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The four fundamental vibronic lines of T level of ad® ion coupled toE vibrational modes in cubic
symmetry have been observed. An analysis of the four fine-structure lines of the fluorescefi j@féin®*
in cubic ZnS, which have been observed at high resolution in pure cubic ZnS crystals, shows that the relative
energies and dipole strengtfRDS) 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 tcE 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-Sis of opposite sign to that predicted by the model restricted taltheonfiguration. 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 in 11-VI compounds[S0163-
182996)03927-4

I. INTRODUCTION GaP[two lines separated by 12 ¢th(Ref. 10], and of the
“T,(G) level in ZnS[two lines separated by 3 crh (Ref.
The influence of the dynamical Jahn-Tel(éil) effect on  7)], and ZnSdtwo lines separated by 10 ¢rh(Ref. 9], in
the fine-structure lines of the orbital doublet and triplet stateserms of a strong coupling & modes. The argument, based
of d" ions in crystals and molecules has long been studiedn Ham’s model for the coupling of orbital triplet states®o
either theoretically or experimentalty? Very sophisticated modes! was that near the strong coupling limit, the funda-
molecular orbital theories as well as simplified semiemperimental vibronic structure of a4T1 level consists of
cal models have also been developed to analyze the fUﬂdﬁNO groups of two lines, one group being associated
mental and excited levels af" ions>® to the quasidegenerate statef’s) and |T4(5/2))

Concerning MA" ions, the fine structure of the fluores- _
' . =(1/y10)|Tg(3/2)) + (3/y10)| T g(5/2 h h
cent level*T,(G) at lower energy and, in some cases, of the (IN10)[Ig(3/2)) + (3V1O)I'g(5/2)) ~and the = other

multiplets*T,(G), “E(G) at higher energy has been studied to the quasidegenerate statefl) anq T'5(312))
in IV (Refs. 7-9 and I1I-V (Ref. 10 compounds as well :(3/\/1—0)“;8(3/2))—(1/\/fJ)|F8(5/2)) (see Fig. 1 In the
as in organi¢! magnetict2 and other compounds. case of a’T, level, the quasidegenerate states Hrg),

In the case of MA" in I1-VI compounds, it has long been [T'5(5/2)) and [T'e), [I'g(3/2)). The energy separation be-
shown that the electronic and vibronic structures of the ortween the two groups of lines is due to the nonreduced
bital triplets “T,(G), *T,(G), and orbital doublet'E(G) second-order spin-orbit interaction between the fundamental
were much more puzzling than expected. vibronic states*T,) or |'T,) and the other electronic states of

In a theoretical study on tH&;(G) and*T,(G) levels of  the ion. The experimental evidence of a couplindetmodes
Mn?* in 11-VI and 1I-V compounds, published two decades was not yet established but the hypothesis of a strong cou-
ago, Koidl* proposed to interpret the experimental structurepling to E modes was the simplest to account for an almost
of the fluorescent level$T,(G) of Mn?" in ZnS[two lines  complete quenching of the first-order spin-orbit interaction
separated by 9.6 cil (Ref. 7)], ZnSe[two lines separated and of the coupling td@, strains. Moreover, the energy sepa-
by 10 cmi ! (Ref. 8 instead of 20 cm! (Ref. 9], CdS[axial ~ ration between the observed lines, as predicted by the
symmetry, two lines separated by 10 cm(Ref. 9], and  crystal-field(CF) model, was in good agreement with experi-
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splitting 2.4 times greater than that predicted by the model
restricted to thal® configuration. These experiments clearly
showed that KoidI's basic assumption o$taongcoupling 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/orT, modes, experiments only can
give the nature of the coupling. Another very important re-
sult of this study was that only a ligand-fieldlF) model
involving the molecular spin-orbit interaction could give a
unified interpretation for the first-order spin-orbit coupling of
Mn2* in ZnS, ZnSe, and other compounds.

