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A cluster model is proposed to account for the increase of one to almost two orders of magnitude for the
radiative transition probabilities(RTP’s) of Mn2+ in the common cation series ZnS, ZnSe, and ZnTe. First, it is
shown that the RTP’s ofd5 ions in tetrahedral symmetry are given by second-order perturbation schemes
involving the molecular electric dipole moment and the molecular spin-orbit(MSO) interaction. Then, a model
is elaborated to calculate the monoelectronic matrix elements of the molecular electric dipole moment and of
the MSO interaction. In particular, three methods are proposed to calculate the molecular electric dipole
moment. For the studied compounds, the metal-metal, metal-ligand, and ligand-ligand contributions of the
group overlaps to the molecular electric dipole moment and to the MSO interaction are analyzed. It is shown
that the strong increase of the RTP’s when passing from ligands S to ligands Se and Te is primarily controlled
by the MSO interaction of the ligands. Then, the radiative lifetimes(RL) for Mn2+ in ZnS, ZnSe, and ZnTe, are
calculated and found to be in good agreement with the experimental values. Finally, the RL’s of Mn2+ in other
II-VI compounds, and of Mn2+ and Fe3+ in several III-V compounds are briefly considered.
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I. INTRODUCTION

The experimental determination of the radiative lifetimes
(RL’s) of d5 ions, such as Mn2+ and Fe3+, in II-VI (Refs. 1–5)
and III-V (Refs. 6–11) compounds has long attracted much
attention. Most experiments on RL’s have been performed on
d5 ions in cubic or axial crystals.1–11 However, much atten-
tion has also been given to the RL’s of Mn2+ in nanoclusters
(NC’s).12,13

For example, in the case of ZnS:Mn2+ NC’s, very short
RL’s have been observed in the region of the emission of
Mn2+ and have been related to Mn2+ centers.12 However,
very recent time-resolved excitation and emission experi-
ments in small ZnS:Mn2+ NC’s (mean diameter of 12 Å)
have clearly shown that in addition to the fast decays ob-
served in early experiments, a slow decay of 1–2 ms is
present and that it is in the range of the RL’s of isolated Mn2+

centers in ZnS crystals.13 The slow decay has been attributed
to Mn2+ centers while the fast decays have been attributed to
trap states of ZnS NC’s.13

In the following, we will consider single crystals in order
to elaborate a molecular cluster model for the RL’s ofd5 ions
in II-VI and III-V compounds since single crystals show
much more detailed features than NC’s such as a well known
symmetry, well defined zero phonon lines, known phonon
structures and Jahn-Teller couplings. Of course, the proposed
cluster model can be used to interprete the RL’s ofd5 ions
inside NC’s, but cannot be used to analyze centers involving

d5 ions near the surface of NC’s. We will now present an
overall view of the experimental RL’s ofd5 ions in II-VI and
III-V crystals and select one set of RL’s to elaborate a de-
tailed cluster model.

The radiative lifetimes of the fluorescent4T1 level of
Mn2+ and Fe3+ have been measured in a variety of II-VI and
III-V compounds. In the case of Mn2+ in the common cation
series: cubic ZnS,1,2 ZnSe,3,4 and ZnTe,5 the RL’s decrease
from 1.77 ms to 0.22–0.24 ms and 40–52ms, respectively,
thus showing that the RL’s of Mn2+ is 8 times shorter in
ZnSe than in ZnS, and 40 times shorter in ZnTe than in ZnS.
In the case of Fe3+, the RL in ZnS6 s4.3 msd is six times
shorter than in ZnO(Ref. 7) (25.2 ms, axial symmetry). For
Fe3+ in III-V compounds the RL is four times shorter in
GaAs(Refs. 8 and 9) s1.9 msd than in GaN(Ref. 10) s8 msd.
The RL of Fe3+ in InP is of 1.1 ms.11

Concerning the fluorescent levels ofd5 ions, a recent
analysis of the fine structures of the4T1 levels of Mn2+ and
Fe3+ in several II-VI and III-V compounds has shown that,
due to the MSO interaction and the Jahn-Teller effect, the
fine structures are much more complex than expected from
early crystal field(CF) models.14 In cubic symmetry, the
fluorescent4T1 level of ad5 ion decomposes into four elec-
tronic levelsG6, G7, G8s3/2d andG8s5/2d and the fundamen-
tal level into twoG7 andG8 levels. As shown in Fig. 1, in the
case of ZnS, the four fine structure lines of the fluorescent
4T1 level coalesce into two almost degenerateG7 andG8s3/2d
levels at lower energy separated by 9.7 cm−1 from two al-
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most degenerateG8s5/2d and G6 levels at higher energy. In
the case of ZnSe, the two degenerate levels appearing at
lower energy are separated by 11.5 cm−1 from the two de-
generate levels at higher energy. The splittings of the degen-
erate levels have not been observed experimentally in ZnSe.
For ZnTe, the fine structure is not known.

The fundamental6A1 level decomposes into two levelsG7
and G8 with WsG8d−WsG7d=3a, a being the fine structure
constant determined from electron paramagnetic resonance
experiments. In the model developed here for the RL’s, the
splitting of the6A1 level will be neglected since it is of 3a
=7.87310−4 cm−1, 19.7310−4 cm−1, and 29.6310−4 cm−1

for Mn2 in ZnS,15 ZnSe,15 and ZnTe,16 respectively.
It has long been realized that, in the crystal-field(CF)

model, the large values of RL’s characteristic ofd5 ions is
due to the fact that the transition from the fluorescent4T1
level to the fundamental6A1 level is spin and parity forbid-
den. The spin interdiction can be removed by using the spin-
orbit (SO) interaction. Concerning parity, it is necessary to
consider crystal fields of odd parity and electronic configu-
rations of odd parity in order to get non zero matrix elements
for the electric dipole momenter .

