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Abstract： T he optical absorption spectra of the covalent crystals ZnX （ X＝S，Se） doped w ith Co2＋ are studied using
the double covalency factors，which considers the anisotropic distort ion of eg and t2g orbits for d electron．When the
paramagnetic g factor is calculated，the contributions of the spin-orbit coupling from the ligand ions are taken into
account besides that from the central ion，which is the double ξmodel．T he calculated results indicate that the theo-
retical values coincide w ith the experimental values very w ell．T his suggests that the method presented in this paper
could be more valid to some strongly-covalent crystals．
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1 Introduction

T he Ⅱ-Ⅵ compounds doped by the transition-
metal impurities such as ZnX∶Co2＋（ X＝S，Se） are
a group of important diluted magnetic semiconduc-
tors （ DMS） ．Many researchers have experimentally
and theoretically studied their optical absorption
spectra，EPR spectra etc［1～3］．Some valuable results
have been gained．However，nearly no researches
about the optical spectra differ the eg orbit from the
t2g orbit．And the spin-orbit （ S-O ） coupling from
the ligand ions was also neglected when the param-
agnetic g factor w as calculated．T he above model
is，in fact，a reducing classical crystal-field model．It
describes the covalency only by the single orbital
reduction factor （ the average covalency factor ） ，
and considers simply the contribution of S-O cou-
pling from the central transition-metal ion to g fac-
tor．Of course，for some crystals w ith strong ionici-

ty and small S-O coupling from ligand ions，such as
N，O and F，this reducing model is surely a approx-
imate way．

However，most of the Ⅱ-Ⅵ compounds pos-
sess strong covalency，and the d-p electrons’ orbital
hybridization causes the anisotropic distortion for
the eg and t2g orbits of the d electron［4］．In the early
70’s，Curie et al．had once dealt w ith the double
covalency factors N t，N e for describing covalent
bond though they neglected the contribution of
Racah parameter A ［5］．T he value of N e is a litt le
smaller than that of N t due to the greater bonding
character of eg orbits［6］．T herefore，if w e adopt the
single average covalency factor N to describe the
covalency effect，the contribution of Racah parame-
ter A is actually offset，resulting in the difference
betw een the theoretical values and the experimen-
tal ones．In order to consider the real effect of Rac-
ah parameter A ，we have to use the double covalent
factors （ N t ≠N e ） to study the optical spectra of



the diluted magnetic semiconductors HgS ∶ Co2＋

crystals［7］．T he calculated results are identical to
the experimental values．Moreover，it is w orthwhile
to point out that the S-O coupling from ligand ions
which was usually neglected in the previous works
pertains to the paramagnetic g factor．In this pa-
per，it is suggested that the S-O coupling from lig-
and ions may not be neglected for the strongly-co-
valent crystals，besed on which a double ξmodel
w as proposed to replace the single ξmodel in the
strong-filed perturbation-loop method developed
by Macfarlane［8，9］．T he optical and magnetic prop-
erties of ZnX∶Co2＋ were also investigated and the
calculated results coincide w ith the experimental
data very well．

2 Theory

In the cubic strong field，the perturbation-
Hamilton of 3d7 configurations can be w ritten
as［10］：

H ＝ H e（ A ，B，C） ＋ H SO ＋ H Z （1）
where H e（ A ，B，C） is the off-diagonal electrostatic
Coulomb interaction，H SO is the S-O coupling inter-
action，obviously，it should include both contribu-
t ions from the d electron of central transition-metal
ion and the p electron of ligand ions．T hus，this
Hamilton may be given by

H SO ＝ H SO （ d） ＋ H SO （ p） （2a）
and H SO （ d） ＝ ∑

i
ξd（ r i ） L iS i （2b）

H SO （ p） ＝ ∑
n

ξp（ r n） L nS n （2c）
T he third term of formula （1） is called Zeeman in-
teraction．If the external magnetic field is H ，ac-
cording to the strong-filed perturbation-loop
method［8，9］，the H Z can be defined by the follow ing
form ［3］

H Z ＝ ∑
i

μB（ L i ＋ g eS i） H （3）
All symbols in Eqs．（2） ～ （3） have their usual
meanings．

Considering the covalency effect and the S-O
couplings，by means of the LCAO molecular or-

bits，the one-electron basic functions can be w riten
as：

｜γ＞＝ N γ（ ｜dγ＞－ λγ｜p γ＞） （4）
where γ＝eg and t2g are the irreducible representa-
t ions of the cubic （ T d ） point group，N γand λγare
the normalization and mixture coefficients of
molecular orbits，respectively．

