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Universitédes Antilles Guyane, Institut Universitaire de Formation des Maıˆtres et Faculte´ de Technologie de la Guyane,

Boite Postale 792, 97337 Cayenne Cedex, Guyane, France

D. Boulanger
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The four fundamental vibronic lines of a4T1 level of a d
5 ion coupled toE vibrational modes in cubic

symmetry have been observed. An analysis of the four fine-structure lines of the fluorescent level4T1 of Mn
21

in cubic ZnS, which have been observed at high resolution in pure cubic ZnS crystals, shows that the relative
energies and dipole strengths~RDS! of the quasidegenerate levels are not those predicted by previous elec-
tronic and vibronic models. A model is elaborated in three steps. First, from Ham’s model for the coupling of
orbital triplet states toE modes, a phenomenological operator describing the first-order and second-order
spin-orbit interaction and the spin-spin interaction in terms of three parameters is proposed to account for the
energy levels and the RDS’s. Two phenomenological descriptions deduced from an analysis of the RDS are
proposed for the studied state. Second, a detailed analysis of the spin-orbit and spin-spin interactions in terms
of the Huang-Rhys factor and of the energy of the effective phonons shows that the electronic spin-orbit
interaction inl–S is of opposite sign to that predicted by the model restricted to thed5 configuration. Finally,
a covalent model involving the molecular spin-orbit interaction defined by Misetich and Buch is developed to
account for the first-order spin-orbit splitting of the orbital triplet states of Mn21 in II-VI compounds.@S0163-
1829~96!03927-6#

I. INTRODUCTION

The influence of the dynamical Jahn-Teller~JT! effect on
the fine-structure lines of the orbital doublet and triplet states
of dn ions in crystals and molecules has long been studied
either theoretically or experimentally.1–4 Very sophisticated
molecular orbital theories as well as simplified semiemperi-
cal models have also been developed to analyze the funda-
mental and excited levels ofdn ions.5,6

Concerning Mn21 ions, the fine structure of the fluores-
cent level4T1(G) at lower energy and, in some cases, of the
multiplets4T2(G),

4E(G) at higher energy has been studied
in II-IV ~Refs. 7–9! and III-V ~Ref. 10! compounds as well
as in organic,11 magnetic,12 and other compounds.13

In the case of Mn21 in II-VI compounds, it has long been
shown that the electronic and vibronic structures of the or-
bital triplets 4T1(G),

4T2(G), and orbital doublet4E(G)
were much more puzzling than expected.

In a theoretical study on the4T1(G) and
4T2(G) levels of

Mn21 in II-VI and III-V compounds, published two decades
ago, Koidl14 proposed to interpret the experimental structure
of the fluorescent levels4T1(G) of Mn

21 in ZnS @two lines
separated by 9.6 cm21 ~Ref. 7!#, ZnSe@two lines separated
by 10 cm21 ~Ref. 8! instead of 20 cm21 ~Ref. 9!#, CdS@axial
symmetry, two lines separated by 10 cm21 ~Ref. 9!#, and

GaP@two lines separated by 12 cm21 ~Ref. 10!#, and of the
4T2(G) level in ZnS @two lines separated by 3 cm21 ~Ref.
7!#, and ZnSe@two lines separated by 10 cm21 ~Ref. 9!#, in
terms of a strong coupling toE modes. The argument, based
on Ham’s model for the coupling of orbital triplet states toE
modes,1 was that near the strong coupling limit, the funda-
mental vibronic structure of a4T1 level consists of
two groups of two lines, one group being associated
to the quasidegenerate statesuG6& and uG88(5/2)&
5(1/A10)uG8(3/2)&1(3/A10)uG8(5/2)& and the other
to the quasidegenerate statesuG7& and uG88(3/2)&
5(3/A10)uG8(3/2)&2(1/A10)uG8(5/2)& ~see Fig. 1!. In the
case of a4T2 level, the quasidegenerate states areuG7&,
uG88(5/2)& and uG6&, uG88(3/2)&. The energy separation be-
tween the two groups of lines is due to the nonreduced
second-order spin-orbit interaction between the fundamental
vibronic statesu4T1& or u4T2& and the other electronic states of
the ion. The experimental evidence of a coupling toE modes
was not yet established but the hypothesis of a strong cou-
pling to E modes was the simplest to account for an almost
complete quenching of the first-order spin-orbit interaction
and of the coupling toT2 strains. Moreover, the energy sepa-
ration between the observed lines, as predicted by the
crystal-field~CF! model, was in good agreement with experi-
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ments. Therefore, this simple and unified interpretation for
the vibronic structure of the orbital triplet states of Mn21 in
II-VI and III-V compounds seemed plausible and it did not
seem necessary to question the CF model, which accounted
very well for the splitting of the observed lines.

Unfortunately, uniaxial stress experiments performed con-
comitantly by Parrot, Naud, and Gendron15 on the4T2(G)
level of Mn21 in ZnS and ZnSe very surprisingly showed
that the structure of this state was not at all that correspond-
ing to a strong JT coupling toE modes as expected. Experi-
ments clearly demonstrated that this state was effectively
coupled toE modes but that the two lines of the4T2(G)
level of Mn21 behaved under uniaxial stresses as two elec-
tronic levelsG8 andG6. A very detailed study leading to the
diagonalization of vibronic matrices involving up to 5
phonons of symmetryEu andEe led these authors to consider
a intermediate coupling toE modes, corresponding to a
Huang-Rhys factor of 0.6, and a selective intensity transfer
for the levelG8 at higher energy, the transition6A1→G7 be-
ing forbidden by symmetry. Furthermore, it was shown that
in the case of Mn21 in ZnSe selective intensity transfer can
be accounted for only by considering a first-order spin-orbit

splitting 2.4 times greater than that predicted by the model
restricted to thed5 configuration. These experiments clearly
showed that Koidl’s basic assumption of astrongcoupling to
E modes was not verified. This means that due to the lack of
theoretical models able to predict with certainty the strength
of the coupling toE and/orT2 modes, experiments only can
give the nature of the coupling. Another very important re-
sult of this study was that only a ligand-field~LF! model
involving the molecular spin-orbit interaction could give a
unified interpretation for the first-order spin-orbit coupling of
Mn21 in ZnS, ZnSe, and other compounds.

