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Molecular electronic model and vibronic coupling to «-vibrational modes of the fluorescent
level 4T1 of d5 ions in II-VI and III-V compounds
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Complete electronic and vibronic models including the second-order molecular spin-orbit~MSO! interaction
are proposed to analyze the fine structure of the orbital triplet levels4T1(G) of d5 ions in tetrahedral symme-
try. First, a molecular model which has been used to calculate the first-order MSO interaction is extended to the
calculation of the second-order MSO interaction. Then Ham’s model for the vibronic coupling to«-vibrational
modes of the first- and second-order MSO interactions is used to describe the fine structure patterns and, in
particular, the energy-level ordering in terms of the Huang-Rhys factorS. Third, these models are applied to the
calculation of the electronic and vibronic structures of the fluorescent level4T1(G) of Mn21 in cubic ZnS and
in ZnSe. For the level4T1(G) of Mn21 in cubic ZnS, the second-order MSO interaction becomes preponderant
because the first-order MSO interaction due to the cation can be completely compensated for by the first-order
MSO interaction due to the ligands. For the level4T1(G) of Mn21 in ZnSe, the first-order MSO interaction is
primarily controlled by the ligands. It is shown that the experimental fine structures can be correctly accounted
for by the molecular model. Finally, a qualitative model is proposed for the fine structure of the fluorescent
level of Fe31 in InP and GaAs.
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I. INTRODUCTION

Several experimental and/or theoretical studies have b
reported concerning the electronic and vibronic fine struct
of the fluorescent levels4T1(G) of d5 ions as Mn21 and
Fe31 in various II-VI and III-V compounds.1–11 @The nota-
tion 4T1(G) indicates that in the absence of a crystal fie
the level becomes a4G level of the free ion.# For example,
the fine structure of the fluorescent level has been studie
ZnS:Mn21 and ZnSe:Mn21,1 GaP:Mn21,2 ZnS:Fe31,3

ZnO:Fe31,4 GaAs:Fe31,5–7 GaN:Fe31,8 and InP:Fe31.7,9

We will consider fluorescent levels of tetrahedral symm
try coupled to«-vibrational modes only. In cubic symmetr
the symmetry of the vibrational modes is deduced fr
uniaxial stress experiments for applied pressu
Pi@100#,Pi@11I0#, andPi@111#. For the fluorescent levels o
Mn21 in ZnS and ZnSe,1 and Fe31 in GaAs and InP~Ref. 7!
studied here, the uniaxial stress experiments have unamb
ously shown a coupling toE strains and therefore to
«-vibrational modes only.

In the following, the crystal field~CF! model is treated as
a particular case of the molecular model by restricting
wave functions to those of thed electrons of the cation.

The CF model10 has long been used to analyze the
bronic structure of the level4T1(G) in terms of the Huang-
Rhys factorS. For example, in early studies, the Jahn-Tel
effect on the fine structure lines of the fluorescent level
Mn21 in ZnS, ZnSe,1 and GaP~Ref. 2! was determined from
uniaxial stress experiments and interpreted from the
model by considering a strong coupling to«-vibrational
modes. The fine structures predicted by the CF model
shown in Fig. 1~a!. This figure gives the level ordering, i
terms of the Huang-Rhys factorS, of the four fine-structure
0163-1829/2002/66~16!/205201~8!/$20.00 66 2052
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lines G6, G7, G8(3/2), andG8(5/2) of the fluorescent levels
of Mn21 in cubic ZnS. The first- and second-order spin-or
interaction restricted to the electronsd of the configuration
d5 have been considered. This figure shows that the leveG6
is at lower energy for small values for the Huang-Rhys fac
S and that the levelG8( 3

2 ) is at lower energy for medium o
large values forS. However, it was recently shown that, a
least in some cases, as Mn21 in cubic ZnS~Refs. 11 and 12!
and Fe31 in GaAs and InP,7 the CF model cannot account fo
the experimental results in particular for the level ordering
the vibronic lines.

