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Electronic and vibronic cluster models are proposed to elaborate a general model for the 4T2�G� orbital
triplet levels of d5 ions in tetrahedral symmetry. These models involve perturbation schemes and the diago-
nalization of the molecular electronic structure and vibronic Hamiltonian. First, the electronic fine structure is
determined from the first- and second-order molecular spin-orbit �MSO� interaction. Then, Ham’s perturbation
model for vibronic interactions is used in conjunction with the molecular model to analyze the vibronic
interactions corresponding to a strong coupling to �-vibrational modes. Then, a more general model is con-
sidered to account for the energy-level schemes and the strong intensity transfer observed, for example, on the
fine structure lines of the 4T2�G� level of Mn2+ in ZnS and ZnSe. This model involves the diagonalization of
the vibronic Hamiltonian for the 4T2�G� level and a perturbation model to account for vibronic interactions
with all other multiplets of the d5 configuration. It is shown that the energy-level schemes as well as the strong
intensity transfer of the fine structure lines of the 4T2�G� level of Mn2+ in ZnS and ZnSe are very well
accounted for from the electronic molecular model involving the first- and second-order MSO interaction and
from the proposed diagonalization and perturbation models for the coupling to �-vibrational modes.
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I. INTRODUCTION

The fluorescent and excited electronic and vibronic levels
of d5 ions in crystals1–12 and nanoclusters �Refs. 13–16�
�NC� have long been studied experimentally and theoreti-
cally. Concerning the excited states of Mn2+ and Fe3+ in
II–VI and III–V crystals, several studies have been devoted
to the determination of the lifetimes of the 4T1 fluorescent
level and to the analysis of the fine structure lines of the 4T1
fluorescent level and excited levels at higher energy such as
the 4T2�G� and 4E�G� levels. For example, detailed analyses
of the electronic and vibronic structures of the 4T1�G� fluo-
rescent level of Mn2+ in ZnS, ZnSe,1,2 and in GaP �Ref. 3�
have been performed. The 4T2�G� level of Mn2+ has been
studied in ZnS and ZnSe.4–6 For Fe3+, the optical levels have
been studied in ZnS,7 ZnO,8 GaAs,9 GaN,10,11 and InP.12

For NCs, great attention has been paid to the fluorescent
bands observed in undoped and manganese-doped ZnS NCs
�Refs. 13 and 14� and ZnSe NCs.15 From lifetimes measure-
ments, it has been shown that the intense emission band ob-
served in ZnS: Mn2+ NCs, in the range of the emission ob-
served in crystals, is due to traps which show very short
lifetimes and Mn2+ centers with a lifetime similar to that
observed in crystals.14 For ZnSe: Mn2+ NCs, a broad emis-
sion band observed at 2.1 eV has been attributed to Mn2+

centers.15 For ZnS NCs, excitation spectra of Mn2+ ions from
levels at higher energy as levels 4T2�G�, 4E�G�, etc.,¼, and
also from the absorption band of the fluorescent level
4T1�G�, have been reported and compared with those ob-
served in crystals in order to determine the vibronic interac-
tions and the Huang-Rhys factors S for this level in NC’s.16

�S=EJT /��, where EJT is the Jahn-Teller energy and �� is
the energy of an effective phonon.�

The aim of this paper is to propose an electronic molecu-
lar model and vibronic models for the fine structure of the
4T2�G� level of Mn2+ in ZnS and ZnSe. An electronic mo-
lecular model analogous to that used to analyze the fluores-
cent levels in these compounds1,2 and indications concerning
the vibronic models have been briefly presented in Ref. 6.

Concerning the structure of the 4T2�G� level of Mn2+ in
ZnS and ZnSe, uniaxial stress experiments,4 Zeeman
experiments,5 and an analysis of the relative amplitudes of
the fine structure lines,4 that is, of the relative dipole
strengths �RDSs�, have shown that the vibronic coupling is
to �-vibrational modes only �there is no coupling to
�2-vibrational modes since no splitting and no broadening of
the �8 levels has been observed when applying uniaxial
stresses along a �111� axis� and that the level ordering of the
observed fine structure lines, for increasing relative energy, is
�8�5/2� �W�8�5/2�=0�, �6 �W�6=4 cm−1�, and �8�3/2�
�W�8�3/2�=34 cm−1� for ZnS, and �8�5/2� �W�8�5/2�=0�
and �6 �W�6=10 cm−1� for ZnSe. The transition from the
fundamental 6A1 level to the �7 level is not observed since it
is strictly forbidden in tetrahedral symmetry. Furthermore,
the experimental RDS of the 6A1→�8�3/2� transition is very
weak in ZnS and is not observed in ZnSe.