In the CF model, the excited configurations 3d44p and
3d44f have long been used to calculate the classical17 and

relativistic18 electric field effects ineE .r on d5 ions. The
RL’s of d5 ions are given by perturbation schemes involving
crystal fields of odd parity, the SO interaction, and the elec-
tric dipole moment. The RL’s depend on the SO coupling
constant of thed electrons and slightly depend on the ligands
via the internal crystal field so that the CF model cannot
account, for example, for the drastic variations of the RL’s in
the common cation series ZnS, ZnSe, and ZnTe.

It can be noted here that contrary to the case ofd5 ions,
the CF model correctly accounts for the RL’s of spin and
parity allowed transitions, such as the 5d→4f transitions of
rare-earth ions. For example, the experimental RL’s of 36 ns
for Ce3+ in CaS, 750 ns for Eu2+ in CaS, 20 ns for Ce3+ in
SrGa2S4, and 580 ns for Eu2+ in SrGa2S4 are correctly ac-
counted for by the CF model used by Hoshina19 since the
theoretical values differ from the experimental values by fac-
tors of 0.5 to 3.5 only.

A phenomenological molecular model for the radiative
dipole strengths(RDS’s) of Mn2+ in the common cation se-
ries ZnS, ZnSe, and ZnTe has previously been proposed by
Boulangeret al.20 to account for the drastic variations of the
RL’s of Mn2+ in II-VI compounds. The model is based on the
facts that(i) the transitions between theu4T1l state and the
fundamentalu6A1l state are spin forbidden and that this inter-
diction is removed by the MSO interaction and(ii ) the elec-
tric dipole transitions are no longer parity forbidden in mo-
lecular models, so that, second-order perturbation schemes
can account for the RDS’s.

It must be noted that the MSO interaction is of primary
importance when the SO coupling constantszL of thep elec-
trons of the ligands is greater than the SO coupling constants
zd of the metal. This is the case for Mn in the considered
II-VI compounds, since the ratioszL /zd are approximately of
1, 4.5, and 11.5 for S, Se, and Te, respectively.21 In fact, the
MSO interaction is the fundamental interaction which can
account for variations of one to two orders of magnitude for
physical coefficients ofd5 ions in crystals. For example, it
has been shown that the spin-lattice coupling coefficients
(SLCC’s) of d5 ions which describe the coupling of the fun-
damental level toE strains, are strongly dependent on the
nature of the ligands and are correctly accounted for by
second-order perturbation schemes involving twice the MSO
interaction between the fundamental state and theu4T1l
states.21

Concerning the molecular models, it is necessary to check
the validity of the monoelectronic and multielectronic wave-
functions by fitting several physical constants. In the case of
Mn2+ in ZnS and ZnSe, the monoelectronic and multielec-
tronic orbitals have already been tested by calculating the
orbit-lattice coupling coefficients(OLCC’s) of the 4T1 and
4T2 levels at lower energy.22 The molecular orbitals as well
as the MSO interaction have also been tested by calculating
the SLCC’s of the6A1 level of Mn2+ in ZnS, ZnSe, and ZnTe
(Ref. 21) and the fine structure of the fluorescent4T1 levels
of Mn2+ in ZnS and ZnSe.14

The aim of this paper is to elaborate a cluster model for
the RL’s ofd5 ions in tetrahedral symmetry and to perform a
molecular calculation of the MSO interaction and of the mo-
lecular electric dipole moment in the case of Mn2+ in the
common cation series ZnS, ZnSe, and ZnTe. The general

FIG. 1. Energy levels at lower energy of Mn2+ in cubic symme-
try. The spectroscopic4G term and three multiplets are represented
to the left. The experimental and theoretical fine structures of the
fluorescent level as observed in ZnS are given in the inset.H0, HC,
HSO, and HJT represent the free ion Hamiltonian, the cubic field
interaction, the spin-orbit interaction, and the Jahn-Teller interac-
tion, the splitting of the fundamental6A1 level is not represented.
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definition of the probability of spontaneous emission and the
molecular model for the transition probabilities for the emis-
sion bands and for the zero phonon lines are presented in
Sec. II. The methods used to calculate the MSO interaction,
the molecular electric dipole moment, and the transition
probabilities are presented in Sec. III. The monoelectronic
wave functions for Mn2+ in ZnS, ZnSe, and ZnTe, the matrix
elements of the MSO interaction, and of the molecular elec-
tric dipole moment are given in Sec. IV. Finally, in Sec. V,
the theoretical results are presented and compared with the
experimental results. The RL’s ofd5 ions in II-VI and III-V
compounds are briefly considered.

II. TRANSITION PROBABILITIES AND VIBRONIC
INTERACTIONS

A. General model

The probability of the spontaneous emission per unit time
from an initial stateA to a final stateB is given by19,23

PsA,Bd =
1

t
=

1

dA

64p4s3xe2

3h
SsA,Bd, s1d

wheret is the radiative lifetime,dA is the degeneracy of the
initial state,s is the energy of the emitted light,x is a cor-
recting factor which accounts for the effective electric field
at the site of the impurity, andSsA,Bd is the total line
strength of the transition.SsA,Bd is given in terms of the
componentsj =x, y, or z of the electric dipole moment and in
terms of the componentsa andb of the initial and final states
by

SsA,Bd = o
j

SjsA,Bd s2d

with

SjsA,Bd = o
a

o
b

SjsAa,Bbd. s3d

We will now consider the operators as well as the electronic
and vibronic levels intervening in the calculation of the total
line strengthSsA,Bd for transitions from the fluorescent4T1
level to the fundamental6A1 level of d5 ions in tetrahedral
symmetry.

The operators and energy levels involved in molecular
second-order perturbation schemes are shown in Fig. 2. In
this figure, the first scheme involves intermediate4T1

q levels,
the MSO interaction, and the molecular dipole moment. For
the second scheme, the intermediate6T2 levels are due to the
promotion of one electron from a filled inner shell 1t2, 1a1,
2t2, 1e, 1t1, 2a1, or 3t2 to half-filled shells 4t2 or 2e or from
the promotion of one electron from the half-filled shells 4t2
or 2e to empty shells 5t2 or 3a1 appearing at high energy(see
Fig. 3). In Fig. 3, the empty shells 5t2 and 3a1 at high energy
are not represented. We can note that6T2 levels do not exist
in a model restricted to the configurationd5.