More precisely, in the case of Mn21 in cubic ZnS,
uniaxial stress experiments, Zeeman experiments, and
analysis of the relative amplitudes of the fine-structure lin
@that is, of the relative dipole strengths~RDS’s!# have shown
that the level ordering of the fine-structure lines, for incre

ing energy, is:G7, G8( 3
2 ), G8( 5

2 ), and G6. The level G7

being at lower energy, and the levelG6 being at higher en-
ergy, it is clear that the CF model represented in Fig. 1~a!
cannot account for the level ordering of the lines whate
the value forS is.

In the case of Fe31 in InP, Zeeman experiments an
uniaxial stress experiments performed on emission spe
have shown that the two lines observed at lower energy m
be associated to levelsG7 and G8 ~the level G7 being at
lower energy! and that the coupling is to«-vibrational modes
only.7 For Fe31 in GaAs, Zeeman and uniaxial stress expe
ments performed on the line at lower energy have shown
the fine structure is similar to that of Fe31 in InP.7 In these
cases, again, the CF model cannot account for the exp
mental fine structures.

In the case of Mn21 in ZnS and ZnSe, a molecular mod
has been elaborated which, very surprisingly, showed that
©2002 The American Physical Society01-1
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FIG. 1. Theoretical splitting of level4T1(G) of Mn in ZnS in terms of the Huang-Rhys factorS, for zt2t25178 cm21 andzet25236
cm21. ~a! gives the energy levels as predicted by the CF model.~b!, ~c!, and ~d! correspond to three sets of values forB, C, and Dq.
\vE5300 cm21.
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first-order molecular spin-orbit~MSO! splitting of the fluo-
rescent level4T1(G) in ZnS is very strongly reduced or eve
inversed with respect to that predicted by the CF model,
that the first-order MSO splitting of the fluorescent lev
4T1(G) in ZnSe is very large and inversed with respect
that predicted by the CF model.11

The aim of this paper is to calculate the second-or
MSO interaction which becomes preponderant when
first-order MSO interaction is reduced by vibronic intera
tions, and to give an overall view of the vibronic structur
of orbital triplet levels ofd5 ions in terms ofS, by consider-
ing the case of the fluorescent level4T1(G) of Mn21 in ZnS
and ZnSe.

The extended cluster model giving the monoelectro
and multielectronic wave functions for the orbital tripl
states, and the first- and second-order MSO interaction
presented in Sec. II. The vibronic model is presented in S
III A. It is shown in Sec. III B that the electronic~and there-
fore the vibronic! structure of the level4T1(G) of Mn21 in
20520
d
l

r
e

-

c

is
c.

ZnScritcally depends on the second-order MSO interactio
This is due to the fact that the first-order MSO interaction
very strongly reduced with respect to the value given by
CF model, so that the second-order MSO interaction
comes preponderant. It is shown that, in this case, the
bronic levels strongly depend on the monoelectronic a
multielectronic molecular wave functions which govern t
MSO interaction.

The electronic and vibronic structures for the lev
4T1(G) of Mn21 in ZnSe are presented in Sec. III C. It
shown that, for this level,the MSO interaction due to the 4
electrons of the ligands becomes preponderant with resp
to the MSO interaction due to the d electrons of the cationIn
this case again, the electronic structure drastically diff
from that given by the CF model. In Sec. IV, the experime
tal results for level4T1(G) of Mn21 in ZnS and ZnSe are
compared to the theoretical results and a qualitative mod
proposed for the structure of the fluorescent levels of Fe31 in
InP and GaAs.
1-2
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MOLECULAR ELECTRONIC MODEL AND VIBRONIC . . . PHYSICAL REVIEW B 66, 205201 ~2002!
II. MSO INTERACTION AND ELECTRONIC STRUCTURE
OF LEVELS 4T1„G… OF Mn IN ZnS AND ZnSe

A. Second-order MSO interaction

The first-order MSO interaction has already been cal
lated for levels4T1(G) of Mn in ZnS and ZnSe~see Ref. 11!
by using molecular wave functions which correctly a
counted for the orbit lattice coupling constants~OLCC’s! of
levels 4T1(G) and 4T2(G) in ZnS and ZnSe,13 and for the
spin lattice coupling constants~SLCC’s! of the fundamental
state 6A1 of Mn21 in ZnS, ZnSe, ZnTe, and CdTe.14 ~The
OLCC’s and SLCC’s describe the uniaxial stress effect
excited and fundamental levels, respectively.!