Concerning the theoretical models, it has long been
shown �see Ref. 4� that, at least in the case of Mn2+ in ZnS
and ZnSe, previous models based on the crystal-field �CF�
model for the electronic structure and perturbation models
for weak or strong vibronic interactions cannot account for
both the observed energies and the strong intensity transfer
from the fine structure line at higher energy to vibrational
levels. The model proposed in Ref. 4 was obtained by diago-
nalizing the vibronic interactions for the first-order spin-orbit
�SO� interaction of the 4T2 level. The model approximately
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accounted for the energy levels and intensity transfers; how-
ever, for ZnSe, it was necessary to invoke a SO interaction
much larger than that predicted by the CF model.

The extended cluster model giving the monoelectronic
and multielectronic wave functions for the orbital triplet
states, the first- and second-order MSO interaction, as well as
Ham’s cluster model and perturbation models for the vi-
bronic coupling to �-vibrational modes, are presented in Sec.
II A. The diagonalization of the vibronic Hamiltonian for the
4T2�G� level and the perturbation model for the contribution
of the other multiplets of the d5 configuration is presented in
Sec. II B. The electronic and vibronic structures for level
4T2�G� of Mn2+ in ZnS and ZnSe, as deduced from Ham’s
perturbation model, are presented in Sec. III. In Sec. IV, the
experimental results for levels 4T2�G� of Mn2+ in ZnS and
ZnSe are compared with the theoretical results. It is shown
that the molecular and vibronic cluster models proposed in
Sec. II B account very well for the energy level scheme and
for the very strong selective intensity transfer on level
�8�3/2� for the 4T2�G� levels of Mn2+ in ZnS and ZnSe.

II. MOLECULAR AND VIBRONIC CLUSTER
MODELS

A. Molecular electronic model and Ham’s perturbation model
for the vibronic coupling to �-vibrational modes

The first- and second-order MSO interactions for the
4T2�G� level of Mn in ZnS and ZnSe are calculated by adapt-
ing the molecular model described in Ref. 1 for level 4T1�G�.
For the convenience of the reader, we will briefly recall the
molecular model.

The operator HSOm describing the MSO interaction is de-
fined in terms of the spin-orbit interaction for the cation, the
total angular momentum �i of electron i of the ligands, and
the complex component sq

i of the spin operators for electron
i by18

HSOm = �q �i �u
��M�riM�lMu

i + �L�riL��u
i �sq

i ,

u=x or y if q= ±1 and u=z if q=0. liM and liL are one-
electron orbital operators for the metal and the ligands, re-
spectively. �M and �L are the spin-orbit coupling constants
for the electrons of the cation and of the ligands, respec-
tively. It must be noted here that, in molecular models, �M
and �L depend on the charge of the cation and of the
ligands.18 The MSO interaction is expressed in terms of the
angular momentum �u

i of electron i and in terms of the com-
plex component sq

i of the spin operators for electron i by18

�u
i = �M�riM�lMu

i + �L�riL��u
i .

The MSO interaction will be characterized by the follow-
ing matrix elements �et2 and �t2t2 of �:

�et2 = �i/2��e���z�t2��

= adbd�M + �1/�2 	 3��b�p�a�p + a	p 	 2��L

and

�t2t2 = − i�t2
��z�t2� = �adad − apap��M + a�p�a	p 	 2 − a�p/2� .

In the chosen cluster model, the mixing coefficients a and
b are defined from the monoelectronic molecular orbitals 4t2
and 2e written in terms of the monoelectronic orbitals of the
3d and 4p electrons of the cation, and in terms of the orbitals
	s, 	p, and �p of the ligands as

�t2�� = ad�dt2�� + ap�pt2�� + a	s�	st2�� + a	p�	pt2��

+ a�p��pt2� ,

where �=
, �, or � refers to the components of the molecular
monoelectronic level 4t2 and

�e�� = bd�de�� + b�p��pe�� ,

where ��= or � refers to the components of the molecular
monoelectronic level 2e.