The electronic structure of the4E(G) level of Mn21 was
revealed to be even more puzzling than the structure of the
4T2(G) level. Uniaxial stress experiments on the4E(G)
level of Mn21 in ZnS, ZnSe, and studies of the influence of
internal strains in nearly tetrahedral clusters such as MnCl4
and MnB4 showed unambiguously that the CF model had to
be rejected.16 All experimental results were interpreted in
terms of a linear coupling toE modes or to internal strains of
E symmetry, while the CF model predicts that first-order
linear couplings toE strains andT2 strains are forbidden by
seniority and symmetry, respectively, and that second-order
perturbation schemes predict a linear coupling toT2 strains
and a quadratic coupling toE strains.

Further experimental studies on the uniaxial stress effect
on the two experimental lines associated to the fluorescent
level 4T1(G) of Mn

21 in ZnS and ZnSe~Ref. 8! were inter-
preted in terms of a strong coupling toE modes. Experi-
ments on the magnetic field effect on this level of Mn21 in
ZnS ~Ref. 17! and GaP~Ref. 18! were performed and inter-
preted in terms of the Zeeman HamiltonianmBHgS. In these
studies the structure of the quasidegenerate states was not
observed.

It will be shown here that the structure of the fluorescent
4T1(G) level of Mn

21 in ZnS and other II-VI compounds is
different from that considered previously, and that covalency
plays a dominant role in the structure of this level as it does
for the structure of the levels4T2(G) and

4E(G).
The complexity of the structure of the orbital triplet

4T2(G) of Mn
21 and the fact that the complete fine structure

of the 4T1(G) level of Mn
21 in ZnS is not that expected

from the previous model, led us to adopt a very critical po-
sition with respect to the explicit and implicit assumptions of
this model. In the following analysis we will carefully avoid
assumptions not confirmed by experimental results, analyze
all possible indexations of experimental lines that can ac-
count for the experimental spectrum, and reject analogies as
well as generalizations that can be very misleading.

The samples, the apparatus, and the experimental results
are described in Sec. II.

The experimental results are compared to the previous
model for the dynamical JT effect on4T1 levels in Sec. III. A
detailed analysis, in terms of the Huang-Rhys factor, of the
JT reduction of the first- and second-order spin-orbit interac-
tions restricted to thed5 configuration is performed first.
Then, by analyzing the relative dipole strengths~RDS!, it is
shown that the energies of the quasidegenerate states cannot
be accounted for from this model.

Section IV is devoted to a critical analysis of the elec-
tronic and vibronic structure of orbital triplets ofd5 ions.

FIG. 1. The lowest energy levels of Mn21 in cubic ZnS, as
given by the free ion HamiltonianH0 and the cubic crystal fieldHc,
are given to the left. The upper inset~a! gives the influence of the
spin-orbit interaction and of the Jahn-Teller coupling toE modes as
predicted by the previous model for the structure of the fluorescent
4T1 level. The excitation spectrum of the4T1 level as given by
previous experiments~Refs. 8 and 17! is represented in~b!. The
very small spin-orbit splitting of the fundamental state is not repre-
sented.R represents radiative transitions from the4T1 level to pho-
non assisted lines of the fundamental6A1 level. To simplify the
reading of the figure, the shift of the4T1 level due to the Jahn-Teller
energy is not represented.
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First, semiquantitative arguments suggest that the experi-
mental spectrum could be correctly interpreted by assuming
that the electronic first-order spin-orbit splitting of Mn21

ions should be very strongly reduced or even of opposite
sign with respect to that predicted by the CF model restricted
to thed5 configuration. Then, from symmetry considerations
an equivalent operator is defined that gives the first- and
second-order spin-orbit interaction and the spin-spin interac-
tion in terms of three parameters. Finally, two phenomeno-
logical descriptions are proposed for the studied4T1 level
that exactly account for the energy levels and correctly ac-
count for the RDS’s.

A physical model that accounts for the electronic and vi-
bronic interactions is presented in Sec. V. Whereas, until
now, the strength of the coupling toE modes was determined
from an analysis, in terms of the Huang-Rhys factorS, of the
spin-orbit splitting predicted by the CF model, we proceeded
in the reverse order by determining, for various values forS
and for the energy of the effective phonons, which electronic
spin-orbit interaction accounts for the observed vibronic
structure. It is shown that, for the two proposed indexations,
the spin-orbit interaction inl–S of the 4T1 state of Mn21 in
ZnS, must be strongly reduced and inversed with respect to
the splitting predicted by the CF model.

Finally, in Sec. VI, the electronic structure of the fluores-
cent level of Mn21 in ZnS is analyzed with a very elaborate
linear combination of atomic orbitals–molecular orbitals
~LCAO-MO! model. This model is extended to Mn21 in
ZnSe to determine the trends of covalency effects in II-VI
compounds. By using the molecular spin-orbit interaction
defined by Misetich and Buch,19 and the monoelectronic and
multielectronic wave functions, which correctly accounted
for the orbit-lattice coupling coefficients~OLCC! of this
state20 and for the spin-lattice coupling coefficients~SLCC!
of the fundamental state,21 it is shown that the first-order
spin-orbit splitting of the4T1(G) level is very strongly re-
duced in ZnS; it is enhanced and inversed in ZnSe with
respect to that given by the previous CF model restricted to
thed5 configuration.

II. EXPERIMENT

A. Samples and apparatus

The experiments were performed on ZnS:Mn crystals
grown at the Institute of Solid State Physics of the Technical
University of Berlin. Great care was given to the selection of
the crystals; crystals showing stacking faults,22 Mn-Mn pair
spectra,23 or large internal strains were rejected.

For the selected crystals, no fine-structure line due to
Mn21 centers in stacking faults has been observed in the
excitation spectra from the fundamental level to the excited
levels4T1,

4T2, and
4E, thus demonstrating that the crystals

are pure cubic. Furthermore, the concentration in Mn21 ions
was chosen to be as low as 1024 mole fraction so that no
fine-structure line due to Mn-Mn pairs was observed near the
levels4T1 or the levels

4T2 and
4E. The fine-structure lines of

the fluorescent level is the sharpest observed until now.
The excitation spectra were obtained by using polarized

excitation spectroscopy. The laser system~Lambda Physik!
consisted of a XeCl* excimer laser pumping a dye laser. The
linewidth of the laser system was approximately 0.4 cm21.