The MSO interactionHSOm is conveniently studied in
terms of two matrix elementszet1 andzt2t2 of the molecular
angular momentum. We will now recall the definitions
zet2 andzt2t2. The operatorHSOm describing the MSO in-
teraction is defined in terms of the molecular angular m
mentumtu

i of electroni and in terms of the complex com
ponentsq

i of the spin operators for electroni by15

HSOm5(
q

(
i

tu
i sq

i ,

whereu5x or y if q561 andu5z if q50.
Explicitly,

tu
i 5zM~r iM !IMu

i 1zL~r iL !Vu
i .

V i is the total angular momentum of electroni of the
ligands.I iM andI iL are one-electron orbital operators for th
metal and the ligands respectively.zM and zL are the spin-
orbit coupling constants for the cation and the ligands. In
following, the relevant spin-orbit coupling constants will b
those of the 3d electrons of manganese and of the 3p elec-
trons of sulfur and the electrons 4p of selenium.

The matrix elements of the molecular spin-orbit intera
tion can now be expressed in terms of the matrix element
the operatort. The relevant matrix elements oft for the
monoelectronic wavefunctions 2e and 4t2 are

zet25
i

2
^e«utzut2z&

and

zt2t252 i ^t2jutzut2h&.

Explicitly, zet2 andzt2t2 are given in terms of the mixing
coefficients of the monoelectronic wave functions and of
spin-orbit constants of the metal and of the ligands by

zet25adbdzM1@1/~2A3!#bpp~app1aspA2!zL

and

zt2t25~adad2apap!zM1app~aspA22app/2!zL .

The mixing coefficientsa andb are defined from the mo
noelectronic molecular orbitals 4t2 and 2e of the half-filled
20520
-
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e

shell written in terms of the monoelectronic orbitals of thed
and 4p electrons of the cation, and in terms of the orbitalsss,
sp, andpp of the ligands as

ut2g&5adudt2g&1apupt2g&1assusst2g&

1aspuspt2g&1appuppt2g&,

whereg5j, h, or z refers to the components of the molecul
monoelectronic level 4t2 , and,

ueg8&5bdudeg8&1bppuppeg8&,

whereg85u or « refers to the components of the molecul
monoelectronic level 2e.

As indicated in Sec. I it can be shown here that the
model is a simple particular case of the molecular mod
corresponding tout2g&5udt2g& and ueg8&5udeg8&, since in
the CF model the d electrons only are considered. Theref
zet25zt2t25zM and the CF-model is obtained from the m
lecular model by taking forzet2 andzt2t2 the common value
of zM .

All multiplets of the configurationd5, constructed from
the orbitalse and t2 , have been taken into account to calc
late the second-order MSO interaction. The 43 multipl
2A1(4), 2A2(3), 2E(7), 2T1(8), 2T2(10), 4E(2), 4A1(1),
4A2(1), 4T1(3), 4T2(3), and6A1(1) have been considered
The multiplets are written in the form2S11G(n), whereS is
the total spin,G an irreducible representation of the tetrah
dral groupTd, andn the number of multiplets of the given
spin and symmetry. The multielectronic wave functions
the multiplets are obtained by diagonalizing the electrost
matrix of Sugano, Tanabe, and Kamimura.16 The diagonal-
ization is performed by using the cubic field parameterDq
and the Racah parametersB and C. For example, the three
statesu 4T1(G)&, u 4T1(P)&, andu 4T1(F)& are written in the
strong-field scheme as

u 4T1u
q&5a1

qu 4T1u
q~4t2

42e!&1a2
qu 4T1u

q~4t2
32e2&

1a3
qu 4T1u

q~4t2
22e3!& ,

whereq51, 2, and 3 refers to the three levels4T1•u5x, y
or z. Then, by considering the spin and orbital degenerac
we obtained 252 state vectors expressed in terms of S
determinants constructed from the monoelectronic molec
orbitals ueg8& and ut2g&.