The electronic structure of tHE(G) level of Mr?" was
revealed to be even more puzzling than the structure of the
“T,(G) level. Uniaxial stress experiments on tAE(G)
level of Mr?* in ZnS, ZnSe, and studies of the influence of
internal strains in nearly tetrahedral clusters such as KInCl
and MnB, showed unambiguously that the CF model had to
be rejected® All experimental results were interpreted in
terms of a linear coupling t& modes or to internal strains of
E symmetry, while the CF model predicts that first-order
linear couplings tcE strains andr, strains are forbidden by

seniority and symmetry, respectively, and that second-order
perturbation schemes predict a linear couplindriostrains
and a quadratic coupling tB strains.

Further experimental studies on the uniaxial stress effect
on the two experimental lines associated to the fluorescent
level *T,(G) of Mn?" in ZnS and ZnSéRef. 8 were inter-
preted in terms of a strong coupling ® modes. Experi-

MAGNIFIED 10 TIMES
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FIG. 1. The lowest energy levels of MIh in cubic ZnS, as
given by the free ion HamiltoniaH y and the cubic crystal fielH .,
are given to the left. The upper ins@ gives the influence of the ments on the magnetic field effect on this level of ¥rin
spin-orbit interaction and of the Jahn-Teller couplingitmodes as 7nS (Ref. 17 and GaP(Ref. 18 were performed and inter-
predicted by the previous model for the structure of the fluorescenbreted in terms of the Zeeman HamiltoniagHgS. In these
4 e e . 3
Ty level. The excitation spectrum of tféf; level as given by gy gies the structure of the quasidegenerate states was not
previous experimentgRefs. 8 and 1) is represented irtb). The observed
very small spin-orbit splitting of the fundamental state is not repre- It will t;e shown here that the structure of the fluorescent

sentedR represents radiative transitions from tiig level to pho- i :
non assisted lines of the fundamenfal, level. To simplify the T4(G) level of Mr?" in ZnS and other II-VI compounds is

reading of the figure, the shift of ta; level due to the Jahn-Teller different from that considered previously, and that covalency
energy is not represented. plays a dominant role in the structure of this level as it does

for the structure of the levelsT,(G) and“E(G).

ments. Therefore, this simple and unified interpretation for The complexity of the structure of the orbital triplet
the vibronic structure of the orbital triplet states of Mrin  “T,(G) of Mn?* and the fact that the complete fine structure
II-VI and I11-V compounds seemed plausible and it did not of the *T,(G) level of Mr?* in ZnS is not that expected
seem necessary to question the CF model, which accountdémm the previous model, led us to adopt a very critical po-
very well for the splitting of the observed lines. sition with respect to the explicit and implicit assumptions of

Unfortunately, uniaxial stress experiments performed conthis model. In the following analysis we will carefully avoid
comitantly by Parrot, Naud, and Gendtomn the*T,(G) assumptions not confirmed by experimental results, analyze
level of Mr?"™ in ZnS and ZnSe very surprisingly showed all possible indexations of experimental lines that can ac-
that the structure of this state was not at all that correspondzount for the experimental spectrum, and reject analogies as
ing to a strong JT coupling tB modes as expected. Experi- well as generalizations that can be very misleading.
ments clearly demonstrated that this state was effectively The samples, the apparatus, and the experimental results
coupled toE modes but that the two lines of tH&,(G) are described in Sec. Il.
level of Mr?" behaved under uniaxial stresses as two elec- The experimental results are compared to the previous
tronic levelsI'g andT's. A very detailed study leading to the model for the dynamical JT effect dif; levels in Sec. lll. A
diagonalization of vibronic matrices involving up to 5 detailed analysis, in terms of the Huang-Rhys factor, of the
phonons of symmetr , andE_ led these authors to consider JT reduction of the first- and second-order spin-orbit interac-
a intermediate coupling t& modes, corresponding to a tions restricted to thed® configuration is performed first.
Huang-Rhys factor of 0.6, and a selective intensity transfeifhen, by analyzing the relative dipole strengtRDS), it is
for the levell'y at higher energy, the transitid#,—I'; be-  shown that the energies of the quasidegenerate states cannot
ing forbidden by symmetry. Furthermore, it was shown thatbe accounted for from this model.
in the case of Mfi" in ZnSe selective intensity transfer can ~ Section IV is devoted to a critical analysis of the elec-
be accounted for only by considering a first-order spin-orbitronic and vibronic structure of orbital triplets @ ions.
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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 Kin
ions should be very strongly reduced or even of opposite
sign with respect to that predicted by the CF model restricted
to thed® 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- I,
logical descriptions are proposed for the studfad 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- 17886 17888 17800 17802 17894 17896 17898 17900 17902
bronic interactions is presented in Sec. V. Whereas, until WAVENUMBER (em™)
now, the strength of the coupling EEmodes was determined
from an analysis, in terms of the Huang-Rhys fa@&pof the