Under the cubic strong-field scheme［10］，the ze-
ro-order wave functions may be obtained．T hen，us-
ing Eqs．（1） ～ （4） and the strong-field perturba-
t ion-loop method，a perturbation-theory expression
of the g factor in the ground state 4A2（ t32） can be
obtained as follow s

g ＝ g e ＋ g （ ξd） ＋ g （ ξp） ＋ g （ ξd，ξp） （5a）
g （ ξd） ＝ －8k2ξ13E1 －4k2ξ1ξ2 ＋2（2g e － k1） ξ219E21   

＋4（ k1 －2g e） ξ219E23 －2（ k1 ＋ g e） ξ223E22

＋4k2ξ1ξ29E1E3 －4k2ξ1ξ23E1E2 ＋4k2ξ1ξ23E2E3 （5b）
g （ ξp） ＝8k2ξ33E1 ＋4k2ξ3ξ4 －2（2g e － k1） ξ239E21   

＋4（ k1 －2g e） ξ239E23 －2（ k1 ＋ g e） ξ233E22

－4k2ξ3ξ49E1E3 ＋4k2ξ3ξ43E1E2 －4k2ξ3ξ43E2E3 （5c）
g （ ξd，ξp） ＝4（2g e － k1） ξ1ξ39E21 －8（ k1 －2g e） ξ1ξ39E23

－4（ k1 ＋ g e） ξ2ξ43E22 － （ ξ1ξ4 － ξ2ξ3）
× 4k29E21 － 4k29E1E3 ＋ 4k23E1E2 － 4k23E2E3 （5d）

In Eqs．（5a） ～（5d） ，g e＝2.0023，k1＝N2e （1＋12λ2e ） ，

k2＝N tN e（1－12λtλe） ，ξ1＝N tN eξd，ξ2＝N2
eξd，ξ3＝12

N tN eλtλeξp，ξ4＝12N2eλ2eξp，where ξd and ξp are the S-
O coupling parameters of the d electron of the cen-
tral free transition-metal ion and the p electron of
the free ligand ions，respectively；T he subscripts t
and e denote t2g and eg orbits，and g e （ ＝2.0023） is
the spin-only value；the energy denominators E i are
energy of the excited states 4T2（ t22e） ，2T2（ t32） ，2T2
（ t22e） and the ground state 4A2 （ t32） w hich can be
calculated from follow ing equations．
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E1 ＝ E （4T2） － E （4A2） ＝ （ －2A ＋10B ） N4e
＋ （2A －10B ） N2tN2e ＋10D q

E2 ＝ E （ a2T2） － E （4A2） ＝ （5A ＋15B ） N4e
E3 ＝ E （ b2T2） － E （4A2） ＝ （ －2A ＋10B ） N4e

＋ （2A － B ＋3C） N2tN2e ＋10D q
Evidently，taking λt ＝λe＝0and N t ＝N e＝N ，then
Eq．（5） w ill return to the classical expression［10］．

3 Applications

In this section，the expression of the g factor
for the 4A2（ t32） term developed in Section 2is ap-
plied to Co2＋ in ZnX（ X＝S，Se） ．For the free Co2＋

ion，the Racah parameters A ＝16118cm－1，B ＝
1115cm－1 and C＝4366cm－1［11］．Using energy ma-
trix in the Ref．［8］（ or referring to Appendix ） ，we
may obtain the double covalency factors N t and
N e，and the crystal field parameter D q w ith the
least squares fit method．T hus，the theoretical val-
ues of the optical spectra of Co2＋ in cubic ZnX （ X
＝S，Se） crystals can be easily calculated，and the
results are shown in T able1and T able2．It can be
seen that our calculated values are in good agree-
ment w ith the experimental values．

T able1 Optical spectra of Co2＋ in cubic ZnS crystals
cm－1

T ransition T heoretical value Experimental value［2］

ZnS∶Co2＋  N t＝0.9231，N e＝0.8465，D q＝378
4A2（ F） →4T1（ F） 6540 5924．2～7183．9
4A2（ F） →2E（ G） 12535 12547

4A2（ F） →2T1a（ G） 12899 12804
4A2（ F） →2T1b（ G） 13200 13106
4A2（ F） →4T1（ P） 14512 14472
4A2（ F） →2A1（ G） 14986 15015

T able2 Optical spectra of Co2＋ in cubic ZnSe crystals
cm－1

T ransition T heoretical value Experimental value［2］

ZnSe∶Co2＋  N t＝0.9115，N e＝0.8249，D q＝391
4A2（ F） →4T1（ F） 6086 5887．2～6290．5
4A2（ F） →2E（ G） 11670 11696

4A2（ F） →2T1a（ G） 12215 12106
4A2（ F） →2T1b（ G） 12305 12225
4A2（ F） →4T1（ P） 14000 13682～14265
4A2（ F） →2A1（ G） 14278

  T o determine the mixture-coefficients λγ of
LCAO，the normalization condition of the orbits in
Eq．（4） may be used．So we have