A program has been elaborated to conveniently calcu
all relevant matrix elements of the second-order MSO int
action for the multielectronic wave functions. Finally, th
electronic energy levelsG6 andG7 , and the matrix elements
for the twoG8’s are calculated in the spinor groupTd* .

B. Equivalent electronic operator

While the first-order MSO interaction for an orbital triple
level is simply described by an operator inl.S with l51 and
S53/2, the second-order MSO interaction is much more d
ficult to handle. Since our aim is to also analyze the vibro
interactions, the electronic energy levels are most con
niently described by the following equivalent operator17
1-3
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D. BOULANGER AND R. PARROT PHYSICAL REVIEW B66, 205201 ~2002!
Heq5cT1l"S1cE~2/3!~ l uSu1 l «S«!1cA1~1/3!l2S2

1cT2~1/2!~ l jSj1 l hSh1 l zSz!,

where the index in thecG’s means that the operators span t
representationG of the tetrahedral groupTd. It must be
noted that the first-order MSO interaction contributes tocT1
only, while the second-order MSO interaction contributes
cA1 , cE , cT2 , and also tocT1 . The term incA1 represents a
shift common to the fine structure lines.

The cG’s are deduced from the energies of levelsG6 and
G7 , and from the matrix elements for the twoG8’s by using
the following relations

W~G6!5 5
2 cA11cE2 5

2 cT11 3
2 cT2 ,

W~G7!5 5
2 cA12cE1 3

2 cT11 3
2 cT2 ,

^G8~ 3
2 !uHequG8~ 3

2 !&5 5
2 cA12 4

5 cE2cT12 6
5 cT2 ,

^G8~ 5
2 !uHequG8~ 5

2 !&5 5
2 cA11 4

5 cE1 3
2 cT12 3

10 cT2 .

^G8~ 3
2 !uHequG8~ 5

2 !&5 3
5 ~cE2cT2! .

The contribution tocT1 of the first-order MSO interaction
and the contributions tocT1 , cE , cA1 , andcT2 of the second-
order MSO interaction can be expressed in terms ofzet2 and
zt2t2 as

cT15azet21bzt2t2

cGMG5a8GMGzet2
21bGMG8 zt2t2

21gGMG8 zet2zt2t2 ,

where cGMG5cT1 , cE , cA1 , and cT2 . These two relations
are very convenient to calculate the influence of thez’s on
the energies of the fine structure lines.

C. Electronic structures

In order to have an overall view of the influence of t
monoelectronic wave functions on the electronic structu
of the fluorescent levels of Mn in ZnS and ZnSe, two sets
monoelectronic wave functions which correctly accoun
for the OLCC’s~Ref. 13! and SLCC’s~Ref. 14! are used for
Mn in ZnS and for Mn in ZnSe. Therefore, two sets of valu
for zet2 andzt2t2 are considered in each case.

The influence of the multielectronic wave functions is d
termined from slightly different sets of values forB, C, and
Dq deduced from fittings of the excited energy levels. W
will first consider the case of ZnS:Mn.

For the first selected set of monoelectronic wave fu
tions, the interatomic distance isa54.41 a.u., the crysta
electric field isCmad51.63, the charge of the lattice isQlat
560.8, thecharge of the cation isQM51.31 and thethe-
oretical value for the cubic field coefficient isDq52365
cm21. The spin-orbit coupling constants arez3d5301 cm21

for the electronsd of Mn and z3p5302 cm21 for the elec-
trons of sulfur. Finally, the molecular model giveszet2
5236 cm21 and zt2t25178 cm21. For the second set o
monoelectronic wave functions corresponding toa54.56
20520
o

s
f

d

s

-

-

a.u., Cmad51.40, Qlat560.8, QM50.97, andDq52419
cm21, we obtain z3d5285 cm21, z3p5308 cm21, zet2
5205 cm21 andzt2t25131 cm21.