The emission light was selected by a monochromator cen-
tered at 17 240 cm21 corresponding to the maximum of the
emission band.

B. Experimental spectra

The experimental spectrum given in Fig. 2 clearly shows
the splittings of the quasidegenerate levels denotedG6 and
G88(5/2) on one hand andG7 andG88(5/2) on the other hand.
The indexation of the lines given in Fig. 2 will be called
‘‘first indexation’’; another indexation called ‘‘second index-
ation’’ will be considered below.

The energies and relative dipole strengths for the four
levels have been obtained by carefully decomposing the su-
perposed lines into two components. Several fitting proce-
dures were performed using Gauss, Lorentz, and Voigt pro-
files. Gauss profiles did not fit the spectrum, Lorentz profiles
correctly fit the top of the lines only, the best fit represented
on Fig. 2 has been obtained with Voigt profiles. The errors,
as given from an analysis of eight fits are60.04 cm21 for the
energies (W), 5% for the relative amplitudes (A), and10.1
cm21 for the linewidths. The RDS have been calculated by
taking the lineG88(3/2), which is theoretically the most in-
tense, as the reference for the amplitudes and the linewidths.
For convenience, the RDS of the reference line~calculated in
the next section! is chosen to be the theoretical value of 62.5.
The other theoretical RDS’s are 45 forG6, 20 for G7, and
22.5 forG88(5/2),

From the best fit, we get the following for the reference
line G88(3/2): W517 889.72 cm21, A552.6, RDSth562.5,
LW50.68 cm21; for G7: W517 889.03 cm21, A519.3,
RDSexpt518.6, RDSth520, LW50.55 cm21; for G6:
W517 899.36 cm21, A550.5, RDSexpt552.1, RDSth545,
LW50.59 cm21; and for G88(5/2): W517 898.77 cm21,
A520.7, RDSexpt524.6, RDSth522.5, LW50.68 cm21.

The splittings of the quasidegenerate levels are of 0.60
cm21 for the levelsG6 andG88(5/2) and of 0.70 cm

21 for the
levelsG7 andG88(3/2).

It must be noted first that the same structure has been
obtained forT54.2 K ~Fig. 2! andT52.0 K and for concen-

FIG. 2. Excitation spectrum of the transition6A1→4T1(G) of
Mn21 ions in pure cubic ZnS showing the four vibronic lines of the
4T1(G) level. The indexation of the lines results from the analysis
of the relative dipole strengths given in Sec. III. Another indexation
obtained by permuting the indexation of the two less intense lines
and of the two most intense lines is studied in Secs. IV and V.
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trations in Mn21 of 1024 mole fraction~Fig. 2! and 331024

mole fraction. Second, no artifact can explain the observed
structures since optical experiments performed on the same
crystals, in particular on the4E state, have led to the obser-
vation of very sharp lines, the linewidths being, in that case,
limited by the resolution of 0.4 cm21 of the laser. Finally, an
analysis of the experimental spectra of the levels4T1,

4T2,
and 4E for the same sample has shown that the observed
structure cannot be due to Mn21 centers in stacking faults or
Mn-Mn pairs whose optical spectra are well known.

The fine and hyperfine structure of the fundamental state
can be safety neglected since the cubic field splitting is only
3a523.631024 cm21 ~Ref. 24! and since the six hyperfine
structure lines extend at most on 0.08 cm21 @hyperfine struc-
ture constantA526431024 cm21 ~Ref. 24!#.

III. PREVIOUS THEORETICAL MODEL
AND COMPARISON WITH EXPERIMENTS

First, we will briefly recall the structure of the4T1 level at
lower energy of Mn21 in tetrahedral symmetry as given by
previous experiments and theoretical mode.8,14 Then, it will
be shown that the observed structure for the quasidegenerate
states is in disagreement with that previously predicted.

In a CF model, the general Hamiltonian governing the
energy levels ofd ions in cubic symmetry can be written as

H5H01Hcub1HSO1HSS1Hel1HK1HJT1Hext,

whereH0 and Hcub are the free ion Hamiltonian and the
Hamiltonian in a cubic field respectively,HSO andHSS rep-
resent the spin-orbit and spin-spin Hamiltonians.Hel andHK

are the elastic and kinetic energies associated to the effective
vibrational modes.HJT is the Jahn-Teller Hamiltonian de-
scribing the electron-nuclear interaction.Hext is a Hamil-
tonian describing external perturbation effects such as, for
example, the uniaxial stress effect, which is essential to de-
termine the symmetry of the effective vibrational modes.

In previous models, the splitting of the quasidegenerate
states due to the spin-spin interaction was found to be
negligible14 with respect to previously observed linewidths.
Therefore, these models were primarily concerned by the
analysis of the spin-orbit interaction. The spin-spin interac-
tion will be considered in Sec. V for the detailed interpreta-
tion of the splitting of the quasidegenerate states.

Following Ham’s model1 for the dynamical Jahn-Teller
effect on orbital triplets, the influence of the first-order spin-
orbit interactionHSO acting on the fundamental vibronic
stateu4T1,00& ~nu50, ne50!, is identical to that of the opera-
tor exp~23EJT/2\v!HSO acting on the electronic stateu4T1&,
EJT being the Jahn-Teller energy and\v the energy of the
effective phonon.

On a real tetragonal basis,25,26 the diagonal matrix ele-
ments of the second-order spin-orbit interaction acting on the
fundamental vibronic states are given by

^4T1 j ,00uHSO
2 u4T1 j ,00&52~ f b /\v!(

i5 j
^4T1 j uHSOu4T1i&^4T1i uHSOu4T1 j&1 (

2S11hi

^4T1 j uHSOu2S11hi&^
2S11hi uHSOu4T1 j&

W~4T1!2W~2S11hi !
.