—— exp. values (spectrum)

fit (sum of Voigt profiles) ZnS:Mn 6 A1 - 4T1
—— single Voigt profile
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FIG. 2. Excitation spectrum of the transitidi,—*T,(G) of

spin-orbit splitting predicted by the CF model, we proceede n“™ ions in pure cubic ZnS showing the four vibronic lines of the
P b gp y P T,(G) level. The indexation of the lines results from the analysis

in the reverse order by determining, for various valuesSor R S . ;
and for the energy of the effective phonons, which eIectronicOf the relative dipole strengths given in Sec. lll. Another indexation

. L . . . obtained by permuting the indexation of the two less intense lines
spin-orbit interaction accounts for the observed V|bron|canol of the two most intense lines is studied in Secs. IV and V
structure. It is shown that, for the two proposed indexations, ' ’

. . . . . 4 .
the spin-orbit interaction in-S of the “T, state of M" in The emission light was selected by a monochromator cen-

ZnS, must be strongly reduced and inversed with respect tQyredq at 17 240 cit corresponding to the maximum of the
the splitting predicted by the CF model. emission band.

Finally, in Sec. VI, the electronic structure of the fluores-
cent level of MA™ in ZnS is analyzed with a very elaborate
linear combination of atomic orbitals—molecular orbitals
(LCAO-MO) model. This model is extended to K in The experimental spectrum given in Fig. 2 clearly shows
ZnSe to determine the trends of covalency effects in II-Vithe splittings of the quasidegenerate levels dendigdnd
compounds. By using the molecular spin-orbit interactionl’g(5/2) on one hand anbl; andI'g(5/2) on the other hand.
defined by Misetich and BucH,and the monoelectronic and The indexation of the lines given in Fig. 2 will be called
multielectronic wave functions, which correctly accounted*first indexation”; another indexation called “second index-
for the orbit-lattice coupling coefficient§OLCC) of this  ation” will be considered below.
staté® and for the spin-lattice coupling coefficientSLCC) The energies and relative dipole strengths for the four
of the fundamental stafé,it is shown that the first-order levels have been obtained by carefully decomposing the su-
spin-orbit splitting of the*T,(G) level is very strongly re- perposed lines into two components. Several fitting proce-
duced in ZnS; it is enhanced and inversed in ZnSe wittdures were performed using Gauss, Lorentz, and Voigt pro-
respect to that given by the previous CF model restricted tdiles. Gauss profiles did not fit the spectrum, Lorentz profiles
the d® configuration. 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 at®.04 cm * for the
energies V), 5% for the relative amplitudes?), and+0.1
A. Samples and apparatus cm™ for the linewidths. The RDS have been calculated by

The experiments were performed on ZnS:Mn Crystalstaking the linel'g(3/2), which is theoretically the most in-

grown at the Institute of Solid State Physics of the Technicat:ense’ as the reference for the amplitudes and the linewidths.