The multielectronic wave functions are obtained from t
following values forB, C, andDq:B5630 cm21, C53040
cm21, and Dq52540 cm21 ~Ref. 18!; B5730 cm21, C
52880 cm21 and Dq52420 cm21 ~Ref. 1!; and B5830
cm21, C52500 cm21, and Dq52450 cm21. These sets
correctly account for the observed excited energy levels
Mn in ZnS.

Tables I~a! and I~b! give the contributions of the first- an
second-order MSO interaction to the c’s for the level4T1(G)
of Mn in ZnS for the selected sets of monoelectronic a
multielectronic wave functions. In the case of ZnSe:Mn, t
first set of monoelectronic wave functions corresponds ta
54.61 a.u.,Cmad51.63, Qlat560.7, QM51.22, andDq
52310 cm21. The spin-orbit coupling constants arez3d
5296 cm21 for Mn and z4p51404 cm21 for selenium.
zet25193.5 cm21 and zt2t252139 cm21. The second se
corresponds toa54.76 a.u.,Cmad51.33, Qlat560.7, QM
50.84, Dq52421 cm21, z3d5274 cm21, z4p51442
cm21, zet25150 cm21, andzt2t252270 cm21.

Three sets of values forB, C, andDq are considered:B
5740 cm21, C52740 cm21, and Dq52405 cm21 ~Ref.
19!, B5630 cm21, C53040 cm21, andDq52540 cm21;
B5830 cm21, C52500 cm21 andDq52450 cm21. Since
the experimental energy levels are almost identical in Z
and ZnSe, the second and third sets forB, C, and Dq are
chosen to be identical for the two compounds.

Tables I~c! and I~d! give the c’s for level4T1(G) of Mn in
ZnSe for selected sets of wave functions.

A comparison of thec’s for ZnS and ZnSe shows that th
most striking difference appears for the contribution tocT1 of
the first-order MSO interaction. As previously shown, th
effect is primarily due to the very large contribution of th
ligands in the case of ZnSe.

In what concerns the second-order MSO interaction
somewhat surprising result is that the contributions of t
interaction to thec’s are not very different for ZnS and ZnSe
This result, which was not evidenta priori, is due to the fact
that in ZnSe, the terms inzL

2 are to a large extent compen
sated by the terms inzMzL .

For ZnS, the electronic energy levels corresponding
Table I are given in Figs. 1~b!–1~d! and 2~b!–2~d!, for S
50. For ZnSe, the electronic energy levels corresponding
the second lines of Tables I~c! and I~d! are given in Figs. 3~b!
and 3~c!for S50. A more detailed discussion of the ele
tronic and vibronic energy levels will be made in Sec. III.

III. VIBRONIC STRUCTURE FOR LEVELS 4T1„G…

OF Mn2¿ IN ZnS AND ZnSe

A. Vibronic model

The vibronic interactions can be analyzed from the ope
tor Heq defined in Sec. II by replacing thecG’ s by coeffi-
cientscGJT , defined as follows:

cT1JT5cT1e23S/22K1/2,

cEJT5cE1K11K2 ,

cT2JT5cT2e23S/21K1 .
1-4
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TABLE I. Contributions to thecG’s of the first- and second-order MSO interaction for the fluoresc
levels 4T1(G) of Mn in ZnS ~a,b! and ZnSe~c,d!. The results are given for three sets of values forB, C, and
Dq and for two sets of values forzt2t2 andzet2 . All values are in cm21.

~a! ZnS:Mn zt2t25178 cm21 andzet25236 cm21

B C Dq cA1 cE cT2 cT1 First order cT1 Second order

630 3040 2540 25.98 4.48 21.69 9.01 22.16
730 2880 2420 25.84 4.19 21.29 5.67 21.85
830 2500 2450 26.40 4.81 21.86 4.19 22.55

~b! ZnS:Mn zt2t25131 cm21 andzet25205 cm21

B C Dq cA1 cE cT2 cT1 First order cT1 Second order

630 3040 2540 24.29 3.84 21.49 4.22 21.52
730 2880 2420 24.21 3.42 21.15 1.42 21.30
830 2500 2450 24.62 3.89 21.59 20.05 21.81