The off-diagonal matrix elements are

^4T1 j ,00uHSO
2 u4T1k,00&52~ f a /\v!^4T1 j uSOu4T1i&^4T1i uHSOu4T1k&1e2x/2(

2S11hi

^4T1 j uHSOu2S11hi&^
2S11hi uHSOu4T1k&

W~4T1!2W~2S11hi !
,

where f b5e2xG(x), with x53EJT/\v, G(x)5S n51
` xn/

n(n!), f a5e2xG(x/2).
The first term appearing in the above expressions is due to

the Jahn-Teller coupling between the fundamental and ex-
cited vibronic states while the second term describes the
Jahn-Teller coupling between the fundamental vibronic state
and the excited states of thedn ion.

As demonstrated in Ref. 8 from an analysis of the uniaxial
stress effect, the fluorescent4T1 level of Mn

21 in cubic ZnS
is coupled to strains and vibrational modes ofE symmetry.
Furthermore, the experimental structure of the4T1 level con-
sisting of only two lines separated by 10 cm21, the hypoth-
esis of a strong coupling toE vibrational modes was sug-
gested to account for the fine structure of this state.
Therefore, the two experimental lines were interpreted as
transitions from the fundamental state to the almost degen-
erate statesuG7& and uG88(3/2)& for the line at lower energy,
and uG6& and uG88(5/2)& for the line at higher energy, the
splitting being due to the nonreduced matrix elements of the
second-order spin-orbit interaction~see Sec. I!.

Since it is no longer possible to account for the observed
structure of the quasidegenerate states~see Fig. 2! by con-
sidering the limit of a strong coupling toE modes, a detailed
analysis will now be made of the first-order and second-order
spin-orbit interaction in terms of the Huang-Rhys factor,
which measures the strength of the coupling toE modes.

The contributions of the first-order and second-order spin-
orbit interactions to the splitting of the electronic stateu4T1&
have been calculated by taking a spin-orbit coupling constant
of 300 cm21 for the electronsd.27 The second-order spin-
orbit interaction due to the relevant 39 electronic multiplets
4E~2!, 4T1~3!, 4T2~3!, 2E~7!, 2T1~8!, 2T2~10!,

6A1~1!, 4A1~1!,
and2A1~4! of the configurationd5 ~the number of multiplets
of given spin and symmetry is in parentheses! has been com-
puted by using the following values8 for the Racah param-
eters:B5730 cm21, C52880 cm21, and for the cubic field
parameterDq52420 cm21. These values forB, C, andDq
approximately account for the energy levels for Mn21 in cu-
bic ZnS. ~It can be noted that the spin-orbit splitting of the
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orbital triplet states of Mn21 is not very sensitive to slight
variations of these parameters.! The matrix elements of the
first- and second-order spin-orbit interactions are given in
Table I. Figure 3 represents the computed fundamental vi-
bronic structure in terms ofS for two different values for the
energy of the effective phonon:\v5240 and 60 cm21. The
diagonalization was performed by taking into account five
phonons. Two very different values for\v have been used to
show that the vibronic structure is not very sensitive to the
energy of the effective phonon. By comparing Fig. 3~b! to
that published by Koidl14 it clearly appears that the vibronic

structures obtained by diagonalizing the vibronic Hamil-
tonian or by using Ham’s approximate relations are almost
identical. This figure shows that the experimental spectrum
could have been accounted for by choosing a value forS
between 2.5 and 3.

The dipole strengths will now be considered and it will be
shown that the nature of the experimental lines is not that
predicted by the above analysis of the energy levels.

In the spinor groupTd* ,26 the relative dipole strengths of
the spin and parity forbidden transitions6A1→4T1 are given
from symmetry considerations by the relation

^6A1JttuHSOu4T1J9t9t9&^4T1J9t9t9uHT2u4T1J8t8t8&.

HSO is the spin-orbit interaction. In the crystal-field model,
HT2 is an equivalent operator of symmetryT2 mimicking the
influence of odd parity configurations via the electric dipole
moment operatorM and the odd part of the cubic crystal
field of symmetryA1. In a covalent model such as, for ex-
ample, a LCAO-MO model,HT2 is simplyM since the ma-
trix elements ofM are no longer parity forbidden when mo-
lecular wave functions are used.

For a u4T1& state, the RDS’s are

s~6A1→G6!545,

s~6A1→G7!520,

s@6A1→G8~3/2!#563,

s@6A1→G8~5/2!#522

for transitions involving electronic states. For transitions in-
volving vibronic states in the strong JT coupling limit, the
RDS of the statesuG6& and uG7& remain unchanged, those of
the uG88& states are slightly modified~see the structure of the
G88’s in Sec. I!:

s@6A1→G88~3/2!#562.5,

s@6A1→G88~5/2!#522.5.

The theoretical and experimental RDS’s are in correct
agreement for all transitions for the indexation of the lines
given in Fig. 2.

This indexation of the transitions based on the RDS’s is
clearly in disagreement with that predicted by the CF model.

FIG. 3. Theoretical splitting of the4T1(G) level of Mn
21 in

ZnS in terms of the Huang-Rhys factorS. The electronic structure
for S50 is that predicted from the CF model restricted to thed5

configuration. The energy of the effective phonon is 60 cm21 ~a!
and 240 cm21 ~b!. The diagonalization of the vibronic Hamiltonian
has been performed by using five phonons.

TABLE I. Matrix elements of the first-order~first number! and second-order~second number! spin-orbit
interaction for the4T1 level of Mn

21 in ZnS. The values chosen forB, C, Dq, and for the spin-orbit coupling
constant of thed electrons are given Sec. III. All values are in cm21.

uG6& uG7& uG8~3/2!& uG8~5/2!&

uG6& 244.25213.90
uG7& 26.55239.10
uG8~3/2!& 217.70226.04 014.01
uG8~5/2!& 014.01 26.55227.07
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In the case of a strong JT coupling toE modes, the CF model
predicts that, for increasing energies, the transitions are from
the fundamental state to the statesuG88(3/2)&, uG7&, uG6&, and
uG88(5/2)& ~see Figs. 1 and 3!, while, for the indexation given
in Fig. 2, the transitions are from the fundamental state to the
statesuG7&, uG88(3/2)&, uG88(5/2)&, and uG6&.

IV. PHENOMENOLOGICAL MODEL

First, from semiquantitative arguments, it will be shown
that the model adopted previously for the structure of the
fluorescent level of Mn21 in ZnS has to be entirely reconsid-
ered. Then a phenomenological operator deduced by Ham1

from symmetry considerations will be used to account for the
structure of the studied orbital triplet state.