The multielectronic wave functions for the multiplets are
obtained by diagonalizing the electrostatic matrices of
Sugano, Tanabe, and Kamimura for all multiplets of the con-
figuration d5 by using the cubic field parameter Dq and the
Racah parameters B and C.19 It has long been shown that, in
molecular models, the energies of the multiplets are de-
scribed by exchange and Coulomb integrals, which in cubic
symmetry, depend on ten coefficients.20 Since it is very dif-
ficult to determine all relevant coefficients, either theoreti-
cally or from fittings of the energy levels, we will simply use
Racah parameters B and C as deduced from fitting of the
experimental energy levels. In earlier models, tentative fit-
tings of the energy levels were performed by taking
B /C
4.5 as given by the CF model restricted to Mn2+.19

However, this constraint has long been abandoned since it is
not justified in molecular models and since the fitting of the
energy levels is better when this constraint is dropped. In the
following, several sets of values for B, C, and Dq will be
considered in order to test their influence on the theoretical
structure of the studied levels.

A program has been elaborated to calculate all relevant
matrix elements of the first- and second-order MSO interac-
tion for the multielectronic wave functions. Finally, the elec-
tronic fine structure is calculated in the spinor group Td

*.20

The electronic energy levels are described by the follow-
ing electronic equivalent operator:17

Heq = cT1lS + cE�2/3��lS + l�S�� + cA1�1/3�l2S2

+ cT2�1/2��l
S
 + l�S� + l�S�� .

The index in the c�’s means that the operators span the rep-
resentation � of the tetrahedral group Td. The first-order
MSO interaction contributes to cT1 only. The second-order
MSO interaction contributes to all c�’s. The term in cA1 gives
the shift common to the fine structure lines.

We will now consider the vibronic energy levels corre-
sponding to a coupling to �-vibrational modes. �Detailed
studies of vibronic interactions and presentations of Ham’s
perturbation models by Ham himself can be found in Ref.
17.� When Ham’s perturbation model is valid, that is, when
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the overall splitting of the electronic fine structure is smaller
than both the Jahn-Teller energy EJT and the energy of the
effective phonon ��E, then the vibronic interactions can be
described from the operator Heq by replacing the c�’s by
coefficients c�JT defined as follows:17

cT1JT = cT1e−3S/2 − K1/2,

cEJT = cE + K1 + K2,

cT2JT = cT2e−3S/2 + K1,

where K1=−cT1
2 fa /�� and K1+K2=−cT1

2 fb /��, with
fa=e−xG�x /2�, x=3EJT /��, G�x�=�xn /n�n!�, fb=e−xG�x�.
EJT is the Jahn-Teller energy and �� is the energy of an
effective phonon of E symmetry. The Huang-Rhys S factor is
defined as S=EJT /��.

B. Diagonalization of the vibronic Hamiltonian for a 4T2
multiplet and perturbation scheme for the vibronic coupling

with the other multiplets of the d5 configuration

As shown in Ref. 4, the vibronic model presented in Sec.
II A cannot account for the amplitude of the fine structure
lines of the 4T2 level of Mn2+ in ZnS and ZnSe. Therefore, a
direct diagonalization of the vibronic Hamiltonian for a 4T2
level and its vibrational modes has been performed �see Fig.
1�.

Following Ham,17 for a coupling to an �-vibrational
mode, the vibronic Hamiltonian Hvib is the sum of the
electronic Hamiltonian He �which will include the
MSO interaction�, the nuclear Hamiltonian Hn
= �1/2����Q

2+Q�
2�I+ �1/ �2����P

2+ P�
2�I, and the Jahn-

Teller Hamiltonian HJT=V�QE+Q�E��. Q and Q� are vi-
brational modes of E symmetry, the Ps are the momentum
conjugates to the Qs, � and � are the effective mass and
angular frequency of an effective phonon, respectively. I is
the unit matrix. E and E� are orbital operators spanning the
E representation. The coefficient V which gives the strength
of the electron-nuclear coupling is related to the Jahn-Teller
energy by EJT=V2 /2��2.

The matrix elements of the vibronic Hamiltonian have
been calculated on the basis ���i ,n ,n��� �i=1, . . . ,N; n

=0, . . . ,n; and n�=n−n�, where n is the number of phonons,
n and n� are the numbers of phonons of normal coordinates
Q and Q�, respectively, and N is the dimension of the elec-
tronic matrix whose matrix elements are denoted �i. For n
phonons, the dimension of the vibronic basis is N�n+1��n
+2� /2.