~c! ZnSe:Mnzt2t252139 cm21 andzet25193.5 cm21

B C Dq cA1 cE cT2 cT1 First order cT1 Second order

630 3040 2540 23.68 3.73 21.43 234.82 21.14
740 2740 2405 23.76 3.86 21.25 237.15 20.97
830 2500 2450 23.83 4.30 21.65 239.64 21.24

~d! ZnSe:Mnzt2t252270 cm21 andzet25150 cm21

B C Dq cA1 cE cT2 cT1 First order cT1 Second order

630 3040 2540 23.89 0.83 0.48 250.99 21.29
740 2740 2405 23.83 1.18 0.45 252.30 21.11
830 2500 2450 23.71 1.58 0.13 255.21 21.20
n

e

CF

end
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nd
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The termsK1andK2 are defined byK152x1
2 f a /\v, and

K11K252x1
2 f b /\v, where f a5e2xG(x/2), with x

53 EJT /\v, G(x)5Sxn/n(n!), and f b5e2xG(x), S
5EJT /\v. EJT is the Jahn-Teller~JT! energy and\v is the
energy of an effective phonon.

B. Model for the vibronic structure of level 4T1„G…

of Mn in ZnS

The energies, in terms of the Huang-Rhys factorS, of the
fine-structure lines of level4T1(G) of Mn21 in ZnS are
given in Fig. 1 a for the CF model and in Figs. 1~b!–1~d! for
the molecular model. Figures 1~b!–1~d! give the energy-
level schemes forzt2t25178 cm21 and zet25236 cm21.
These figures show that forS50, the overall splitting of 60
cm21 for the CF model@Fig. 1~a!# is reduced to 30 cm21

@Fig. 1~b!#, 18 cm21 @Fig. 1~c!# and 15 cm21 @Fig. 1~d!#. We
can note that, in Fig. 1~d!, the energies of the two levelsG7

andG8( 3
2 ) at lower energy are almost identical and consta

Figures 2~b!, 2~c!, and 2~d! give the energies forzt2t2
5131 cm21 and zet25205 cm21. We must note the very
strong reduction of the overall splitting~15 and 10 cm21 for
S50! with respect to the overall splitting~60 cm21 for S50!
predicted by the CF model@Fig. 2~a!#. Figures 2~c! and 2~d!

show that the ordering of the energy levelsG7 andG8( 3
2 ), on

the one hand, andG6 and G8( 5
2 ), on the other hand, ar
20520
t.

inverted with respect to the ordering predicted by the
model. In particular, Figs. 2~c! and 2~d! show that the level
G7 is at lower energy and that the levelG6 is at higher
energy.

These results show that the energies very strongly dep
on the second-order MSO interaction whose effect on
energy levels can be of the same order of magnitude or e
greater than the first-order MSO interaction. Therefore,the
energy levels are very sensitive both to the values of B, C,
and Dq which govern the multielectronic wave functions a
to values ofzet2 and zt2t2 which depend on the monoele
tronic wave functions and on the spin orbit coupling co
stants of the electrons d of the cation and p of the ligand

C. Model for the vibronic structure of level 4T1„G…

of Mn in ZnSe

For level 4T1(G) of Mn in ZnSe, the energies, in termsS,
of the fine-structure lines are given in Fig. 3. This figu
represents the energy levels forB5740 cm21, C52740
cm21, andDq52405 cm21.

Figure 3~b! gives the energy levels as predicted by t
molecular model forzt2t252139 cm21 andzet251193.5
cm21. It must be noted that~i! the overall splitting of 160
cm21 for S50 is much greater than the splitting of 55 cm21

given by the CF model@Fig. 3~a!#; ~ii ! the level G7 is at
lower energy while levelG6 is at higher energy whatever th
1-5
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FIG. 2. Theoretical splitting of level4T1(G) of Mn in ZnS in terms of the Huang-Rhys factorS, for zt2t25131 cm21 andzet25205
cm21. As in Fig. 1,~a! gives the energy levels as predicted by the CF model.~b!, ~c!, and~d! correspond to three sets of values forB, C, and
Dq. \vE5300 cm21.
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value ofS; and~iii ! for large values forS, the levelsG7 and

G8( 5
2 ) coalesce at lower energy while the levelsG6 and

G8( 3
2 ) coalesce at higher energy.

