy matrices, the local
lattice structure and JakiTeller energy of Ci* ions in ZnS:C#" system have been investigated. It is found

that the theoretical results are in good agreement with the experimental values. Moreover, the contributions
of the spin singlets to the zero-field splitting (ZFS) parameters &f @ns in ZnS crystals are investigated

for the first time. The results indicate that the spin singlets contributions to ZFS paratu&@ﬂmegligible,

but the contributions to ZFS parametéfsandb; cannot be neglected.

1. Introduction Cr2" ions in a ZnS:C¥" system, as yet a comprehensive report
of its zero-field splitting parameters is lacking.

Theoretically, the studies of the electronic structure of
dtransition metal Ci" impurities in crystals have made remark-
able progress in the past decades byPBapproximationt.’~1°
é—lowever, we have not fully been able to understand the nature
of transition metal Cr" ions within this approach because the

Impurities in semiconductors have attracted a great deal of
attention for many years owing to their significance for practical
applications, as in photoconductors, microwave detectors, an
electroluminescent devicés® Among the impurities, particular
attention has been focused on the transition metal ions becaus

they are commonly associated with deep levels within the host L o
y y B contributions of spin triplet stateék (L = H, G, F, D, P) and

crystal band gap. These levels can strongly influence the electric, S -
magnetic, and optical properties of the semiconductor because'.[he spin singlet statés. (L =1, G F. D, S). have been neglected
the properties of the impurity ion, such as charge, mass, and'"” them. To remedy these discrepancies between theory and

size, are different from those of the replaced host ion and the gxperimepts, the spin triplet s'_[ates pon_tribL_Jtions to the zero-
local properties in the vicinity of impurity ion, such as local field splitting (ZFS) for a dzgonflguratlon ion in crystals were
compressibility and local thermal expansion coefficients, are pe_rf(_)rmeo! k_)y Zhou et &k~ Unfortunately, the_se meth_od are
unlike those in the host crystal. To gain more insight into the still '_”S“ff'c_"?”t to undc_arstand the Qeta|_led information and
microstructure and the properties of the impurity ions in physical origin of transition metal €f ions in crystals because

semiconductors, many studies of electron paramagnetic reso-the spin smg'le.t statéd (L =1, G, F, D, S.) influence the fine
nance (EPR) have been achieVed: structure splitting of the ground states, i.e., affect the ground
EPR is one of the most important and powerful techniques ZFS parameters. S . 4
for the investigation of point defects in crystals. The reason is It 1S W(_all-k_nown that the Hamlltoman matrix of a‘d
that the EPR spectra can provide highly detailed experimental co_nflguratlon in crystals has 2w5210 dimensions for all the
information about the electronic structure, local environments, SP'N states but only 2& 25 for the pstate and 166« 160 for
hyperfine constants, etc., of paramagnetic deféci§.The EPR Escitlh °D ar_1d L sta}teszﬁ S, to obtain more accurate ZFS, all
spectra of transition metal &rions doped into ZnS have been ... X multiplets with S= 2, 1, and 0 should be considered. In
experimentally observed by Vallin and WatkiHsTheir ex- this Paper, cqmpl_ete energy matrices (.210210) of a d
perimental results give important information about the ground configuration ion in a tetrag;onal ILgand field are constructed
state of the transition metal @rions and form a useful starting ~ and the ZFS parame‘Febg, by, andbj of the ZnS:C#* system
point for understanding the interrelationships between electronic &€ investigated. By diagonalizing the complete energy matrices,
and molecular structure of Erions in the (Cr$)6~ coordination ~ the local structure distortion parametefsR and A¢ are

complex. Despite the large number of publications relating to detérmined. _ ,
The goal of the present study is twofold: to elucidate a
* Corresponding author. E-mail: palc@163.com. microscopic origin of various ligand field parameters that are
I Institute of Atomic and Molecular Physics, Sichuan University. usually used empirically for the interpretation of EPR and optical
Department of Physics, Sichuan University. absorption experiments and to provide powerful guidelines for