By using this basis and expressing the electronic matrix
elements �i in the spinor group Td

*, the matrix elements of
Hvib are

�ShJt�,n,n��He + Hn + HJT�ShJ�t���,n�n���

= ��n,n����n�,n����ShJt��He�ShJ�t����

+ ��n,n����n�,n����n + n� + 1���

+ �S�1/2���n�,n�����n + 1,n���n + 1�1/2

+ ��n − 1,n���n�1/2��ShJt��E�ShJ�t���� + ��n,n��

����n� + 1,n���n� + 1�1/2 + ��n� − 1,n����n��1/2�

��ShJt��E��ShJ�t����� .

The first and second terms to the right give the matrix
elements of the electronic and nuclear Hamiltonians He and
Hn, respectively. The third term gives the matrix elements of
the Jahn-Teller Hamiltonian. Griffiths’s notation Sh for the
multiplets and �ShJt�� for the fine structure basis vectors in
the spinor group Td

* has been used.21

The first-order MSO interaction has been considered for
the diagonalization. Three to ten phonons have been consid-
ered in order to check the convergency of the energies and
wave functions of the fundamental vibronic levels.

The results of the diagonalization are represented in Figs.
2�a� and 2�b� for the fundamental fine structure lines of a
4T2�G� level. This figure shows the splittings and RDSs in
terms of the Huang-Rhys factor S=EJT /��E and in terms of

FIG. 1. Schematic representation of the adopted model. The
energies of the 4G spectroscopic term and of the 4T1, 4T2 and 4E
multiplets are given to the left. The diagonalization of the vibronic
Hamiltonian for the 4T2 level �diag.� and the second-order pertur-
bation scheme �pert.� used to account for the influence of the ex-
cited Sh levels are schematically represented in the center of the
figure. The fine structure of the fundamental 6A1 level is represented
at the bottom of the figure. The fine structure of the 4T2 level is
represented to the right.
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the MSO interaction expressed in units of ��E.
It is important to note that the proposed diagonalization

generalizes the perturbation model proposed by Ham for the
following diagonal and off-diagonal matrix elements �on a
real basis T2x, T2y, and T2z� of HSO:

�4T2i00�HSO
2 �4T2i00� = − fb/��E�

j�i

�4T2i�HSO�4T2j�

��4T2j�HSO�4T2i�

and

�4T2i00�HSO
2 �4T2j00� = − fa/��E�

j�i

�4T2i�HSO�4T2k�

��4T2k�HSO�4T2j� ,

where i, j, or k=x ,y, or z. In Sec. IV, we will use the fact that
these matrix elements are described by the terms involving fa
and fb in order to get the contribution of the second-order
MSO interaction and of the vibronic coupling with the other
multiplets Sh of the d5 configuration from the perturbation
model given in Sec. II A.

However, this diagonalization does not account for the
influence of the other multiplets Sh of the d5 configuration.

FIG. 2. �a� Relative dipole
strengths �RDS’s� of the fine
structure lines of level 4T2�G� of
Mn in terms of the parameter cT1�
=cT1 �first order�/��E. This figure
shows the strong decrease of the
amplitude of the 6A1→�8�3/2�
transition when increasing cT1� .
�The amplitude of the 6A1→�7

transition is zero in Td symmetry.�
�b� Energies of the fine structure
lines in terms of cT1� with respect
to the energy of the �8�5/2� fine
structure line. These energies are
obtained from the diagonalization
of the vibronic Hamiltonian of the
4T2�G� level. �c� Energy levels
and relative dipole strengths for
the 4T2�G� level of Mn in ZnS and
ZnSe.
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Following Sturge, the contribution of the other multiplets is
given by the matrix elements �see Fig. 1�22

�4T2i00�HSO
2 �4T2i00� = �

Sh

�4T2i�HSO�Sh�

��Sh�HSO�4T2i�/�W�4T2� − W�Sh��

and

�4T2i00�HSO
2 �4T2j00� = e−3S/2�

Sh

�4T2i�HSO�Sh�

��Sh�HSO�4T2j�/�W�4T2� − W�Sh��

The nonreduced diagonal term is described by cE, and the
reduced off-diagonal term is described by the terms cT1e−3S/2

and cT2e−3S/2 defined in Sec. II A. These relations are valid if
�W�4T2�−W�Sh�����E. It can be noted here that this condi-
tion is satisfied for the considered 4T2�G� levels of Mn in
ZnS and ZnSe, so that it is not necessary to consider higher-
order perturbation schemes for vibronic interactions.