In the proposed molecular model, we will consider the
contributions of the intermediate4T1

q (q=1, 2, and 3) levels
which are built from the configurations 4t2

42e, 4t2
32e2, and

4t2
22e3 with two open shells(see Fig. 3) and neglect the

contributions of the configurations with three open shells
such as the contributions of the4T1 and6T2 multiplets which
appear at very high energy. It must be noted here, that a
molecular calculation restricted to the configurations 4t2

42e,
4t2

32e2,and 4t2
22e3 correctly accounted for the SLCC’s of

Mn2+ in the studied compounds.
Concerning the phonons, inTd symmetry, the electronic

FIG. 2. Second-order perturbation schemes used in the calcula-
tion of the RL’s.HSO is the MSO interaction,r j is the componentj
of r . The 4T1 levels are considered in the scheme to the left. The
6T2 levels appear in configurations with three open shells only.

FIG. 3. Monoelectronic energy levels for Mn2+ in ZnS for the
set a of values for the molecular coefficients. The monoelectronic
energy levels of Mn and S are given to the left and to the right,
respectively. Several molecular energy levels are given in the cen-
ter. The levels 4t2 and 2e are of primary importance to calculate the
RL’s.
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states are coupled toa1, «, andt2 modes. For the fluorescent
levels, in the case of ZnS and ZnSe, the uniaxial stress effect
has shown a coupling toA1 strains and a Jahn-Teller cou-
pling to E strains, the coupling toT2 strains being either
small or strongly reduced by the Jahn-Teller coupling toE
strains.21 The influence of phonons on the second-order per-
turbation scheme involving the4T1 levels is studied in the

case of a coupling to« modes which is preponderant to ac-
count for the fine structure of the fluorescent level.

In the molecular model, the componentsSj of the total
line strength for transitions4T1→6A1 involving the« modes
are given in terms of the matrix elements of the MSO inter-
action and of the matrix elements of the componentsr j of the
molecular electric dipole moment by

Sjs4T1uMs00,6A1Ms8nu8n«8d = Uo
n,q

o
nu,n«

kA1Ms8nu8n«8uHSOu4T1
qnMsnu n«lk4T1

qnMsnu n«ur ju
4T1uMs00l

Wvibs6A1d − Wvibs4T1
qd U2

. s4d

q=1,2,3 refers to the three4T1 levels of thed5 configura-
tion. The4T1

q level with q=3 is the fluorescent level which
will be simply denoted4T1 in the following.u andv are the
orbital components of the4T1

q levels. Ms and Ms8 are the
spin components of the4T1 and6A1 multiplets, respectively.
The u4T1

qnMsnu n«l states are vibronic states, whose energies
Wvibs4T1

qd are given by24

Wvibs4T1
qd = Ws4T1

qd + snu + n« + 1d"v − EJT
q , s5d

whereWs4T1
qd is the energy of the electronic state,"v is the

energy of an effective phonon ofE symmetry,nu andn« are
the number of phonons ofEu and E« symmetry, andEJT is
the Jahn-Teller energy of the4T1

q level. Theu6A1Ms8nu8n«8l
states are vibronic states of the fundamental6A1 level whose
energies are given by

Wvibs6A1d = Ws6A1d + snu8 + n«8 + 1d"v. s6d

Concerning the phonons, the summation on all phonons
of the intermediate4T1

q levels can be written as

Asnu8,n«8d

= o
nu,n«

k0nu8unnulknnuuu0lk0n«8unn«lknn«uu0l
Ws4T1

qd − EJT
q − Ws6A1d + snu + n« − nu8 − n«8d"v

.

s7d

This sum will intervene in the calculation of the transition
probabilities of the zero phonon lines and of the emission
band in the following subsection.

B. Transition probability of the 4T1 emission band

The transition probability of the4T1 emission band is ob-
tained by summing on all phonons of the fundamental state,
so that

Sjs4T1uMs,
6A1Ms8d = o

nu8,n«8

Sjs4T1uMs00,6A1Ms8nu8n«8d .

s8d

By using

o
nu8,n«8

Asnu8,n«8d
2 =

1

w̄sq,n̄d2 s9d

we get

Sjs4T1uMs,
6A1Ms8d = Uo

q

1

w̄sq,n̄don
k6A1Ms8uHSOu4T1

qnMsl

3k4T1
qnMsur ju

4T1uMslU2

, s10d

where

w̄sq,n̄d = Ws4T1
qd − Ws6A1d + n̄"v. s11d

This relation has been calculated from the vibrational
wave functions of the4T1 and6T1 levels given by Gélineau.25

By assuming thatS"v is identical for the three4T1
q levels,

we get n̄=S. This result is valid if the energy difference
between the6A1 level and the4T1

q levels is much greater
than the energy of the phonons as it is the case for Mn2+ in
II-VI compounds. The values forn̄ depend on the Jahn-Teller
energies of the levels intervening in the calculation. An ana-
loguous calculation can be used when considering the cou-
pling to a1 modes. In the following, we will consider that
w̄sq,Sd=WZPL

q +2S"v, whereWZPL
q is the the energy of the

zero phonon lines, can be approximately given by the energy
of the maximum of the absorption bands of the three4T1

q

levels.
It can be noted here that the transition probabilites of the

ZPL’s from the fluorescent level to the6A1 fundamental level
are obtained by considering theA1 level with nu8=0 and
n«8=0, that isAs0,0d. For the zero-phonon lines of the fluo-
rescent4T1 level, all transition probabilities are reduced by
the factor exps−Sd. Therefore, the Jahn-Teller effect does not
modify the relative oscillator strengths of the fine structure
lines of the fluorescent4T1 level. Of course, this is not true,
when selective intensity transfer occurs as, for example, for
the transition4T2→6A1 of Mn2+ in ZnS and ZnSe.26
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III. MOLECULAR MODEL

A. Molecular spin-orbit interaction

The molecular spin-orbit interactionHSO, which has been
defined by Misetich and Buch,27 can be written as