In the assumption of a strong Jahn-Teller coupling toE
modes or in the assumption of a small or negligible first-
order spin-orbit interaction with respect to the second-order
spin-orbit interaction, the experimental splitting between the
gravity centers of the two groups of lines gives a measure of
the absolute value of the nonreduced part of the second-order
spin-orbit interaction and of the nonreduced part of the spin-
spin interaction since these interactions are the only ones that
are of importance at the limit of a very strong Jahn-Teller
coupling toE modes or when the first-order spin-orbit split-
ting is small or negligible with respect to the second-order
spin-orbit splitting. The sign of this splitting cannot be un-
ambiguously obtained from an analysis of the experimental
RDS’s since the experimental RDS’s of the two lines at
lower energy are almost identical to those of the two lines at
higher energy. Therefore, the experimental spectrum could
be accounted for by associating the lines to transitions to the
statesuG88(5/2)&, uG6& and uG7&, uG88(3/2)& for increasing en-
ergy ~this indexation will be called ‘‘second indexation’’!.

From a theoretical point of view, it has been shown in
Sec. III that the calculation of the nonreduced part of the
second-order spin-orbit interaction accounts very well for the
energy separation between the two groups of lines when in-
dexing the experimental lines as shown in Fig. 2. This is the
main argument in favor of the calculation of the second-
order spin-orbit interaction in a crystal-field model restricted
to thed5 configuration.

By considering now the quasidegenerate states, we ob-
serve that there is no simple way to account for the order of
these levels. For example, by considering the matrix ele-
ments given in Table I and the energy levels given in Fig. 3
in terms ofS, it appears that changing the sign of the overall
contribution of the second-order spin-orbit interaction and

conserving the first-order spin-orbit interaction does not
change the order of the quasidegenerate states. Conse-
quently, the correct order for the almost degenerate states
cannot be obtained without drastically reducing or even
changing the sign of the first-order spin-orbit interaction.

Therefore, the spin-orbit interaction must be reconsidered.
As indicated in Sec. I, the structure of the quasidegenerate
lines of the fluorescent4T1 levels of Mn

21 in cubic symmetry
observed in II-VI compounds and also in GaP has not been
resolved.14 To our knowledge, there is no experimental evi-
dence indicating that the spin-orbit splittings of the elec-
tronic states and therefore vibronic states deduced from the
CF model are correct.

When considering that the calculations of the spin-orbit
interaction performed until now are of no help in interpreting
the experimental spectrum, we can only say from an analysis
of the RDS’s that the two less intense lines are to be associ-
ated to the statesuG7& or uG88(5/2)&, the most intense lines
being associated to the statesuG6& or uG88(3/2)&. ~The two
groups of lines shown in Fig. 2 having almost the same am-
plitude, it is not possible to unambiguously associate the
lines to the transitions given in this figure.! Among the four
possible indexations of the lines, those associating two al-
most degenerate lines to twouG8& states are to be rejected
since they are not compatible with the uniaxial stress effect
analyzed in Ref. 8. Therefore, only two indexations are al-
lowed: the first indexation given in Fig. 2 and the second
indexation defined above.

A phenomenological model, deduced from symmetry
considerations due to Ham,1 will now be presented, which
gives the energy levels and RDS’s in terms of three param-
eters. Following Ham’s method,1 the first- and second-order
spin-orbit interactions and the spin-spin interaction are given
by the equivalent operator acting on the electronic states:

Heq5a l•S1b~ l•S!21g(
i

~ l i
2Si

2!,

wherea, b, andg are three constants or parameters depend-
ing on the spin-orbit and spin-spin interactions described by
Heq. i5x,y,z. ~We use the notationa,b,g instead of Koidl’s
notation14 x,m,r, which will describe, in the next section, the
electronicspin-orbit interaction.! l is an effective orbital mo-
mentum, for a4T1 state,l51 andS53/2. When considering
vibronic interactions, it is convenient to introduce operators
spanning the irreducible representations ofTd, such that1

~ l•S!252~1/2!l•S1~2/3!~ l uSu1 l eSe!1~1/2!~ l jSj1 l hSh1 l zSz!1~1/3!l2S2,

3(
i

~ l i
2Si

2!5~2/3!~ l uSu1 l eSe!1~1/3!l2S2.

Heq can now be written as

Heq5cT1l•S1cE~2/3!~ l uSu1 l eSe!1cA1~1/3!l
2S21cT2~1/2!~ l jSj1 l hSh1 l zSz!.
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The indexG in the constants or parameterscGs indicate
that the operators span the representationG of Td. ThecGs,
which are simply related toa, b, and g by cT15a2b/2,
cE5b1g, andcT25b, will be expressed in terms of the con-
stants or parameters describing the spin-orbit and spin-spin
interaction in the next section. The term incA1 describes the
shift common to the fine-structure lines.cT1, cE, andcT2 will
now be considered as fitting parameters describing the split-
tings of the fine-structure lines.

These parameters can be deduced from the energy sepa-
ration between the gravity centers of the groups of lines:
D569.48 cm21 ~the minus and plus signs correspond to the
first and second indexations, respectively! and the splittings
of the quasidegenerate statesWG62WG88(5/2)50.60 cm21

and WG88(3/2)2WG750.70 cm21 for D,0, and WG6

2WG88(5/2)50.70 cm21 andWG88(3/2)2WG750.60 cm21

for D.0.
In Td* , the matrix elements ofHeq are

^G6uHequG6&5~5/2!cA11cE2~5/2!cT11~3/2!cT2 ,

^G7uHequG7&5~5/2!cA12cE1~3/2!cT11~3/2!cT2 ,

^G8~3/2!uHequG8~3/2!&5~5/2!cA12~4/5!cE2cT1

2~6/5!cT2 ,

^G8~5/2!uHequG8~5/2!&5~5/2!cA11~4/5!cE1~3/2!cT1

2~3/10!cT2 ,

^G8~3/2!uHequG8~5/2!&5~3/5!~cE2cT2!.