In Sec. IV, the splittings of the vibronic lines will be ob-
tained by adding the splittings given by the diagonalization
of the vibronic Hamiltonian for the 4T2 level to the splittings
given by the contribution of the other multiplets of the d5

configuration.

III. ELECTRONIC AND VIBRONIC STRUCTURES FOR
THE 4T2„G… LEVEL OF Mn2+ IN ZnS AND ZnSe

FROM HAM’S PERTURBATION MODEL

The monoelectronic wave functions in Td symmetry have
been determined from a self-consistent linear combination of
atomic orbitals-molecular orbitals �LCAO-MO� method de-

scribed in extenso in Ref. 22. Four sets were obtained by
slightly varying the interatomic distance to account for the
covalent radius of the cation. These sets correctly account for
the cubic crystal-field parameter Dq, for the orbit-lattice cou-
pling coefficients �OLCCs� to E strains of the 4T1�G�
levels,23 and for the spin-lattice coupling coefficients
�SLCCs� of the 6A1 fundamental level of Mn in ZnS and
ZnSe.24 These sets have recently been used to interpret the
fine structure of the 4T1�G� levels.1 Among the four sets, two
sets also correctly account for the lifetimes of the fluorescent
level of Mn in ZnS and ZnSe.25 These two sets are used in
the following to interpret the molecular electronic structures
of 4T2�G� levels.

The multielectronic wave functions are calculated from
the values of B, C, and Dq which correctly accounted for the
experimental energy levels 4T1�G�, 4T2�G�, and 4E�G�. Sev-
eral sets for B, C, and Dq have been considered in order to
determine their influence on the splittings of the studied
4T2�G� level.

For ZnS:Mn, the first set of monoelectronic wave func-
tions corresponds to an interatomic distance of a=4.41 a.u.,
the crystal electric field is Cmad=1.63. In the molecular
model, Cmad is defined as follows: for the cation and the
ligands, the crystal electric field of the four nearest neighbors
and of the 12 next-nearest neighbors has been calculated di-
rectly. The contribution of the other ions to the crystal elec-
tric field is given by their contribution, denoted Cmad, to the
Madelung energy. The charge of the lattice is Qlat= ±0.8, the
charge of the cation is QM =1.31, and the theoretical value
for the cubic field coefficient is Dq=−365 cm−1. The spin-
orbit coupling constants are �3d=301 cm−1 for the d elec-
trons of Mn and �3p=302 cm−1 for the p electrons of
sulfur. The matrix elements of � are �et2=236 cm−1 and

TABLE I. Contributions to the c�’s of the first-order and second-order MSO interaction for the 4T2�G� level of Mn in ZnS and ZnSe for
the CF model �a� and for the molecular cluster model �b, c�. For ZnS and ZnSe, the results are given for three sets of values for B, C, Dq.
�=W�6−W�8�5/2� as given by the electronic model �CF or molecular model�. cT1� =cT1 �first order�/��E. Except for cT1� all values are in
cm−1. �a� CF model ��t2t2=�et2=300 cm−1, ��E=70 cm−1 for ZnS:Mn and 60 cm−1 for ZnSe:Mn�. �b� ZnS:Mn. Covalent model ��t2t2

=178 cm−1, �et2=236 cm−1; ��E=70 cm−1�. �c� ZnSe:Mn. Covalent model ��t2t2=−139 cm−1, �et2=194 cm−1; ��E=60 cm−1�.