HSO= o
i

zMsr iMdlM
i ·si + o

i
o
L

zLsr iLdlL
i ·si . s12d

The sums are performed on the five electronsi of the
configurationd5 and on the four ligandsL. lM

i and lL
i are

one-electron orbital operators for the metal and the ligands,
respectively.zM andzL are the spin-orbit coupling constants
of the electrons of the metal and ligands, respectively.HSO
can conveniently be written in terms of the molecular angu-
lar momentumt u

i as

HSO= o
u,i

t u
i ·su

i . s13d

with

tu
i = zMsr iMdlMu

i + zLsr iLdVu
i , s14d

u=x,y,z. TheVu
i ’s are the one electron orbital operators for

the ligands. The matrix elements of the molecular spin-orbit
interactionHSO between theu6A1l state and theu4T1l states
are given by

k6A1Ms8uHSOu4T1
qnMsl = C4T1

sMs8,Msdk6A1utnu4T1
qnl ,

s15d

where the matrix elementsC4T1
give the spin components of

HSO between the6A1 level and the4T1 levels for a configu-
ration with two open shells. These matrix elements have pre-
viously been defined in the strong field complex basis and
used to calculate the SLCC’s of Mn2+ in ZnS, ZnSe, and
ZnTe.21

B. Molecular electric dipole moment and transition
probabilities

The multielectronicu4T1
ql states are defined on the real

basis in the strong field scheme, restricted to the configura-
tion d5. The matrix elements of the orbital momentt are
identical forn=x, y, or z, but depend onq. They include the
SO coupling constantszM and zL of the metal and of the
ligands, respectively.

The matrix elements ofr j of the electric dipole moment
between electronic states are calculated in the strong field
scheme. On a real basis, the matrix elements ofr j are real,
and, by using Griffith’s results,28 it can be shown that they
are non-zero only ifu, n, and j are all different. The matrix
elements ofr j are also independent ofMs and are invariant
for any permutation ofu, n, and j , so that, the sum onn is
reduced to only one term.

It is now possible to perform the sum on the spin compo-
nentsMs andMs8 of the 4T1 and6A1 levels, respectively. By
noting that

o
Ms

o
Ms8

uC4T1
sMs8,Msdu2 = 1, s16d

we obtain

Sjs4T1u,6A1d = o
Ms8,Ms

Sjs4T1uMs,
6A1Ms8d

= Uo
q

1

w̄sq,Sd
k6A1utnu4T1

qnlk4T1
qnur ju

4T1
qulU2

,

s17d

wheren is different fromu and j . If j is different fromu,
then, the dipole strengthSjs

4T1,6A1d of the transition from
the fluorescent level to the6A1 fundamental level is nonzero
and its value is independent ofj andu, so that

Ss4T1,
6A1d = o

j ,u
Sjs4T1u,6A1d = 6f2 s18d

with

f = o
q

− i

w̄sq,Sd
k6A1utzu

4T1
qzlk4T1

qxuzu4T1yl . s19d

f is real and its value depends of the contribution of the three
4T1 levels from the mixing parametersat

q:

u4T1
qul = a1

qu4T1ust2
4edl + a2

qu4T1ust2
3e2dl + a3

qu4T1ust2
2e3dl ,

s20d

therefore,

f = o
q

− i

w̄sq,Sdot=1

3

o
t8=1

3

o
t9=1

3

at
qat8

q at9k6A1utzu
4T1zst2

5−tetdl

3k4T1xst2
5−t8et8duzu4T1yst2

5−t9et9dl , s21d

wherew̄sq,Sd is the energy of the maximum of the absorp-
tion band of each4T1 level.

The matrix elements of the repulsive electrostatic interac-
tion are calculated by using the4T1 triplet states developed
in terms of Slater determinants defined in Ref. 22. The mix-
ing parameters of the three4T1 levels are obtained by diago-
nalizing the matrix of Suganoet al.29 whose matrix elements
are calculated from the Racah parametersB, C, and the
cubic-field parameterDq.

The matrix elements oft as given in Table I a, depend on
the two coefficientszt2t2 andzet2. zt2t2 is the spin-orbit cou-
pling coefficient between two monoelectronic orbitalst2 and
zet2 is the spin-orbit coupling coefficient between two mono-
electronic orbitalse andt2. The matrix elementsrt2t2 andret2
of r are given in Table I b.

IV. MOLECULAR MODEL FOR THE RL’S OF Mn 2+

IN II-VI COMPOUNDS

A. Molecular orbitals

For Mn2+ in II-VI compounds(see Fig. 3), the molecular
orbitals in Td symmetry have been determined in Ref. 22
from a semiempirical self-consistent method. The calculation
was an extension of the method proposed by Ballhausen and
Gray30 and by Buch and Gelineau.31 The coordinate system
is given in Ref. 22, for Mn and its four neighbors.

The atomic radial functions were those calculated by Ri-
chardsonet al.32 for manganese and by Watsonet al.33 for
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sulfur, and by Clementi34 for selenium and tellurium. It must
be noted here that the radial part of the wavefunctions of the
orbitals 3d and 4p depend on the effective chargeQM of the
metal so that the metal-ligands overlap integrals also depend
on QM.

For Mn, the valence state ionization potentials(VSIE’s)
have been calculated following the method proposed by
Basch, Viste, and Gray.35 For sulfur, selenium and tellurium,
the following VSIE’s have been calculated from the energy
levels given by Moore.36 For sulfur, VSIEs3sd=−1.77QL

2

+74.13QL+166.7 and VSIEs3pd=7.95QL
2+83.75QL+93.4.

For selenium, VSIEs4sd=6.9 QL
2+91 QL+168 and

VSIEs4pd=6.9 QL
2+73 QL+87. For tellurium VSIEs5sd

=3.73QL
2+98 QL+167.6 and VSIEs5pd=7.40QL

2+76 QL

+89.4.
The off-diagonal matrix elements have been obtained

from Cusach’s approximation.37 The influence of the crystal
was otained by calculating the diagonal and off-diagonal ma-
trix elements of the electrostatic field due to the first and
second nearest neighbors of Mn. The influence on Mn of the
other atoms of the crystal was approximated as being their
contribution to the Madelung’s energy. For the ligands, the
influence of the crystal was calculated from the same
method.