§ International Centre for Materials Physics, Academia Sinica. . . . . .
I Chinese Center for Advanced Science and Technology (World Labora- future experimental studies aimed at pinpointing how actually
tory). Cr2* enters the ZnS semiconductor. The paper is organized as
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follows: In Section 2, the basic concept of the unified ligand- TABLE 1: Energy Matrices of d4(D%,)
field-coupling (ULFC) method and the method how to construct

the complete energy matrix from the standard basis are Iy block Iy block
described. The spin Hamiltonian and energy levels for*a d A2(23 x 23) Tiz(23 x 23)
configuration ion in a tetragonal ligand field are presented, and Bo(27 x 27) To4(23 x 23)

the microscopic formulas of EPR parameters for the ground A8 x 8)

state are given. In Section 3, the local structure distortion and B1(27 x 27) Ee(19 x 19)
the Jahna-Teller energy of Ci" ions in a ZnS:C¥" system are A1(14 x 14)

e Ja - o Ax(33x 33) EO(19 x 19
investigated and the contributions of the spin singlets to ZFS (19x 19)

are discussed. Conclusions are summarized in the final section.  Ex(50 x 50) TiX(23 x 23)

To5(27 x 27)
Ty(23 x 23
2. The Unified Ligand-Field-Coupling (ULFC) Method EX(50 x 50) W23 23) Tar(27 % 27)

The applicability of the ligand field theory approach to the ) - i ,
experimepr?tal datg existinggfor many trans?;ior?pmetal ions in 9roupO;(d?) with the Gzlff|th23str_ong field functionsg;, STMy [
semiconductor is well established. In the present work, the strong®©f € Point groupOn(d) according to the expression
field scheme of the unified ligand-field-coupling (ULFC) L L
theoretical method has been employed. ULFC method is not |G, STy = g [(SCMy Iy Mg, STMy D ®3)
only a complete calculation method considering all multiplets 4

of an d electron cc_)nflguratlon but also a un|f|ed_ standard|zat|on_wherey, denotes different components BY, g stands for the
and terse theoretical method. It uses a special standard basis . ) . oh .
for the whole @ configuration space. This makes each basis ith strong f_|eld conf|gurat|_orft2(3sirl)em£SQF2) n the_ electro-
component and each eigenstate of the corresponding energftat'cI matrix tabl]? |(()jf G”ff.'tﬁ _f?]r d conflgfurﬁtlog.loﬂée .
matrix carry the information about the spin-multiplicity and the ?L?r?;'fi)oeri viitlﬁane%o:ﬁe argfg::l)k( dvi\’; orrlils?:r% gf Itl';' blocks asts
space symmetry. In addition, it also overcomes the limitations That is. th i lits into ¢ gl-f Id d ted t.'

of the traditional one-by-one diagonalization methods such as atis, the matrix Spits into two 1-iold degenerated matrices

- ’ A1 (14 x 14) and A (8 x 8), one 2-fold degenerated matrix E
the molecular orbital method, weak-field method, etc., and does .
not need to distinguish the ligand field strength thus can (19 x 19), two 3-fold degenerated matrices (B3 x 23) and

generally be applied to arbitrary transition metal complexes in T2 (2_7 Xf27)é Each C,?ln be I(::))ked upor|1 as thﬁ zum of the
principle. By this theoretical method, in this section, we will matrices foH*qB,C), V", andH=° (see Table 1). Thei*{B,C)

construct the spinorbit coupling representation of thet d ~ ComPonent of each’y’ matrix is diagonal about S aridand

configuration space and the corresponding standard completdUs forms a block-diagonal matrix. Of a givei 8lock, the

energy matrix of @ configuration ions in a tetragonal ligand ma}lgriglelimentsfare_fjfl_JSr,]tztshe same as theefectrostatic matrix
field. It should be emphasized that, although the concept of in Table A.30 of Griffith:

standard basis was introduced by Griffittior the irreducible _The matrices of the cubic cryst:alllfie‘tfl in eachly" block
representations of the point groups, our standard basis is definedVill be fully diagonal in theiq;, SI'T"y’[irepresentation, and the
for the whole d configuration space. diagonal elements can be obtained as follows,
The Hamiltonian of the ticonfiguration ion in a ligand field m AL m .
can be written &3 e, SIT'y' |V, |tze",STT"y' = (6m — 4n)Dq  (4)
fof 1 5 zé& . - The Hs° component of d"y' matrix is not diagonal, and
H= Z — P = — &) oS+ V(r)y + the elements can be obtained according to the following
& (2m i formula,
+o
2o W HACSILST) = @Sy H g Sy O
<2 Tk
1
wherePy is the momentum vector of tHeh electronyy is the TR Vi (1) g, STy =
distance from the nucleus) is the mass of the electror,e is y=1
the charges;+-Zeis the charge on the nucleus; is the distance , 1T,
from thekth electron to théth electron, and/(ry) is the potential K'lgy, SV Hig;, S,I0 (®)