B C Dq cA1 cE cT2

cT1

First order
cT1

Second order
cT1�
ZnS

cT1�
ZnSe �

�a�
ZnS, ZnSe 630 3040 −540 −8.76 3.09 0.06 −33.98 3.93 −0.49 −0.57 −5.40

ZnS 730 2880 −420 −8.61 1.57 −1.16 −31.58 3.53 −0.45 −4.86

ZnSe 740 2740 −405 −8.98 1.45 −1.29 −31.20 3.74 −0.52 −4.91

ZnS, ZnSe 830 2500 −450 −9.89 1.56 −1.05 −32.75 4.71 −0.47 −0.55 −4.67

�b�
ZnS 630 3040 −540 −5.25 1.65 0.57 −30.86 2.11 −0.44 −1.93

Covalent 730 2880 −420 −5.11 0.72 −0.25 −27.57 1.96 −0.39 −1.75

model 830 2500 −450 −5.80 0.75 −0.16 −28.59 2.64 −0.41 −1.64

�c�
ZnSe 630 3040 −540 −3.42 0.35 1.74 −46.16 0.50 −0.77 2.51

Covalent 740 2740 −405 −3.48 −0.56 1.22 −35.64 0.49 −0.59 3.22

model 830 2500 −450 −3.86 −0.38 1.44 −37.68 0.70 −0.63 3.32
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�t2t2=178 cm−1. The second set of monoelectronic wave
functions corresponds to a=4.56 a.u., Cmad=1.40,
Qlat= ±0.8, QM =0.97, Dq=−419 cm−1, �3d=285 cm−1, �3p
=308 cm−1, �et2=205 cm−1, and �t2t2=131 cm−1.

The multielectronic wave functions are obtained from
three sets of values for B, C, and Dq, which correctly ac-
count for the experimental energy levels of Mn in ZnS �see
Table I�.

The vibronic structures of levels 4T2�G� of Mn in ZnS are
represented in Fig. 3 in terms of the Huang-Rhys factor S, in
the case of a coupling to �-vibrational modes. Since, for the
CF model, the energy level scheme does not significantly
depend on the values for B, C, and Dq, only one
scheme corresponding to B=730 cm−1, C=2880 cm−1, and
Dq=−420 cm−1 is represented �see Fig. 3�a��. The vibronic
molecular structures are given in Figs. 3�b�–3�d�, for
�et2=236 cm−1, �t2t2=178 cm−1, and for the three chosen
sets of values for B, C, and Dq. The energy level schemes for
�et2=205 cm−1 and �t2t2=131 cm−1, which are almost iden-
tical to those given in Fig. 3, are not represented.

Figure 3 clearly shows that for ZnS:Mn the energy level
schemes as given by the CF and molecular models are al-
most identical.

For ZnSe: Mn, the first set of monoelectronic wave func-
tions corresponds to a=4.61 a.u., Cmad=1.63, Qlat= ±0.7,
QM =1.22, Dq=−310 cm−1, �3d=296 cm−1 for Mn,
�4p=1404 cm−1 for selenium, �et2=194 cm−1, and
�t2t2=−139 cm−1. The second set corresponds to
a=4.76 a.u., Cmad=1.33, Qlat= ±0.7, QM =0.84,
Dq=−421 cm−1, �3d=274 cm−1, �4p=1442 cm−1, �et2
=150 cm−1, and �t2t2=−270 cm−1.

Three sets of values for B, C, and Dq are considered �see
Table I�. Since the experimental energy levels are almost
identical in ZnS and ZnSe, two sets for B, C, and Dq are
chosen to be identical.

The theoretical vibronic structures of level 4T2�G� of Mn
in ZnSe are given in Fig. 4. The energy levels as given by the
CF model are given in Figs. 4�a� and 4�b� for B=630 cm−1,
C=3040 cm−1, Dq=−540 cm−1, and for B=740 cm−1,
C=2740 cm−1, Dq=−405 cm−1. For B=830 cm−1, C
=2500 cm−1, and Dq=−450 cm−1, the energy levels are al-
most identical to those obtained by taking B=740 cm−1, C
=2740 cm−1, and Dq=−405 cm−1. The energy levels, as
given by the molecular model, are shown in Figs. 4�c� and
4�d�, for the preceding values for B, C, Dq, and for �et2
=194 cm−1, �t2t2=−139 cm−1. For �et2=150 cm−1 and �t2t2
=−270 cm−1, the energy levels are almost identical to those
obtained by taking �et2=194 cm−1, �t2t2=−139 cm−1.

Figure 4 shows that, for S=0, the overall splitting of the
fine structure lines is of 110–120 cm−1 for the CF model and
of 150–200 cm−1 for the molecular model. Furthermore, for
0.2�S�2, the splitting of the two levels �8�5/2� and �6 at
lower energy, is larger in the molecular model than in the CF
model. The strong increase of the first- and second-order
MSO splittings is primarily due to the fact that the spin-orbit
coupling constant of the p electrons of selenium is approxi-
mately four times greater than that of sulfur.