We will now consider the monoelectronic molecular or-
bitals 2e and 4t2 (which will be denotede and t2) of two
half-filled shells. These monoelectronic molecular orbitalse
and t2 are linear combinations of the atomic orbitals 3d and
4p of Mn, and of the orbitalsnss, nsp, andnpp (n=3 for S,
4 for Se, and 5 for Te) of the ligands:

uegl = o
k

bOkuOkeg8l = bdudeg8l + bppuppeg8l, s22d

ut2gl = o
j

aOjuOjt2gl = adudt2gl + apupt2gl + assusst2gl

+ aspuspt2gl + appuppt2gl, s23d

g8=u ,« andg=j ,h. z refers to the components of thee and
t2 orbitals respectively. The values of the coefficientsad, ap,
ass, asp, app, bd, andbpp are obtained from the semiempir-
ical self-consistent method.

B. Molecular spin-orbit interaction

We will now consider the molecular spin-orbit interaction.
The calculations ofzt2t2

and zet2
have been detailed in Ref.

21. We will briefly recall the main results.
For the monoelectronic wave functionse and t2, the rel-

evant matrix elements oft are

zt2t2
= − ikt2jutzut2hl = sadad − apapdzM

+ appsÎ2asp − app/2dzL s24d

and

zet2
=

i

2
ke«utzut2zl = adbdzM + bppsÎ2asp + appdzL/2Î3.

s25d

We can note here that in the CF model:zt2t2
=zet2

=zM.
The spin-orbit coupling constants for the electrons

3d and 4p of Mn and for the electronsnp of S,
Se, and Te have been calculated following the
method proposed by Blume and Watson.38 We get
zMsMn: 3d,4pd=286.0+47.0sQM −1d, zLsS: 3pd=297.7
+65.3sQL +1d, zLsSe: 4pd=1353.0+297.0sQL +1d, and
zLsTe:5pd=3444.0+756.0sQL +1d.

C. One electron molecular dipole moment

In order to calculate the matrix elements of the electric
dipole moment, the molecular orbitalst2 ande are taken as
linear combinations of the orbitals of Mn and of the group
orbitals of the first four neighbors. Direct axis systems are
used in order to avoid any phase problem during the calcu-
lations, in particular for the orbitalssp.

The matrix elementszt2t2
andzet2

are obtained as follows:

zt2t2
= kt2juzut2hl = o

i
o

j

aOiaOjkOit2juzuOjt2hl, s26d

zet2
= ke«uyut2hl = −

Î3

2
keuuzut2zl

= −
Î3

2 o
i

o
j

bOiaOjkOieuuzuOjt2zl. s27d

TABLE I. Multielectronic matrix elements of thez components ofr (a) andt (b) in terms of the matrix
elementszt2t2

, zet2
, zt2t2

, andzet2
defined in Secs. IV B and IV C.

a

k4T1xst2
5−t8et8duzu4T1yst2

5−t9et9dl= 4T1st2
4ed 4T1st2

3e2d 4T1st2
2e3d

4T1st2
4ed −zt2t2/2 −zet2/Î2 0

4T1st2
3e2d −zet2/Î2 0 zet2/Î2

4T1st2
2e3d 0 zet2/Î2 zt2t2/2

b

k6A1st2
3e2dutzu

4T1zst2
5−t9et9dl= 4T1st2

4ed 4T1st2
3e2d 4T1st2

2e3d
6A1st2

3e2d 2izet2 −iÎ2zt2t2 2izet2
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For the statet2, i =1–5corresponds to the orbitals 3d and
4p of the cation andsst2, spt2, ppt2 of the ligands. For the
statee, k=1,2 corresponds to the orbitals 3d of the metal and
pp of the ligands. The group orbitalsOit2g and Okeg8 are
defined in Ref. 30.

It can be noted here that the calculation of the matrix
elements of the electric dipole moments is much more diffi-
cult to handle than the calculation of the MSO interaction.
The fundamental reason is that, in the case of the MSO in-
teraction, the interaction is localized on the metal and on the
ligands so that it is possible to decompose the MSO Hamil-
tonian into two terms acting either on the electrons of the
metal or of the ligands, while in the case of the dipole mo-
ment, no such localization and simplification exists, so that,
the calculation of the dipole momentr must be performed on
the whole molecule thus seriously complicating the calcula-
tion.

Therefore, in order to check the theoretical results, three
methods have been used to calculate the relevant matrix el-
ementskOit2juzuOjt2hl and kOit2zuzuOkeul of the electric di-
pole moments.

In the first method, described by Sharma,39 the orbitals of
the ligands are expressed in the axis system of the metal. For
each ligandk, the atomic functionx whose spherical coordi-
natessRk,Qk,Fkd are given in the axis systemsOLk,xk,yk,zkd
is expressed in terms of a linear combination of wave func-
tions al whose spherical coordinatessr ,uk,wkd are expressed
in the axis systemssOM ,xk8 ,yk8 ,zk8d centered on the metal.
The axes associated to the metal and each ligand are parallel.
Therefore,wk=fk.

The wave function of the ligandk can be written as

xsNLM,RkJkkwkd =
1

Rk
fNLsRkdYL

MsJk,wkd

= o
l=M

`
1

r
alsNLMuardYl

Msuk,wkd, s28d

whereYL
M andYl

M are spherical harmonics.r andRk are the
distances from the metal and from the ligandk respectively.
alsNLM uard is a radial component of the development of the
wave functionx of the ligand. It is given by

alsNLMuard =
1

a
E

0

2p E
ua−r u

a+r

fNLsRkd

3YL
MsJk,wkdYl

M*suk,wkddRkdwk. s29d

For given values forNLM and l, then,al depends onr only.
The atomic wave function of thek ligand is obtained in

the axis systemsOM ,x8k,y8k,z8kd of the metal, then, a rota-
tion gives the development ofx in the axis system
sOM ,x,y,zd.