energy of thekth electron in the electrostatic field of the o )
environment. In a cubic ligand field, it can be simplified as whereK' are the transferred coefficients. The reduced matrix

follows elementdd;, S;1IIViTlIg;, S:I20in eq 5 can be calculated with
the following formula
H=H’+H*BC) +V.' (Dg) + HAE)  (2) .
[0, STV g, S,I,0=

where H® is the effective center potentiabi*qB,C) is the 50 DJ/—
electrostatic interaction between the d-electro‘mél, is the (6, S Syy1IH710, S,T5S,y,L/(2S, + 1)dim(Ty) (6)
cubic component of the crystal field, attf(C) is the spin- (—1)% 51 S,M, 1y |S;M, 0T, y, T, — y*|Tyy,0

orbit coupling energyB and C are the Racah parameteBy

is the ligand field intensity parameter, afgds the spir-orbit whereM; = S, My = S5, andy” = S — S, dim(T) is the

coupling parameter. dimension ofl", andy; andy, can be selected arbitrarily as
2.1. Standard Basis and Energy Matrix of a d(O}) long as the CG coefficierlzy,T1 — y*|[I'1y10= 0. From eqs

System.First, we construct basis functiofg,SI'T"y' [(for each 5 and 6, we can obtain all matrix elements of the sprbit

irreducible representatidr (i.e., A, Ay, E, T, To) of the double interaction.
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2.2. Standard basis and energy matrix of a #D},) 0 Lo, 14 _o0r Lo 1l
system.If the octahedral ligand field has a tetragonal distortion, B, =20+ 5b4 + 5b4’ B, =20, + 5b4 5b4’
say, Do, the Hamiltonian can be written as
0 A o) 0 Es= _bg - frbg’ E,= _Zbg + §b?1 (12)
H' = H®+ H®{(B,C) + V2%(Dq) + H3%C) + VF(u,0)  (7) 5 5

The corresponding matrix elements are presented in Table 2.

0 - : )
whereVE? is the tetragonal component of the ligand field and Using eq 12, we can easily obtain that

u and 0 are the tetragonal distortion parameters. We can
construct the 4D3,) basis functions for each irreducible | 1
representations” (i.e., Ay, Az, E, By, By) of the double group P2 =Z(E. + B, — B — E)),

D3, (d* with d*(O;) basis functiongg;, STT"y' by the formula 1
below, bg = 14E1+ Ep — 85+ 6E)),

5
|q|’SrrI - FIIVHDZ Z [II‘I)/!|FII‘}/HDhi’SrFI‘J/ID (8) bi — E(El —_ E2) (13)
7
The values ofE; can be obtained by a comparison with the
eigenvalues of the 4D3,) matrix that correspond to the
orbitally nondegenerated ground state.

wherey'|I""y" Care the coupling coefficients. The matrix of
Hamiltonian (eq 7) with respect to the 210(@3) basis
functions will be a block diagonal form of siX'y"" blocks. In

T A .
eachI™'y" block, the component dfi® + Hee + V* + H®is 3. Calculation for Cr2* lons in the ZnS:Cr2+ Complex

again a block diagonal form of'y’ blocks of the &(Oy) System
matrix (see Table 1), thus only th&? component needs to be _ . - _
calculated. In eacE"'y" block, the matrix elements af¢ can 3.1. The Local Structure Distortion of Cr?* lons in ZnS.

be at any position. Finally, each matrix element of the complete ZNS has a cubic zinc-blende structure at low temperature but a
energy matrix can be expressed to be a linear combination ofhexagonal wurzite structure at high temperatures. The EPR study

the Racah parameterB and C, the spir-orbit coupling of Cr** ions in ZnS crystals has been done by Vallin and
coefficientZ, and the ligand field parameteBs, , andd, which Watkins at 4.2 KI! The CE' ion appears as a substitutional
are in the following forms impurity at the cation site, surrounded by four S anions in the

tetrahedral coordination. The local lattice structure around the
Cr2™ ion displays a tetragonal distortidh.The tetragonal
distortion can be described by employing two paramet&ks,
and A6, as shown in Figure 1. We used the following