IV. COMPARISON WITH EXPERIMENTS

For the 4T2�G� level of Mn2+ in ZnS, excitation experi-
ments, uniaxial stress experiments,4 and magnetic field

FIG. 3. Theoretical splitting of
the 4T2�G� level of Mn in ZnS in
terms of the Huang-Rhys factor S
as predicted by Ham’s perturba-
tion model. �a� gives the energy
levels as predicted by the CF
model. �b�, �c�, and �d� correspond
to the molecular model for three
sets of values for B, C, and Dq
and for �t2t2=178 cm−1 and �et2

=236 cm−1. ��E=70 cm−1.
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experiments5 performed at T=2.2 K on pure cubic crystals,
that is, without stacking faults, have shown that the three
excitation lines are associated with levels �8�5/2� at
19 676 cm−1, �6 at 19 680 cm−1, and �8�3/2� at 19 710 cm−1

�see Fig. 2�c��, and that the coupling is to E strains only.
Therefore, with respect to the energy of the �8�5/2� level,
the energies are W�6=4 cm−1 and W�8�3/2�=34 cm−1.

Figure 3 shows that the energies of the observed fine
structure lines can be correctly accounted for, either by the
CF model or by the molecular model, by taking S=0.5–1
and ��=70 cm−1. However, following these models, the pre-
dicted RDS’s are 14, 7, 0, and 9 for the transitions to levels
�8�5/2�, �6, �7, and �8�3/2�, respectively, so that these
models cannot account for the relative dipole strength of the
weak line �8�3/2�.

In the chosen model presented in Sec. II B the energy
levels have been obtained by adding the energies obtained
from the diagonalization of the vibronic Hamiltonian for the
4T2�G� level to the contribution of the other excited levels as
given by the perturbation scheme presented in Section II B.
The diagonalization of the vibronic Hamiltonian has been
performed from the electronic states as given by the first-
order MSO interaction. The molecular model gives cT1�
=cT1�first order� / ���E�=−0.44, −0.39, and −0.41 for three
sets for B, C, and Dq �see Table I�b��. The energy of the
effective phonon is ��=70 cm−1. For these values for cT1� ,
the splitting �W�6−W�8�5/2��diag of the two observed levels
is of 2.9–3.0 cm−1 for S=0.4 and of 3.9 cm−1 for S=0.8 �see
Fig. 4�b��. The energy of the �8�3/2� level is predicted to be
of 33–35 cm−1 for S=0.4 and of 24.9–26.4 cm−1 for S
=0.8.

We will now take into account the influence of the other
excited levels of the d5 configuration. For S=0, the theoret-
ical second-order MSO splitting �= �W�6−W�8�5/2��el is of
−1.93 cm−1, −1.75 cm−1, and −1.64 cm−1 as given in Table
I�b� for the three sets a, b, and c for B, C, and Dq, respec-
tively. The contribution of the other excited levels of the d5

configuration has been obtained by the diagonalization of the
first- and second-order MSO interaction by taking
fa= fb=0 in order to cancel the contribution of the
MSO interaction in the 4T2�G� level. For �=−1.75 cm−1,
we obtained W�6−W�8�5/2�=−1.5 cm−1 for S=0.4
and W�6−W�8�5/2�=−1.4 cm−1 for S=0.8. Therefore, the
total splitting W�6−W�8�5/2� is of 1.4–1.5 cm−1 for S
=0.4 and 2.5 cm−1 for S=0.8. For S=0.8, the total splitting
of 2.5 cm−1 is in good agreement with the experimental
value of 4 cm−1.

Concerning the intensity transfer, the RDSs for the tran-
sitions 6A1→�8�5/2�, �6, �7, and �8�3/2�, are 14, 7.4, 0,
and 3.2–3.5 for S=0.4, and 14, 7.9, 0, and 3.6 for S=0.8,
respectively. �The amplitude of the transition 6A1→�8�5/2�
is taken to be 14 in order to easily compare the RDSs given
by the considered models.�

For the 4T2�G� level of Mn2+ in ZnSe, excitation experi-
ments, uniaxial stress experiments,4 and magnetic field
experiments5 performed at T=2.2 K have shown that the two
observed excitation lines are to be associated with levels
�8�5/2� at 19 592 cm−1 and �6 at 19 602 cm−1, the coupling
being to E strains only �see Fig. 2�c��.