University of Berlin. Great care was given to the selection of or convenie_ncg, the RDS of the reference_z liceelculated in
the crystals; crystals showing stacking fadk$vin-Mn pair the next sectiohis (_:hosen to be the theoretical value of 62.5.
spectraz,3 or large internal strains were rejected. The other theoretical RDS'’s are 45 fbg, 20 for I';, and

For the selected crystals, no fine-structure line due t&2-2 forl'g(5/2), _
Mn2" centers in stacking faults has been observed in the From the best fit, we get thelfollowmg for the reference
excitation spectra from the fundamental level to the excitedin€ I'g(3/2): W=17 889.72 cm”, A=52.6, RD§=62.5,
levels*T,, *T,, and“E, thus demonstrating that the crystals LW=0.68 cm™; for I';; W=17889.03 cnﬁll, A=19.3,
are pure cubic. Furthermore, the concentration ifMions ~ RDSy,=18.6, RD$,=20, LW=0.55 cm= for I
was chosen to be as low as Tomole fraction so that no W=17899.36 cm”, A=50.5, RD3,,=52.1, RD§=45,
fine-structure line due to Mn-Mn pairs was observed near théW=0.59 cm'*; and for I'g(5/2): W=17898.77 cm*,
levels*T, or the level¢T, and“E. The fine-structure lines of A=20.7, RD$,,=24.6, RD$,=22.5, LW=0.68 cm .
the fluorescent level is the sharpest observed until now. The splittings of the quasidegenerate levels are of 0.60
The excitation spectra were obtained by using polarize¢m " for the levelsl's andI'g(5/2) and of 0.70 cm' for the
excitation spectroscopy. The laser systdrambda Physik  levelsT'; andT"g(3/2).
consisted of a XeClexcimer laser pumping a dye laser. The It must be noted first that the same structure has been
linewidth of the laser system was approximately 0.4 &m obtained forT=4.2 K (Fig. 2 andT=2.0 K and for concen-

B. Experimental spectra

Il. EXPERIMENT
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trations in Mrf* of 10 * mole fraction(Fig. 2) and 3x10™*  where H, and H, are the free ion Hamiltonian and the
mole fraction. Second, no artifact can explain the observetiamiltonian in a cubic field respectiveliisg andHgg rep-
structures since optical experiments performed on the samesent the spin-orbit and spin-spin Hamiltoniadg, andH ¢
crystals, in particular on théE state, have led to the obser- are the elastic and kinetic energies associated to the effective
vation of very sharp lines, the linewidths being, in that caseyibrational modesHj; is the Jahn-Teller Hamiltonian de-
||m|tedby the resoluti(_)n of 0.4 Cr_ﬁ' of the laser. FinaILy, an Scribing the electron-nuclear interactioHext is a Hamil-
analysis of the experimental spectra of the ledls, “To,  tonian describing external perturbation effects such as, for
and"E for the same sample has shown that the observegdyample, the uniaxial stress effect, which is essential to de-
structure cannot be due to Mhcenters in stacking faults or termine the symmetry of the effective vibrational modes.

Mn-Mn pairs whose optical spectra are well known. In previous models, the splitting of the quasidegenerate
The fine and hyperfine structure of the fundamental Stal@i ies due to the spin-spin interaction was found to be

ggnzgg'Ziff(t)&ngg:?ft(?ei'nzz)e ;rrfj Zﬁ'r?ézf;ﬁgj ;ghg%%zn%nI)ﬁegligible“ with respect to previou_sly qbserved linewidths.
structure lines extend at most on 0.08 ¢rfhyperfine struc- Therefpre, these .model.s.were pnmanly concerr!eq by the
ture constanf=—64x104 cm ! (Ref. 24]. a.\nalysfls of the s_p|n—orp|t 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 modé for the dynamical Jahn-Teller
effect on orbital triplets, the influence of the first-order spin-

First, we will briefly recall the structure of tH&; level at  orbit interactionHgg acting on the fundamental vibronic
lower energy of MA" in tetrahedral symmetry as given by state|*T;,00) (n,=0, n_=0), is identical to that of the opera-
previous experiments and theoretical m8d&Then, it will  tor exp(—3E ;/2%w)H<g acting on the electronic stafér,),
be shown that the observed structure for the quasidegener@tgT being the Jahn-Teller energy atid the energy of the
states is in disagreement with that previously predicted.  effective phonon.