The coefficientscT1, cE , andcT2 can be obtained by di-
agonalyzing the matrix for theG8’s and by using a Taylor
series approximation to first order since, as deduced from the
experimental spectrum, the terms incT1 and cT2 are more
than an order of magnitude smaller than the terms incE .
From this method the energies of theG8’s are given by

^G88~3/2!uHequG88~3/2!&

5~5/2!cA11cE1~5/4!cT12~3/4!cT2 ,

^G88~5/2!uHequG88~5/2!&

5~5/2!cA12cE2~3/4!cT12~3/4!cT2 .

The cG are given by

cT15
1
6 @2WG61WG88~5/2!2WG88~3/2!1WG7#,

cE5 1
6 @2WG88~5/2!1WG622WG88~3/2!2WG7#,

cT25
1
18$3@WG62WG88~5/2!#15@WG72WG88~3/2!#%.

For D529.48 cm21, we obtain cT1520.216 cm21,
cE54.740 cm21, and cT2520.094 cm21, the RDS’s being
s~6A1→G6!545, s~6A1→G7!520, s@6A1→G88~3/2!#562.1,
ands@6A1→G88~5/2!#522.9.

For D519.48 cm21, we get cT1520.213 cm21,
cE524.952 cm21, andcT2520.049 cm21. The RDS’s are
s~6A1→G6!545, s~6A1→G7!520, s@6A1→G88~3/2!#562.8,
ands@6A1→G88~5/2!#522.2.

V. PHYSICAL MODEL AND DISCUSSION

By taking into account explicitly the spin-orbit and spin-
spin interactions, and vibronic coupling toE modes, thecG

are given by

cT15~x2m/2!e23S/22K1/2,

cE5m1r1K11K21c21c3 ,

cT25~m1c2!e
23S/21K1 .

wherex5x11x2. The term inx1 describes the electronic
first-order spin-orbit interaction. The terms inx2, m, andr
are related to the reduced and nonreduced part of the elec-
tronic second-order spin-orbit interaction involving the ex-
cited electronic states. The terms inK1 andK2 are related to
the terms in f a and f b defined in Sec. III by K1
52x 1

2f a/\v, and K11K252x 1
2f b/\v. The coefficients

c252c1 and c3, which describe the spin-spin interaction,
have been calculated in the CF model restricted to thed5

configuration by Koidl,14 for the fluorescent level and the4T2
level at lower energy of Mn21 in ZnS and ZnSe. For the
fluorescent level of Mn21 in ZnS, c2520.292 cm21 and
c3520.037 cm21.14

The parameters for the physical model areEJT and\v or
S and\v for the vibronic interactions.x, m, andr are con-
sidered fitting parameters for the spin-orbit interaction. The
theoretical values for the coefficientsc2 and c3, which de-
scribe the spin-spin interaction, are the only theoretical val-
ues used in the following calculations.

From the above relations, we get

x5~cT11cT2/2!e3S/22c2/2

and

m1r5cE2K12K22c22c3 ,

m5~cT22K1!e
3S/22c2 .

x, m1r, andm have been calculated in terms ofS, for \v
5240 and 60 cm21. The results are given in Table II and Fig.
4 for the first and the second indexation. This means that, for
a given value forS and\v, the values obtained forx, m1r,
andm permit an exact fitting of the experimental spectrum.

For the first indexation given in Fig. 2~D,0!, the fitting
of the experimental spectrum is obtained for decreasing val-
ues ofx from 20.11 to2104 cm21 whenS increases from 0
to 4 ~see Fig. 4!. These values forx are to be compared to
113.5 cm21 as given by the CF model~x1517.7 cm21 and
x2524.2 cm21!.

It must be noted thatx is negative whatever the value for
S, and that forS greater than 2.5,x becomes very large and
negative.

Therefore, a correct fitting of the experimental spectrum
can only be obtained by taking a value forx whose sign is
opposite to that predicted by the model restricted to thed5

configuration.
For the first indexation, when\v560 cm21, m1r in-

creases slightly from 5.07 to 6.21 cm21 when S increases
from 0 to 3, thenm1r increases rapidly to 21.87 cm21 for
S54. For \v5240 cm21, the values form1r are almost
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identical to those obtained with the low-energy phonon for
S,3, thenm1r increases to 9.27 cm21 for S54. As already
shown in Sec. III, the value form1r, which is related toD
by m1r52D/22K12K22c22c3 , is correctly given by
the CF model restricted to thed5 configuration, but forS,3
only. It can be noted thatD;22~m1r! whenS,3, since the
term 2K12K22c22c3 equals11.48 cm21 at most for
S53. ForS.3, this approximation is no longer valid since
2K12K2 increases rapidly to 16.80 cm21 for S54.

Since the first-order spin-orbit interaction predicted by the
model restricted to thed5 configuration is not valid, it is no
longer possible to assume that the second-order spin-orbit
interaction given by the CF model is correct. This means that
the ‘‘second indexation’’ cannot be rejected, this indexation
being obtained by changing the sign of the second-order
spin-orbit interaction given by the CF model. In that case,D
is positive. For\v5240 or 60 cm21, the fitting of the energy
levels is obtained for valuesx in terms ofS, which are al-
most identical to those obtained for the first indexation.

Therefore, for both indexations,x is negative.
Concerning the spin-spin interaction, Table II shows that

its contribution tox becomes negligible forS.1 ~for S.1,
x,21.02 cm21 for D,0, and x,20.92 cm21 for D.0,
these values are to be compared toc2/2520.15 cm21!. Its
contribution tom becomes negligible forS.3 and its contri-
bution tom1r is negligible whateverS.

VI. LIGAND-FIELD MODEL FOR THE FIRST-ORDER
SPIN-ORBIT INTERACTION

Recently, a systematic study of the influence of covalency
on Mn21 in II-VI compounds was performed. First, a cova-
lent model has been developed to interpret the OLCC toE
strains of the orbital triplet states of Mn21 in II-VI
compounds.20 In this study, molecular wave functions were
obtained for the orbital triplet states of Mn21 in ZnS and
ZnSe, which allowed one to account for the experimental
OLCC’s. Then, a covalent model for the SLCC‘s of Mn21 in
II-VI compounds has been developed.21 By using the mo-
lecular wave functions, which accounted very well for the
OLCC’s and the molecular spin-orbit interaction defined by
Misetich and Buch,19 a model was elaborated that correctly
accounted for the SLCC’s of Mn21 in ZnS, ZnSe, ZnTe, and
CdTe. It was shown that the SLCC’s whose moduli differ by
almost two orders of magnitude primarily depend on the
spin-orbit interaction of the electronsp of the ligands.