For the ligands, the wave functionse and t2 are linear
combinations of the atomic orbitals of the four ligands. By
summing the contributions of the four ligands, we get the
development of the wave functionse andt2 of the ligands in
the crystal axis systemsOM ,x,y,zd:

uOjt2zl = o
l=M

`

uOjt2zll s30d

and

uOjeul = o
l=M

`

uOjeull , s31d

where M =0 for the orbitalsss and sp and M =1 for the
orbitals pp. For ss and sp, the terml =0 is zero when the
summation is performed on the four ligands. Therefore, the
development inal of the orbitals of the ligands contains
termsl from 1 to`. The matrix elements of the componentz
of r are thus calculated for two molecular orbitals expressed
in the common crystal axis system.

This method is well adapted for the calculation of the
matrix elements ofr involving the wave functions of the
metal and of the ligands. However, when calculating ligand-
ligand matrix elements ofr , it is necessary to use a develop-
ment involving high values forl in order to obtain conver-
gent values forr . Therefore, in order to calculate the ligand-
ligand matrix elements ofr , it is better to use the following
method.

The second method is the “overlap integrals method” de-
scribed by Mullikenet al.40 It permits us to calculate the
metal-metal, the metal-ligand, and ligand-ligand matrix ele-
ments ofz. The metal-ligand matrix elements of the compo-
nent z of r are considered as the overlap integrals between
the orbitals of the metal(bra) and the kets given by the
operatorz acting on the orbitals of the ligands. The kets are
calculated in the axis system of the ligands. These matrix
elements are calculated by using the method developed by
Mulliken et al.40 to calculate the overlap integrals.

This method permits a better insight in the physical inter-
pretation of the results since it gives the contributions of
each orbital of the metal and of the ligands. In particular, it
clearly shows the influence of the metal-ligand distance. This
method is convenient to calculate the metal-metal and the
ligand-same-ligand matrix elements ofz. However, it is very
tedious when applied to the calculation of the ligand-other-
ligand matrix elements ofz since it involves complex rota-
tions of axes systems. The ligand-other-ligand matrix ele-
ments of z have been calculated by using the following
method.

In the third method, the matrix elements of the dipole
moment are calculated numerically by decomposing the vol-
ume occupied by the molecule into elementary volumes and
calculating the matrix elements for each elementary volume.
Of course, this method does not permit to analyze the con-
tributions of each molecular orbital to the RL’s and also im-
plies long calculation time.

V. RESULTS AND DISCUSSION

A. Matrix elements of the MSO interaction and of the electric
dipole moment

Table II gives the relevant coefficients intervening in the
molecular calculations.21,22 The theoretical values are given
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for the chargeQM of the metal, the cubic field parameter
Dqcalc, and the SO coupling constantszMsMnd of the d elec-
trons of the metal andzLsLd of thep electrons of the ligands.
These values are obtained for slightly different values for the
metal-ligand distance a, the charge of the latticeQlat and the
Madelung constantCMad.

Figure 3 shows the calculated monoelectronic molecular
energy levels in the case of ZnS set(a). Table III gives the
calculated values forzt2t2

, zet2
, zt2t2

, andzet2
for the four sets

of parameters given in Table II. We can note thatzt2t2
is

positive for ZnS, negative for ZnSe, and large and negative
for ZnTe. The values forzet2

are positive for all compounds
and decrease when passing from the ligand S to ligands Se

and Te. These values are to be compared with the value of
approximately 300 cm−1 as given by the CF model.

For zt2t2
, it must be noted that, for all compounds, the

values are very sensitive to the molecular coefficients used
for the setsa, b, c, andd. The values ofzet2

slightly increase
when passing from the ligand S to ligands Se and Te, and are
larger than the values obtained forzt2t2

. This increase is due
to the increasing value of the metal-ligand distance.

For ZnS, setsa and d, Table IV gives examples of the
detailed metal-metal, metal-ligand and ligand-ligand contri-
butions tozt2t2

and zet2
. These contributions tozt2t2

and zet2
are either positive or negative, so that, the precision of the
overal values strongly depends on the precision of the mo-

TABLE II. Values for the metal-ligand distancea, the Madelung constantCMad, the chargesQlat, QM, QL,
the cubic field parameterDqcalc, and the SO coupling coefficientszMsMnd andzLsLd as defined in Sec. V A.

Compounds a (a.u.) CMad Qlat QM QL Dqcalc zMsMnd zLsLd

ZnS (a) 4.41 1.63 0.8 1.313 0 −365 301 302

ZnS (b) 4.41 1.40 0.8 1.024 −0.856 −419 287 307

ZnS (c) 4.41 1.40 0.9 1.031 −0.933 −387 287 302

ZnS (d) 4.56 1.40 0.8 0.973 −0.843 −419 285 308

ZnSe(a) 4.61 1.63 0.7 1.219 −0.830 −310 296 1404

ZnSe(b) 4.61 1.40 0.7 0.981 −0.770 −378 285 1421

ZnSe(c) 4.76 1.40 0.7 0.935 −0.759 −386 283 1425

ZnSe(d) 4.76 1.25 0.7 0.740 −0.710 −456 274 1439

ZnTe (a) 5.00 1.63 0.6 1.056 −0.736 −312 289 3643

ZnTe (b) 5.00 1.63 0.7 1.083 −0.796 −278 290 3598

ZnTe (c) 5.00 1.63 0.7 1.014 −0.779 −305 287 3611

ZnTe (d) 5.11 1.63 0.7 1.050 −0.788 −293 288 3605

TABLE III. Values for the monoelectronic matrix elementszt2t2
, zet2

of the MSO interaction and of the
monoelectronic matrix elementszt2t2

andzet2
of the z component of the electric dipole moment.