Dq=2—1464(r) 10 cod 6 —%)00526 —%)

u=- 8 G,(7)(3 cof 9 — 1) — relationship to evaluate the bond lendtand bond anglé for
7 110 ) Cr?* ions in ZnS.
G4(r)(500§0—ﬁ00520+2—i) R=R, + AR 0=0,+ A0 (14)
o=— 6 G,(7)(3 cogh — 1)+ (34(1)(5 cod o — whereRy = 2.341 A andho = 54.7356. To decrease the number
7 of adjustable parameters and reflect the covalency effects, we
ﬂ)cog 0+ gi’) (9) use the Curie et al.’s covalent theory and take an average
21 2 covalence factoN to determine the optical parameters as
. " following?”
2.3. The Zero-Field Splitting Parameters.The general form
]Ei)fel?(iasipin Hamiltonian for a Gt ion in a tetragonal ligand B= N4BO, Cc= N4C0, = szlo (15)
A -~ 1 1 whereBy, Co, and{o are the free-ion parameters for?Crion
H = 1gSegeB + 3 by0J + 5% (b305+ b0  (10)  and can be determined from the spectra of the frée ©@n.28

The comparisons between the calculation and experiment are

where the first term corresponds to the Zeeman interaction, andShoWn in Tables 3 and 4. L

the following terms represent the zero-field splitting effegt. According to the Van Vleck approximation and eq 9, we may
is the Bohr magnetorB is the magnetic fieldg is the splitting obtain the following relatior?

factor, S is the spin angular momentum operatb},are the

EPR zero-field splitting parameters, a@} are the standard = = =_1
Stevens spin optfrato?g.lf is noteworthf)tﬂo mention that the &) R R G) R R (16)
parameteﬂsﬂ are related to the EPR parametar®, andF. a

is the cubic field splitting parameteR) and F correspond to ~ Where A = _,qu@zm As = —eqi] and A/A, = [IPIIET]
axial component of the second-order and the fourth-order, 1€ ratio of <l/i“0}= 0.122478 is obtained from the radial

respectively. The relationships are given by wave function of C¥ _ion.26 For A4, as a constant for the
(CrS,)8~ tetrahedron, its value can be determined from the
optical absorption spectra and the<€3 band length of the CrS
crystal3%—31 Thus, from the optical spectra of CrS, we obtain
A4 = 41.2636 au and A= 5.0361 au for Ci" ions in the
From the spin Hamiltonian (eq 10), we can get the expressions(Cr;)8~ coordination complex. For €r ions in ZnS:C#"

of the splitting energy levelg; in the ground state for a zero  system, by diagonalizing the complete energy matrices, the
magnetic field, which are expressed as follows ground-state ZFS can be calculated with use of distortion

—eqmzmz A, —eq'0 A,

:g

a=5

b, D=1 F=atf- b (1)



Zero-Field Splitting of C¥" lons in Zinc Sulfide Crystals J. Phys. Chem. A, Vol. 111, No. 43, 20011113

TABLE 3: Spectra of Free Cr?* lon
energy levels (cm')
theoretical experimental
term J value valuet
D 0 0.00 0.00
1 62.49 62.22
2 185.31 183.16
3 364.72 356.55
4 596.13 576.08
3P, 0 16701.48 16771.36
1 17149.99 17168.56
2 17800.11 17851.18
H 4 17216.37 17273.70
5 17389.25 17396.92
6 17508.91 17530.65
3k, 2 18421.41 18451.84
Figure 1. Local structure distortion for €t ions in ZnS:C#" system. 3 18471.02 18511.18
AR and A6 represent the structure distortion. 4 18550.53 18583.39
54 3G 3 20775.68 20703.64
I ! 4 20937.36 20852.95
H 5 21070.23 20996.04
_I_ 5B G, 4 25201.22 25138.87
1
D S D 3 25770.36 25726.44
e P E 2 25826.55 25780.94
o, f 2 . 1 25879.84 25848.31
free ion cubic field Jahn-Teller ~ 3 6 26036.71 26014.89
(Td}) Odistonion(DZd) 15, 0 27467.10 27372.32
(@) Dg < 1p, 2 32217.58 32151.99
T3 (T)SBZ F 3 37109.61 37005.16
5D I 3F, 4 43301.15 43286.71
E 2 43352.90 43304.53
_l_ 5B 3 43389.56 43322.17
1
e M 3Py 2 43479.24 43441.99
1 44013.43 43916.59
_L 5 4 0 44190.47 44141.36
1
free ion cubic field Jahn-Teller 1Gy 4 49818.14 49768.65
T, distortion(D, ) 1D, 2 65848.03 65763.21