The diagonalization of the vibronic Hamiltonian has been
performed from the electronic states as given by the first-

FIG. 4. Theoretical splitting of
level 4T2�G� of Mn in ZnSe in
terms of the Huang-Rhys factor S.
�a� gives the energy levels as pre-
dicted by the CF model. �b�,
�c�, and �d� correspond to the mo-
lecular model for three sets of
values for B, C, Dq and for �t2t2

=−139 cm−1 and �et2=194 cm−1.
��E=60 cm−1.
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order MSO interaction. The molecular model gives cT1� =cT1
�first order� / ���E�=−0.77, −0.59, and −0.63 for three sets
for B, C, and Dq �see Table I�c��. The energy of the effective
phonon is ��=60 cm−1. For these values for cT1� , the split-
ting �W�6−W�8�5/2��diag of the two observed levels is of
2.6–2.7 cm−1 for S=0.4 and of 4–5 cm−1 for S=0.8 �see
Fig. 2�b��. The energy of the �8�3/2� level is predicted to be
of 40–47 cm−1 for S=0.4 and of 29–36 cm−1 for S=0.8.

We will now consider the influence of the other excited
levels of the d5 configuration. For S=0, the theoretical
second-order MSO splitting �= �W�6−W�8�5/2��el is
+2.51 cm−1, +3.22 cm−1, and +3.32 cm−1 as given in Table
I�c� for three sets for B, C, and Dq, respectively. For
�= +3.22 cm−1, we obtained W�6−W�8�5/2�=2.8 cm−1 for
S=0.4 and 2.6 cm−1 for S=0.8.

The total splitting W�6−W�8�5/2� is of 5.4–5.5 cm−1 for
S=0.4 and of 6.6–7.6 cm−1 for S=0.8. These splittings are in
good agreement with the experimental value of 10 cm−1.

Concerning the intensity transfer, the RDSs of the transi-
tions 6A1→�8�5/2�, �6, �7, and �8�3/2� are 14, 8, 0, and 1.5
for S=0.4 and 14, 7.9, 0, and 1.8 for S=0.8.

V. CONCLUSION

Molecular and vibronic cluster models have been used to
account for the molecular electronic structure and the vi-
bronic coupling to �-vibrational modes of the 4T2 levels of d5

ions in tetrahedral symmetry.
First, a molecular cluster model involving the four nearest

neighbors of the cation and the nearest neighbors of the
ligands has been used to determine the monoelectronic wave
functions. The influence of the remaining ions of the crystal
has been represented by their contribution to the Madelung
energy. The multielectronic wave functions for all levels as-
sociated with the d5 configuration have been determined
from the diagonalization of the matrices of Sugano et al.
Finally, the molecular electronic structure has been deter-
mined from the first- and second-order MSO interaction and
the results have been compared to those given by the well-
known CF model. When comparing the theoretical electronic

structures of the 4T2 level in ZnS and ZnSe, it has been
shown that the first-order MSO interaction in ZnS is almost
identical to the electronic structure predicted by the CF
model while there is a strong increase of the first- and
second-order MSO interaction in ZnSe. This is due to the
fact that the spin-orbit coupling constants �L of the p elec-
trons of Se are approximatively four times greater than the
spin-orbit coupling constants �M of the d electrons of Mn2+,
while for ZnS, �L is almost identical to �M.

Second, Ham’s cluster and perturbation models have been
considered to analyze the vibronic coupling to �-vibrational
modes and the energies of the vibronic levels of the 4T2
levels. However, the perturbation model did not correctly
account for the RDSs of the fine structure lines.

Third, in order to explain the selective intensity transfer
observed in the case of Mn2+ in ZnS and ZnSe, the vibronic
Hamiltonian for the 4T2 level has been diagonalized and the
vibronic interactions with all other multiplets have been cal-
culated. It has been shown that this model very well accounts
for the energies and RDSs of the fine structure lines. More
generally, it has been shown that, when the energy ��E of
the effective phonon is �i� less than the overall splitting of
the electronic levels due to the spin-orbit interaction; and �ii�
not very different from the Jahn-Teller energy EJT, then, the
energy levels of the fine structure lines and the intensity
transfers can be very accurately accounted for by considering
the MSO interaction, the direct diagonalization of the vi-
bronic Hamiltonian for the considered orbital triplet, and the
contribution of the other multiplets of the d5 configuration
from a second-order perturbation scheme.

Finally, it can be noted that the proposed cluster models
could be used, at the expense of slight modifications con-
cerning the influence of the ions located outside the molecu-
lar cluster, to predict the fine structure of the excited levels of
cubic or nearly cubic Mn2+ centers in NCs.
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