Figure 3~c! gives the energy levels forzt2t252270 cm21

andzet25150 cm21. We must note that,~i! the overall split-
ting of 210 cm21 for S50 is four times larger than the split
ting predicted by the CF model, and~ii ! the ordering of lev-

elsG7 andG8( 5
2 ) at lower energy are inverted with respect

the ordering of Fig. 3~b!.

IV. COMPARISON WITH EXPERIMENTS

For Mn21 in ZnS, magnetic-field experiments, perform
on crystals of very high quality giving linewidths of 0.6–0
cm21, have unambiguously shown that the level order
and the energies, with respect to the level at lower energy
the fine-structure lines of the fluorescent level areW(G7)

50, W@G8( 3
2 )#50.69 cm21, W@G8( 5

2 )#59.74 cm21, and
W(G6)510.33 cm21.12 The correct level ordering is ob
20520
g
of

tained in Figs. 2~c! and 2~d!. A correct fit of the energy levels
is obtained from Fig. 2~c! for S51.2 or from Fig. 2~d! for
S51.4. The theoretical splittingsW@G8( 3

2 )#2W(G7)50.7

cm21 and W(G6)2W@G8( 5
2 )#50.6 cm21 are in excellent

agreement with the experimental values of 0.6 and 0.7 cm21,
respectively, the theoretical energy separationW@G8( 5

2 )#

2W@G8( 3
2 )# between the two groups of lines is of 6.25 cm21

while the experimental value is of 9.04 cm21. It was shown
in Ref. 11 that the experimental and theoretical RDS’s are
good agreement.

In the case of ZnSe:Mn, the experimental spectrum
duces to two unresolved lines separated by 11.5 cm21 with
relatively large linewidths of 4–5 cm21.1 The experimental
RDS’s are in good agreement with the theoretical values o
for the unresolved line at higher energy and 11 for the un
solved line at lower energy.1 A very good agreement betwee
the experimental and theoretical energy separation and
RDS’s is obtained from Fig. 3~c! by taking S51.7 or from
Fig. 3~b! by takingS.2.5. However, it must be noted tha
for large values forS, the vibronic model associated with th
1-6



MOLECULAR ELECTRONIC MODEL AND VIBRONIC . . . PHYSICAL REVIEW B 66, 205201 ~2002!
FIG. 3. Theoretical splitting of level4T1(G) of Mn in ZnSe in terms of the Huang-Rhys factorS, for B5740 cm21, C52740 cm21.
Dq52405 cm21, and\vE5240 cm21. ~a! gives the energy levels as predicted by the CF model.~b! and~c! gives the energy levels for two
sets of values forzt2t2 andzet2 .
nc

tw
el

ur
ar
di

ve
he
o
s
er
tr
s
ur

, in
wo

so-

ar
in-

of

o
l

ts
on
CF model or the covalent model predicts a coalesce

of levels associated to the statesuG7& and uG88(
3
2 )&

5(3/A10)uG8( 3
2 )&2(1/A10)uG8( 5

2 )& on the one hand and

uG6& anduG88(
5
2 )&5(1/A10)uG8( 3

2 )&1(3/A10)uG8( 5
2 )& on the

other hand, so that it is not possible to select one of the
models without having the experimental positions of lev
G6 andG7 with respect to levelsG88 . Of course, as for Mn21

in ZnS, experimental spectra showing the four fine struct
lines could permit to check the validity of the molecul
model since the CF model and the molecular model pre
different energy-level orderings.