(b) Dg>0
Figure 2. Energy levels of Cr ions in a tetragonal symmetr{déq),
as predicted by ligand field theory in presence of a static Jdkfler TABLE 4: Free-lon Parameters By, Co, and &, for d4(d®)

a2 Reference 28.

effect. lon, in Units of cm~1
TABLE 2: Spin Hamiltonian Matrix ions Bo Co %o
SMs 2,2 21 2.0 21 2-2 Cr* 843. 7 3486.6 236.F
22 04y O 0 0 Yght crt 830 3430 230
21 0° a0 0 0 o crt 870.6 3135.7 232

' b=y B Mn3* 1140 367% 352
20 0 0 — 200+ %leb O 0 Fe* 1058 390P 410
2-1 0 0 0 —b9 — 4/sb2 0 o

a

2-2 1y 0 0 0 260 + Vg The present work? Reference 23¢ Reference 26.
parametersAR and A6 and the covalence factoN. The 3.2. The Jahn-Teller Energy of Cr?* lons in ZnS. When
comparisons between the theoretical values and experimentalCr2* jons are doped into the ZnS, the system undergoes a-Jahn
findings are shown in Table 5. Teller distortion, effecting a change in the ?Crion site

It can be seen from Table 5 that the distortion parameters symmetry from the tetrahedral symmetryg) to tetragonal
AR = 0.048 A andA6 = 1.554 can provide a satisfactory symmetry Dag).11:32734 As a result of the JahnTeller interac-
explanation for the experimental ZFS parameﬂa%,sbo, and tion, the®T, state is split into &B, ground state and %E state
bj. AR > 0 indicates that the local lattice structure of ZnSiCr  elevated by B;«(T>) (E;r is the JahrTeller energy), whereas
system has an expansion distortion. The expansion distortionthe excited®E(Ty) state is split into®B; and 5A; components
may be partly because the®iion has an obviously larger ionic  (see Figure 2). For €t ions in ZnS:C#t system, the experiment
radius (c2+ = 0.89 A) than that of the Zf ion (rz»+ = 0.74 shows that the JahtTeller energyE;r is about 306.3378
A) and the C#" ion will push the S ligand to move upward cm 132734 Sypstituting the optical parameteis= 0.974 and
and downward, respectively, and this will lead to a local elongate the structure distortion parameteAR = 0.048 A andAd =
effect of the sublattice. From the calculation, the local lattice 1.55% into the complete energy matrices, we can obtain the
structure parameteR= 2.389 A andA6 = 56.2896 for Cr2+ Jahn-Teller energyE,r = 343.42 cmt, which agrees well with
ions in ZnS:C#" system have been determined. the experimental results. By diagonalizing the complete energy
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Figure 3. Jahn-Teller energyE;r for Cr2* ions in the ZnS:CGr" system

as a function of the local lattice structure paramekRend6. (a)N =
0.974,0 = 56.2896; (b) N = 0.974,R = 2.389 A

i 2.389

0 T
55
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Figure 4. Spin singlets and spin triplets contributions to the second-
order zero-field splitting parametebg of the ZnS:C#" system. (a)
Neglecting the spin singlets; (b) neglecting the spin singlets and the
spin triplets.

TABLE 5: Zero-Field Splitting Parameters b9, b}, and bj for
Cr2* lons in ZnS:Cr2* System as a Function of the Three
Parameters AR, A@, and N2

AB
N AR(A) (deg) K

0.984 0.040 1.550-1.870
0.984 0.048 1.554-1.906
0.984 1.560-1.921
0.974 1.550-1.834
0.974 1.554-1.868
0.974 1.560-1.883
0.964 1.550-1.801
0.964 1.554-1.833
0.964 1.560-1.847
expt —1.860

bs
0.0441
0.0455
0.0455
0.0415
0.0428
0.0425
0.0391
0.0403
0.0404
0.0498

by AExn

0.4950
0.5075
0.5075
0.4725
0.4825
0.4825
0.4500
0.4600 O.
0.4600 0.184
0.483 0.193

AE3z1 AEs

5.664 7.622
5774 7.771
5.819 7.831
5.555 7.472
5.659 7.613
5.703 7.671
5.453 7.332
5.552 7.466
5.593
5.627

aWhere zero-field splitting parameten, b, bj, and energy levels
AE21 = Ez — E1, AE31 = E3 — E1, AE41 = E4 — E1 are in units of
cm. P Reference 11.

matrices, we can find that the Jakifeller energyE;ris strongly
associated with the local lattice structure paramefeasd 6.
The relationships of the structure paramet@rand 6 vs E;r
are shown in Figure 3. From Figure 3, we can see that theJahn
Teller energy will reduce when the bond lenggincrease,
whereas the JahtTeller energy will increase when the bond
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4

b; D
Figure 5. Spin singlets and spin triplets contributions to the fourth-
order zero-field splitting parametelng andbj of the ZnS:Ct#" system.
(a) Neglecting the spin singlets; (b) neglecting the spin singlets and
the spin triplets.