Compounds zt2t2
scm−1d zet2

scm−1d zt2t2
s10−8 cmd zet2

s10−8 cmd

ZnS (a) 178.0 236.0 0.028347 0.203848

ZnS (b) 130.6 210.0 0.063498 0.227478

ZnS (c) 138.8 210.2 0.066660 0.217716

ZnS (d) 131.0 205.0 0.098602 0.219391

ZnSe(a) −139.3 193.5 0.032373 0.225694

ZnSe(b) −250.3 161.9 0.066935 0.246648

ZnSe(c) −233.0 149.3 0.101423 0.238553

ZnSe(d) −321.0 125.0 0.135119 0.244565

ZnTe (a) −876.8 102.0 0.059675 0.258452

ZnTe (b) −801.3 105.4 0.055486 0.251195

ZnTe (c) −878.3 88.0 0.070384 0.257090

ZnTe (d) −774.3 82.0 0.084089 0.243941
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lecular wave functions. More precisely, forzt2t2
, the positive

ligand-ligand contribution is partially compensated by the
negative metal-metal and metal-ligand contributions. The
positive sp-sp ligand-ligand contribution is preponderant,
however, it is strongly reduced by the negativepp-pp
ligand-ligand and 3d-sp metal-ligand contributions. It can
also be noted thatzt2t2

is very sensitive to the variations of
the componentsasp andapp of the 4t2 wave functions.

For zet2
the metal-metal contribution is to a large extend

compensated by the metal-ligand contribution, so that,zet2
is

primarily given by thepp-pp ligand-ligand contribution.zet2
is proportional to the metal-ligand distance and to the prod-
uct appbpp of the pp components of the wave functionst2

ande. appbpp is not very sensitive to the sets of parameters
a, b, c, d, or to the nature of the ligands.

B. Lifetimes of Mn2+ in ZnS, ZnSe, and ZnTe

From Sec. II, formula(1), the lifetimes are given by

1

t
= 7.23543

s3x

dA
s6f2d 3 1010, s32d

where s is the energy, in units of cm−1, of the center of
gravity of the experimental emission band of the fluorescent
level. For ZnS, s=17 100 cm−1,41–43 for ZnSe, s
=17 200 cm−1,44,45 for ZnTe, s=15 870 cm−1.46,47 dA is the
degeneracy of the excited state.

TABLE IV. Contributions of the group orbitalsOi andOj to zt2t2
andzet2

pour ZnS(a) and ZnS(b). The
group orbitals are defined in Sec. IV A.

Orbitals ZnS(a) s10−8 cmd ZnS (d) s10−8 cmd
zt2t2

kOit2ju uOjt2hl s/ total s/ total

metal-metal 3d 4p −0.0421 −0.0466

−0.0421 −0.0466

metal-ligand 4p ss 0.0142 0.0178

4p sp 0.0036 −0.0002

4p pp 0.0269 0.0369

3d ss −0.0269 −0.0243

3d sp −0.0995 −0.1175

3d pp 0.0280 0.0270

−0.0537 −0.0603

ligand-ligand ss ss 0.0233 0.0202

ss sp −0.0382 −0.0409

ss pp 0.0179 0.0171

sp sp 0.2119 0.3068

sp pp −0.0014 −0.0016

pp pp −0.0893 −0.0961

0.1241 0.2055

total for zet2
0.0283 0.0986

zet2
kOie«u uOjt2§l s/ total s/ total

metal-metal 3d 4p 0.0199 0.0224

0.0199 0.0224

metal-ligand pp 4p −0.0389 −0.0540

pp 3d 0.0000 0.0000

3d pp −0.0298 −0.0303

3d sp 0.0295 0.0343

3d ss 0.0060 0.0053

−0.0332 −0.0446

ligand-ligand pp ss −0.0312 −0.0296

pp sp −0.0020 −0.0024

pp pp 0.2504 0.2736

0.2171 0.2416

total for zet2
0.2038 0.2194
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As shown in the Introduction, the fluorescent4T1 level
consists of two groups of two lines separated byD
=−9.5 cm−1 for ZnS andD=−11.5 cm−1 for ZnSe.48 In the
case of ZnS, a small splitting of 0.6–0.7 cm−1 has been ob-
served for the lines at lower and at higher energy.49 These
splittings, which cannot be explained by the CF-model have
been accounted for from a molecular model corresponding to
the sets b and d for the molecular coefficients.14

For ZnS and ZnSe, at high temperaturesT@15 Kd all
zero phonon levels of the4T1 fluorescent levels are popu-
lated so thatdA=12. A low temperaturesT!15 Kd, the lev-
els at lower energy are the only ones to be populated so that
dA=6. Since the theoretical RDS’s of the two lines
fG7 and G8s3/2dg at lower energy and of the two lines
fG8s5/2d and G6g at higher energy are 11 and 9, respec-
tively, the lifetime at low temperature is 10/11 of the lifetime
at high temperature.

x gives the effective electric field with respect to the mac-
roscopic field in the coumpound.x=nsn2+2d2/9 with n2

=«`. In ZnS, «`=5.52,50 in ZnSe,«`=5.9,51 and in ZnTe,
«`=7.18.52

Table V givesf, tHT, andtBT, for ZnS, ZnSe, and ZnTe.

Three sets of values forB, C, andDq have been considered
in the case of ZnS in order to analyze the influence of slight
variations of the multielectronic wave functions on the RL’s.
One set of values for ZnSe and for ZnTe have been consid-
ered. Except for one set of values for ZnS:Mn which was
obtained by fitting the energies of zero phonon lines, the
others values forB, C, andDq have been obtained by fitting
the energies of the absorption bands at lower energy of Mn2+.
It must be noted that f is positive for ZnS and negative for
ZnSe and ZnTe and that its sign is primarily controlled by
zt2t2

.
Concerning the RL’s of ZnS:Mn2+, Table V a shows that

sets a, b, and c give theoretical values fortBT (from
1.03 to 3.58 ms when considering the three sets forB, C,
andDq) which are in agreement with the experimental value
of 1.77 ms at 4.2 K. Setd gives large values from 6.66 ms to
8.46 and 10.51 ms for the three sets forB, C, andDq.

We can briefly recall here the results obtained from sets a
to d in previous molecular models for the SLCCG11 of the
fundamental6A1 level toE strains and for the OLCCVEs4T1d
of the fluorescent level toE strains.