In the forthcoming analysis of the spin-orbit interaction in
the triplet states of Mn21 in II-VI compounds, we will use
the molecular wave functions described in detail in Ref. 20.

In a covalent model the relevant operator describing the
spin-orbit interaction is the molecular spin-orbit interaction
HSOm, which acts on the electrons of the metal and of the

TABLE II. Values of the fitting parameters for the spin-orbit interaction in terms ofS. x, m, andr are
defined in Sec. V.\v is the energy of the effective phonons. All values are in cm21.

S 0 1 2 3 4

x ~D,0! 20.11 21.02 25.08 223.26 2104.75
x ~D.0! 20.09 20.92 24.63 221.26 295.78
m1r ~D,0, \v560! 5.07 5.07 5.15 6.21 21.87
m1r ~D,0, \v5240! 5.07 5.07 5.09 5.35 9.27
m1r ~D.0, \v560! 24.62 24.62 24.55 23.67 9.43
m1r ~D.0, \v5240! 24.62 24.62 24.60 24.38 21.11
m ~D,0, \v560! 0.20 20.12 21.41 25.52 0.54
m ~D,0, \v5240! 0.20 20.12 21.54 27.46 227.88
m ~D.0, \v560! 0.24 0.08 20.54 21.95 12.26
m ~D.0, \v5240! 0.24 0.07 20.65 23.57 211.51

FIG. 4. Values of the parametersx and m1r describing the
spin-orbit interaction in terms of the Huang-Rhys factorS. The
energy of the effective phonon is\v560 cm21. The solid lines
correspond to the first indexation of the fine structure lines of the
4T1 level as shown in Fig. 2. The broken lines correspond to the
second indexation defined in Sec. IV.
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ligands, and depends on the interatomic distances and angles.
As shown by Misetich and Buch,19 HSOm can be written as

HSOm5(
i

zM~r iM !l iM•si1(
i

(
L

zL~r iL !l iL•si ,

where l iM and l iL are one-electron orbital operators for the
metal and the ligands, respectively.zM and zL are the spin-
orbit coupling constants, defined by Blume and Watson,27 of
the electrons 3d of the metal and of the electronsnp ~n53
for S andn54 for Se! of ligands, respectively.

It is convenient to writeHSOm in terms of the molecular
angular momentumt u

i of electroni and the complex com-
ponents of the spin operators26 as

HSOm5(
qi

tu
i sq
i .

In this expression,u5x or y if q561 andu5z if q50. The
operatorst u

i are

tu
i 5zM~r iM !lMu

i 1zL~r iL !Vu
i ,

Vi being the angular momentum of electroni of the ligands.
The relevant monoelectronic molecular orbitals 4t2 and

2e ~of the half-filled shells!, which are linear combinations
of atomic orbitals 3d and 4p of Mn, and the valence orbitals
3s and 3p of sulfur, are described in detail in Ref. 20. They
are written in terms of the monoelectronic orbitals of the
electrons 3d and 4p of metal, and in terms of the orbitals
ss, sp, andpp of ligands as

ut2g&5adudt2g&1apupt2g&1assusst2g&1asPuspt2g&

1apPuppt2g&,

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

ueg8&5bdudeg8&1bppuppeg8&,

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

The a’s for the orbitals 4t2 and b’s for the orbitals 2e
result from the diagonalization of the molecular Hamil-
tonian. The levels 1t2, 2t2, 3t2, and 1e are filled, the levels
4t2 and 2e are half filled.

Then, the multielectronic wave functions for the orbital
triplet states are obtained by diagonalizing the matrix of
Sugano, Tanabe, and Kamimura28 for the threeu4T1& states at
lower energy. Explicitly we get

u4T1u
q &5a1

qu4T1u
q ~4t2

42e!&1a2
qu4T1u

q ~4t2
32e2!&

1a3
qu4T1u

q ~4t2
22e3!&,

whereq51,2,3 refers to the three levels4T1: u5x, y, or z.
The matrix elements of the molecular spin-orbit interac-

tion can now be expressed in terms of the matrix elements of

the operatort. The relevant matrix elements oft for the
monoelectronic wave functions 2e and 4t2 are

zet25
i

2
^eeutzut2z&

and

zt2t25
i

2
^t2jutzut2h&.

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

zet25adbdzM1
1

~2) !
bpp~app1asp& !zL

and

zt2t25~adad2apap!zM1app~asp&2app/2!zL .

We can note here that in the CF model restricted to the
configuration d5, zt2t25zet25zM , since in this case,
ad5bd51, the other coefficients being zero.

By using the mixing parameters for the triplet states ob-
tained from the values ofB, C, andDq given in Sec. III, we
get for the studiedu4T1& state:

x150.1438zt2t220.0848zet2 .

In the self-consistent model, the molecular orbitals and
the physical constants depend on few constants or param-
eters. The molecular orbitals that intervene inzt2t2 andzet2
were computed in Ref. 20.

Slight variations of the interatomic distance, of the effec-
tive chargeQLat of the lattice andQM of the metal, and of a
constantCmad describing the crystal electric field were con-
sidered in Ref. 20.Cmad was defined in the following man-
ner: diagonal and off-diagonal matrix elements of the crystal
electric field due to the nearest neighbors of the metal atom
and of the nearest neighbors of the ligands have been calcu-
lated directly;Cmad represents the contribution to the Made-
lung energy of the remaining atoms of the crystal. By includ-
ing the electric field of the crystal in this manner, molecular
wave functions were obtained that correctly fitted the
OLCC’s of the orbital triplet statesu4T1& and u4T2& of Mn in
ZnS and ZnSe, and the SLCC’s of Mn in II-VI
compounds.20,21

The spin-orbit coupling constants of the electrons 3d of
Mn and 3p of S were obtained by interpolating the spin-orbit
coupling constants given by Blume and Watson27 for various
ionization states of the atoms. Explicitly~all values are in
cm21!:

zM~Mn!5286147~QM21!,

zL~S!5298165~QL11!.
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The molecular orbitals were those obtained from one set
of constants or parameters that accounted for the OLCC’s
and SLCC’s of Mn. The interatomic distance Mn-S of 4.56
a.u. was chosen to be slightly greater than the interatomic
distance Zn-S of 4.41 a.u. to account for a slightly greater
covalent radius of Mn than of Zn,Qlat560.80,QM50.97,
andCmad51.40.