TABLE 6: Zero-Field Splitting Parameters of ZnS:Cr 2"
System as a Function ofAR, A8, and N, Where b, b},
bj are in Units of cm™1

0
N RA) (deg) )7 (B  (0)*  (0)° (B> (b)°

0.984
0.984
0.984
0.974
0.974
0.974
0.964
0.964
0.964

2.381
2.389
2.391
2.381
2.389
2.391
2.381
2.389
2.391

56.2856-1.870
56.2896-1.906
56.2956-1.921
56.2856-1.834
56.2896-1.869
56.2956-1.883
56.2856-1.801
56.2896-1.833
56.2956-1.847

0.0436
0.0448
0.0450
0.0411
0.0425
0.0422
0.0386
0.0396
0.0397

0.5050-1.809
0.5175-1.850
0.5175-1.867
0.4800-1.763
0.4925-1.802
0.4925-1.818
0.4600-1.719
0.4700-1.756
0.4706-1.771

0.0431
0.0440
0.0439
0.0406
0.0414
0.0412
0.0374
0.0390
0.0391

0.5150
0.5275
0.5275
0.4875
0.5000
0.5025
0.4600
0.4750
0.4775

aNeglecting the spin singlet8 Neglecting the spin singlets and the
spin triplets.

TABLE 7: Spin Singlets and Spin Triplets Contributions to
the Zero-Field Splitting Parametershd, b},
bj of ZnS:Cr2+ System

0

N RA) (deg) €? (ry)® (g (r)® () (i)

0.984 2.381 56.2856 0 0.0326 0.0113 0.0227 0.0202 0.0404
0.984 2.389 56.2896 0 0.0294 0.0154 0.0330 0.0197 0.0394
0.984 2.391 56.2956 0 0.0281 0.0110 0.0352 0.0197 0.0394
0.974 2.381 56.2856 0 0.0387 0.0096 0.0217 0.0159 0.0317
0.974 2.389 56.2896 0 0.0358 0.0070 0.0327 0.0207 0.0363
0.974 2.391 56.2956 0 0.0345 0.0071 0.0306 0.0207 0.0415
0.964 2.381 56.2856 0 0.0455 0.0128 0.0435 0.0222 0.0222
0.964 2.389 56.2896 0 0.0420 0.0174 0.0323 0.0217 0.0326
0.964 2.391 56.2956 0 0.0411 0.0173 0.0322 0.0217 0.0380

aNeglecting the spin singlet8 Neglecting the spin singlets and the
spin triplets.

angle® increase and the change of the Jafieller energy is

almost linear.
3.3. The Spin Singlets Contributions to ZFS of C#" lons

in ZnS. For further studying of the spin singlets contributions

to the ZFS parameters, we use the following relationship to show

the spin singlets contributions to the ZFS ofCions in ZnS

b0 = | bO

b5

2

b2i

0

Moo = |

b?l B bgi

4

rb4i4: |

by

4
4 |
b

7)

By diagonalizing the complete energy matrices, we can obtain
the theoretical results of the spin singlets contributions to the
ZFS parameters. The detailed results are presented in Figures
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4-5. It is obvious that the larger the ratipthe larger are the
contributions to the ZFS parameters. From Figure$ 4we

J. Phys. Chem. A, Vol. 111, No. 43, 20071115

and the Doctoral Education Fund of Education Ministry (no.
20050610011) of China.

can see that the spin singlets contributions to the second-order

ZFS parametebg are negligible, but the contributions to the
fourth-order ZFS parameteb§ andbj cannot be neglected and
the values for b} are more than that fds. It can be also seen
from Figures 4-5 that the values for °D approximation is
more than 0.30 for second-order ZFS paraméfeand 0.25
for fourth-order ZFS parameteb§ andbj. This means that the
5D approximation method is imperfect. A part of the quantitative
calculation results are listed in Tables 6 and 7.

4. Conclusion
By using the unified ligand-field-coupling (ULFC) method,

we establish the interrelationships between electronic andS-J;
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