N2
γ（1－2λγS dp（ γ） ＋ λ2γ） ＝1 （6）

where S dp ＝ 〈dγ｜p γ〉 ＝∫d*
γ（1） p γ（2） dτ1dτ2 is the

group overlap integral of dγand p γorbits，it is re-
lated to the distance R betw een the impurity and
its ligand．In general，R is not equal to the distance
RH betw een the positive ion and negative ion of the
base material．However，the distance R can be de-
termined by［12］：

R≈RH＋12（ r i－r h ） （7）
where r i and r h are the radiuses of the impurity-ion
and the replaced ion，respectively．T heir values are
r i （ Co2＋） ＝0.072nm，r i（ Zn2＋） ＝0.074nm，RH （ ZnS）
＝0.2369nm and RH ＝ （ ZnSe） ＝0.289nm may be
found from the crystallographic data［13］．T herefore，
R （ Co2＋～S2－ ） ＝0.2359nm and R （ Co2＋～Se2－ ） ＝
0.288nm．

As is well known that it is often convenient to
use the Slater orbit in computation of the overlap
integral，but a reasonable S-O coupling coefficient
cannot be found from the orbits．On the contrary，
the SCF （ self-consistent field） orbit is capable of
yielding a reasonable S-O coupling coefficient．We
hence use the Slater-type SCF functions［14，15］ to cal-
culate the group overlap integral S dp （ γ） ．Conse-
quently，the LCAO coefficients λγ can be deter-
mined by using Eq．（6） and the double covalency
factors N γ．Finally，can be calculate the value of the
g factor in ZnX ∶Co2＋．T he results are given in
T able3and T able4．

T able 3 Group overlap integrals and coefficients in
ZnX （ X＝S，Se ） crystals
samples 〈de｜p e〉 〈d t｜p t〉 N t N e λt λe

ZnS∶Co2＋ 0．06980 0．02406 0．9231 0．8465 0．44135 －0．562991
ZnSe∶Co2＋ 0．06231 0．02278 0．9115 0．8249 0．47458 －0．625786

ξd（ Co2＋） ＝533cm－1，ξp（ S2－） ＝365cm－1，ξp（ Se2－） ＝1659cm－1［18，19］
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T able4 Paramagnetic g factor value of Co2＋ in ZnX
（ X＝S，Se） crystals

gcal（ in the present work）
gcal（ in the
classical

model） ［17］

gobs
（ experi-
ment） ［16］

Samples ge g （ ξd） g （ ξp） g （ ξd，ξp） g
ZnS∶Co2＋2.00230．2561 －0．02850．00812．238 2．215 2．248
ZnSe∶Co2＋2．00230．2901 －0．04190．00952．260 2．233 2．274

4 Discussion and conclusion
T his work presents an approach to the calcu-

lation of the optical absorption spectrum and g fac-
tor in ZnX∶Co2＋ （ X＝S，Se） ．With this model，the
calculated results are found to agree w ith experi-
mental data well．T hus，the puzzle that the g factor
calculated by the classical model w as alw ays small-
er than experimental data is explained．From this
paper the follow ing conclusions are drawn：（1） T he
approximate method in the paper is more reason-
able for the more strongly-covalent crystals in
which the S-O coupling from the ligand ions is no-
tably large．（2） Although the theoretical formula
in this paper deals w ith the seven-electron （ three-
hole ） system in the cubic strong field，we think
that the formula should be valid to the covalent
crystals containing not only Co2＋ ion but also V2＋

ion or Cr3＋ ion （ three-electron） ．It means that the
neglect of contributions of Racah parameter A and
the S-O coupling from ligand ions is also not rea-
sonable in strongly-covalent crystals containing
V2＋ ion or Cr3＋ ion．（3） For other symmetrical sys-
tems，we infer that adopting this approximate
method can also come to results fit t ing better to
experimental data．
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稀磁半导体 ZnX∶Co2＋光磁性质的双共价因子和双熱模型*

施思齐 雷敏生 欧阳楚英
（江西师范大学物理系，南昌 330027）

摘要： 考虑到 d 电子 t2g轨道与 eg 轨道局域性的差异，用双共价因子研究了掺 Co2＋的共价晶体 ZnX（ X＝S，Se）的光
学吸收谱．在研究顺磁 g 因子时，除考虑中心离子的旋-轨耦合贡献外，还计及配体的旋-轨耦合贡献（双ξ模型） ．研
究表明，计算结果与实验值吻合得很好，对于一些共价性较强的化合物晶体，该方法更加有效．
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