Straightforward calculations gavezt2t25130.8 cm21,
zet25205 cm21, andx1511.42 cm21. This strong reduction
of x1 with respect to the value of117.7 cm21 as deduced
from the model restricted to thed5 configuration is due to the
fact that for the studied4T1 level of Mn in ZnS,x1 depends
on two terms having approximately the same magnitude and
opposite signs.

In order to have an idea of the trend of the first-order
spin-orbit interaction of the fluorescent state of Mn in II-VI
compounds, a computation ofx1 was also performed for
ZnSe. The mixing parameters for the4T1 levels were ob-
tained by using the following values for the Racah param-
eters:B5740 cm21, C52740 cm21, andDq52405 cm21.15

From these values forB, C, andDq, we got

x150.1448zt2t220.0880zet2 .

By comparing this expression to that obtained for Mn in
ZnS, it can be noted thatx1 is not very sensitive to the values
of B, C, andDq.

By using the spin-orbit coupling constant of the electrons
4p of Se given by27

zL~Se!513531297~QL11!,

and the molecular orbitals computed in Ref. 20 by taking
interatomic distances Mn-Se of 4.76 a.u. and Zn-Se of 4.61
a.u., Qlat560.7, QM50.74, andCmad51.25, we obtained
zt2t252321 cm21, zet251125 cm21, and x15257.5
cm21.

It is important to note that this value forx1 is of opposite
sign and that its modulus is more than three times greater
than the value given by the CF model restricted to thed5

configuration~by takingz3d5300 cm21 and the values forB,
C, and Dq given above, the CF model givesx15117.1
cm21 for Mn21 in ZnSe!.

By comparing now the theoretical values forx1 obtained
for ZnS and ZnSe, we note thatzet2 is positive in both cases
while the sign ofzt2t2 changes when passing from ZnS to
ZnSe. The values forzt2t2 and zet2 are very different for
Mn in ZnS and ZnSe, primarily becausezL~Se! is four to five
times greater thanzL~S! and, to a lesser extent, because of
slight variations of the mixing coefficients of the monoelec-
tronic wave functions.

As in the case of the SLCC’s toE strains, this study
shows that the spin-orbit dependent physical constants of Mn
in II-VI compounds very strongly depend on the spin-orbit
coupling constants of the electronsp of the ligands.

For Mn in ZnS, by slightly modifying the parameters in-
tervening in the LF model, in particular the electric crystal
field, it probably would be possible to get molecular wave
functions, which could give slightly negative values forx1 as
well as correct values for the OLCC’s and SLCC’s.

Since the LF model predicts a small value forx1, then a
small to moderate JT coupling toE modes of the4T1(G)
level of Mn in ZnS is expected from this model. Table II and
Fig. 4, which give the values forx in terms ofS permitting
an exact fit of the experimental structure, show that small
negative values forx are obtained forS<2, corresponding to
x>25 cm21.

Of course, the structure of the4T1(G) level depends on
the second-order spin-orbit interaction, which could be com-
puted from the proposed LF model. However, the diagonal
and off-diagonal parts of the second-order spin-orbit interac-
tion are much more difficult to handle in the LF model than
the first-order spin-orbit interaction.

VII. CONCLUSION

The four fundamental vibronic lines of the fluorescent or-
bital triplet stateu4T1& of Mn21 coupled toE vibrational
modes have been observed in pure cubic ZnS and the elec-
tronic and vibronic models for the4T1 state have been recon-
sidered.

From a very detailed analysis of the experimental and
theoretical splittings and dipole strengths of the quasidegen-
erate states, it has been shown, first, that the order of these
states is in contradiction with that predicted by previous elec-
tronic and vibronic models.

Then, a model has been elaborated in which the first- and
second-order spin-orbit interaction, and the spin-spin interac-
tion are described by three fitting parameters, which can be
deduced from the splittings of the quasidegenerate states and
from the energy separation between the centers of gravity of
the quasidegenerate states. From an analysis of the RDS’s,
two indexations of the experimental lines have been pro-
posed, which perfectly account for the energy levels and cor-
rectly account for the RDS’s.

Relations between the parameters describing the spin-
orbit interaction and the Huang-Rhys factor were defined,
which exactly accounted for the energy levels of the4T1
level. An analysis of the electronic and vibronic interactions
contributing to the fitting parameters has shown that the
structure of the studied state can be accounted for if the
splitting of the electronic state due to the spin-orbit interac-
tion in l–S is inversed with respect to that previously pre-
dicted ford electrons.

To account for this very unexpected result, a calculation
of the first-order spin-orbit interaction has been performed in
the self-consistent LCAO-MO model previously developed
to analyze physical constants depending on the molecular
spin-orbit interaction ofd5 ions in II-VI compounds. It has
been shown that the molecular model can account for a very
strong reduction of the first-order spin-orbit interaction and
even for a change of sign of this interaction with respect to
that given by the CF model and that the first-order spin-orbit
interaction for the fluorescent state of Mn21 critically de-
pends on the nature of the ligands as was shown by compar-
ing this interaction for Mn in ZnS and ZnSe.

Concerning the strength of the coupling toE modes, a
comparison of values ofx, in terms ofS, which exactly fit
the vibronic structure with plausible values forx obtained
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from the LF model indicate that a weak to intermediate JT
coupling corresponding toS<2 can account for the observed
structure of the4T1 level of Mn in ZnS.

Concerning the proposed indexations of the lines, it is
suggested that a high-resolution study of the Zeeman effect,
implying a detailed comparison for both indexations of the
experimental and theoretical energies and RDS’s in terms of
the magnetic field, could unambiguously give the correct in-
dexation. Due to the lack of a detailed study of the RDS for
both indexations, the studies of the Zeeman effect performed

until now on the fluorescent levels of Mn21 in ZnS ~Ref. 17!
and GaP~Ref. 18! do not permit one to select the indexation.
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