For G11 sZnS:Mn2+d, the very small and negative experi-
mental value of −0.02 cm−1 has been correctly accounted for

TABLE V. Values for f, tHT, andtBT for ZnS in (a), ZnSe and ZnTe in(b). Three sets of values forB, C,
and Dq have been considered in the case of ZnS. We have takenB=740 cm−1, C=2740 cm−1, Dq

=−405 cm−1 for ZnSe(Ref. 44) andB=628 cm−1, C=2824 cm−1, Dq=−434 cm−1 for ZnTe (Ref. 46).

a

B=730 cm−1a

C=2880 cm−1

Dq=−420 cm−1

B=630 cm−1b,c

C=3040 cm−1

Dq=−520 cm−1

B=830 cm−1d

C=2500 cm−1

Dq=−450 cm−1

f
s10−11 cmd

tHT

smsd
tBT

smsd
f

s10−11 cmd
tHT

smsd
tBT

smsd
f

s10−11 cmd
tHT

smsd
tBT

smsd
Experimentale,f

valuetexpsmsd

ZnS (a) 1.674 1336 1214 1.632 1405 1278 1.819 1132 1029 1770
sat 4.2 KdZnS (b) 1.079 3213 2921 1.023 3576 3251 1.198 2606 2369

ZnS (c) 1.030 3530 3209 0.975 3937 3579 1.138 2890 2627

ZnS (d) 0.634 9305 8459 0.569 11557 10506 0.715 7330 6663

b

f
s10−11 cmd

tHT

smsd
tBT

smsd
ttexp.

smsd

ZnSe(a) −0.776 5350 4863 220–240g,h

(at 4 K)ZnSe(b) −2.153 696 633

ZnSe(c) −2.198 668 607

ZnSe(d) −3.147 326 296

ZnTe (a) −8.557 38 34 40–52i

(at 10 K)ZnTe (b) −7.586 48 44

ZnTe (c) −8.557 38 34

ZnTe (d) −7.192 53 48

aReference 17.
bReference 42.
cReference 43.
dReference 14.
eReference 3.

fReference 4.
gReference 5.
hReference 6.
iReference 7.
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from setsc andd, while setsa andb have predicted positive
values forG11.

21 (The theoretical values forG11 are of 0.116,
0.013, −0.005, and −0.002 cm−1, for setsa, b, c, andd, re-
spectively.) It must be noted that in the case of ZnS, the
theoretical values forG11 depend on large and almost equal
contributions of opposite signs, so that, the magnitude and
the sign ofG11 is very sensitive to the structure of the mo-
lecular wave functions.

For VEs4T1d sZnS:Mn2+d, the experimental value of
−10 700 cm−1 has been correctly accounted for by all sets,
the theoretical values being of −8760 cm−1, −9385 cm−1,
−9335 cm−1, and −8430 cm−1 for sets a, b, c, and d,
respectively.22

For ZnSe:Mn2+, Table V b shows that: set a gives a very
large theoretical value of 4863ms for tBT, the experimental
value being of 220–240ms at 4.2 K; setsb andc give values
for tBT (633 and 607ms, respectively) which are in rough
agreement with the experimental value; for setd, the theo-
retical value of 296ms is in excellent agreement with the
experimental value. It can be noted that this setd gives the
best agreement forG11.

21 More precisely, the theoretical val-
ues forG11 are of 0.94, 0.70, 0.58, and 0.36 cm−1 for setsa,
b, c, and d, respectively, the experimental value being of
0.34 cm−1. For the OLCCVEs4T1d, the experimental value of
−10900 cm−1 is correctly accounted for by all sets, the the-
oretical values being of −7780, −8430, −7700, and
−8270 cm−1 for sets a, b, c, and d, respectively.22 For
ZnTe:Mn2+ Table V b shows that the theoretical values ob-
tained from the four sets of monoelectronic wave functions
are in excellent agreement with the experimental value of
40–52ms.

C. Case ofd5 ions in II-VI and III-V compounds

In the case of Mn2+ and Fe3+ in II-VI and III-V com-
pounds, it can be noted that, for a given cation, the RL’s
follow the general trend of a decrease of the RL’s when
increasing the SO coupling constantszL of thep electrons of
the ligands. This trend is verified for the RL’s of Fe3+ in II-VI
compounds which are of 25.2 ms in axial ZnO9 and 4.3 ms
in ZnS,8 since, for effective charges of −1 for the ligands,zL

is approximately of 120 cm−1 for O− and 300 cm−1 for S−. It
is also verified for the RL’s of Fe3+ in III-V compounds
which are of 8 ms in GaN12 and 1.9 ms in GaAs,10,11sincezL
is approximately of 55 cm−1 for N−, and 985 cm−1 for As−.

VI. CONCLUSION

A molecular model has been elaborated to account for the
lifetimes of the fluorescent4T1 levels of d5 ions in tetrahe-
dral symmetry. The RL’s have been calculated from second-
order perturbation schemes involving the molecular SO in-
teraction and the electric dipole moment. The matrix
elements ofHSO andr have been calculated from four sets of
slightly different monoelectronic wave functions and from
multielectronic wave functions which were used to evaluate
the OLCC’s and SLCC’s of Mn2+ in II-VI compounds. The
electric dipole moment for the molecular system has been
calculated from three different methods. Detailed contribu-
tions of the metal-ligand, ligand-ligand, and ligand-other-
ligand have been analyzed in the case of ZnS.

It has been shown that the molecular model accounts for
the drastic variations of one to almost two orders of magni-
tude of the RL’s in the case of Mn2+ in the common cation
series ZnS, ZnSe, and ZnTe. More precisely, for ZnS and
also for ZnSe, three sets of monoelectronic wave functions
used to calculate the OLCC’s and SLCC’s correctly ac-
counted for the RL’s, while one set has given too large values
for the RL’s. For ZnTe, the theoretical values as obtained
from four slightly different sets of monoelectronic molecular
wave functions have been found to be in excellent agreement
with the experimental value. Finally, it must be noted that the
RL’s are correctly accounted for by restricting the molecular
calculations to the three4T1 levels at lower energy and that
the fundamental interaction which accounts for the strong
decrease of the RL’s of Mn2+ in ZnS, ZnSe, and ZnTe is the
MSO interaction of thep electrons of the ligands.
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