We will now consider the structure of the fluorescent le
of Fe31 in InP and GaAs and give indications concerning t
interpretation following the molecular model. In the case
Fe31 in InP, the emission spectra were studied by Pres
et al.,9 the uniaxial stress effect and the Zeeman effect w
studied in Ref. 7. It must be noted that in emission spec
the levels are thermally populated so that the amplitude
the lines as well as the linewidths depend on temperat
20520
e

o
s

e

ct

l

f
el
e
a,
of
e,

thus complicating the interpretation of the measurements
particular those of the RDS’s. The spectrum consists of t
sharp lines~linewidths of 0.26 cm21) separated by 4.14
cm21 and a broader line~linewidth of 2 cm21) appearing at
22 cm21 .9 The two lines at lower energy have been as
ciated with levelsG7 for the line at lower energy andG8 for
the line at 4.14 cm21; the broad line at 22 cm21 has been
associated with levelsG6 and G8 , the coupling being to«
modes only.7 It is possible to propose for InP:Fe a molecul
model similar to that developed for ZnS:Mn since the sp
orbit coupling constants of the electrons of the ligands and
the cation are not very different (zL5217 cm21 for an effec-
tive charge of21 for phosphorus in InP,zL5298 cm21 for
an effective charge of21 for sulfur in ZnS,zFe5426 cm21

for an effective charge of12, andzMn5286 cm21 for an
effective charge of11!. Energy level schemes similar t
those of Fig. 2~c! or 2~d! could account for the energy leve
scheme in InP.

In the case of Fe31 in GaAs, uniaxial stress experimen
and Zeeman experiments performed at low temperature
1-7
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the level at lower energy have shown that this level is
orbital singletG7 coupled to« modes; the next level at 6
cm21 is a levelG8 , another level at12.6 cm21 has been
observed in emission spectra, and a level at 21 cm21 has
been predicted from a fitting of the Zeeman experiments5,7

The molecular model developed for ZnSe:Mn seems to
adaptable, since the spin-orbit constants of the electron
the ligands are very large~for example,zL5984 cm21 for an
effective charge of21 for arsenium in GaAs andzL51442
cm21 for Se in ZnSe!. An energy level scheme similar to tha
of Fig. 3~b! could account for the fine structure of the flu
rescent level of Fe31 in GaAs by taking 1.4,S,2. For Fe31

in ZnS, ZnO, and GaN considered in Sec. I, it is not poss
to suggest a model from the published emission spectra w
out complementary studies of the uniaxial stress effect an
the Zeeman effect.

V. CONCLUSION

A complete molecular model involving the second-ord
MSO interaction has been elaborated and several chara
istic energy-level schemes have been presented in orde
show the importance and the complexity of covalency effe
on the fluorescent levels ofd5 ions. For convenience, th
results have been compared to those given by the
known CF model.

Concerning the influence of the monoelectronic wa
functions and of the spin-orbit coupling constants of the el
trons of the cation and of the ligands on the first-order M
interaction, it has been shown that, in the case of ZnS,
first-order MSO interaction is strongly reduced with resp
to the value predicted by the CF model. This is due to
fact that the contributions of the electrons of the cation a
of the ligands are of opposite sign and that the spin-o
constantszM and zL are almost identical. In that case, th
. C

.

B

u

H
pl.
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second-order MSO interaction becomes preponderant to
scribe the electronic levels. No such compensation exist
the case of ZnSe, becausezL is approximately four times
greater thanzM , so that the influence of the ligands becom
preponderant and the electronic energy levels are inve
with respect to the energy levels predicted by the CF mo
Furthermore, the overall splitting of the electronic levels
four times greater than that predicted by the CF model.
this case, the diagonal second-order MSO interaction
comes important as soon as the first-order MSO interactio
reduced by vibronic interaction.

It has been shown that, for the second-order MSO in
action, the influence of the ligands are not very different
ZnS and ZnSe although the spin-orbit coupling constants
the electrons of the ligands are approximately four tim
larger in ZnSe than in ZnS. This means that, for Mn in ZnS
the term in zL

2 is partly compensated for by the terms
zLzM . Concerning the multielectronic wave functions, it h
been shown that, for ZnS, the MSO interaction is very s
sitive to the values forB, C, andDq and that the ordering o
the vibronic energy levels strongly depends on these par
eters.

Finally, the four lines of the vibronic structure of the fluo
rescent level of Mn21 in ZnS have been interpreted from th
molecular model. A quantitative model has been propo
for the two observed vibronic lines of the fluorescent level
Mn21 in ZnSe, and crude models have been proposed for
unexpected vibronic structures of the fluorescent levels
Fe31 in InP and GaAs.
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