In a CF model, the general Hamiltonian governing the  on a real tetragonal bagi$?® the diagonal matrix ele-
energy levels ofl ions in cubic symmetry can be written as ments of the second-order spin-orbit interaction acting on the

H=Ho+H e+ Hsot Hest Het H+ Hyr+ Hoxe, fundamental vibronic states are given by

Ill. PREVIOUS THEORETICAL MODEL
AND COMPARISON WITH EXPERIMENTS

4T IH 28+lhi 23+1hi H 4T .
<4Tli’OqHéO|4TlJ"OO>:_(fb/hw); <4le|HSO|4Tli><4Tli|HSO|4T1j>+ E < 1J| \S/\O/|(4T1) _>\§v(28+lr|]i)5d 1]>

25+1p,
I

The off-diagonal matrix elements are
(*TjHsd*" th)(*S*thi|Hsd *Tyy)

(*T1;,00HE*T 14,000 = — (Fa/fiw) (*Tyjlsd “Toi)(*Toi| Hsd *Tu) +e 2 > WOT) - WS Th) :
ZSJrlhi
|
where f,=e *G(x), with x=3Esffiew, G(X)=3 5_1x"/ Since it is no longer possible to account for the observed
n(n!), f,=e *G(x/2). structure of the quasidegenerate stasee Fig. 2 by con-

The first term appearing in the above expressions is due tgidering the limit of a strong coupling # modes, a detailed

the Jahn-Teller coupling between the fundamental and €Xanalysis will now be made of the first-order and second-order
cited vibronic states while the second term describes th pin-orbit interaction in terms of the Huang-Rhys factor,

Jahn-Teller coupling between the fundamental vibronic stat@ vich measures the strength of the couplingEtenodes

and the excited states of tla€ ion. o ) .
As demonstrated in Ref. 8 from an analysis of the uniaxial The contributions of the first-order and second-order spin-

stress effect, the fluorescelf, level of Mr?* in cubic ZnS orbit interactions to the spIit_ting of the eIe:ctronic. StHIB,)

is coupled to strains and vibrational modesEosymmetry. have been calculated by taking a spin-orbit coupling constant
Furthermore, the experimental structure of #fig level con-  of 300 cni* for the electronsd.?” The second-order spin-
sisting of only two lines separated by 10 chthe hypoth-  orbit interaction due to the relevant 39 electronic multiplets
esis of a strong coupling t& vibrational modes was sug- “E(2), “T1(3), *T(3), 2E(7), °T1(8), 2T»(10), °A(1), “A,(D),
gested to account for the fine structure of this stateand?A,(4) of the configuratiord® (the number of multiplets
Therefore, the two experimental lines were interpreted asf given spin and symmetry is in parenthesess been com-
transitions from the fundamental state to the almost degerputed by using the following valuBgor the Racah param-
erate statefl’;) and|I'g(3/2)) for the line at lower energy, eters:B=730 cm!, C=2880 cm’, and for the cubic field
and [Tg) and |T'4(5/2)) for the line at higher energy, the parameteDq=—420 cm . These values foB, C, andDq
splitting being due to the nonreduced matrix elements of th@pproximately account for the energy levels for Mrnn cu-
second-order spin-orbit interactigeee Sec.)I bic ZnS. (It can be noted that the spin-orbit splitting of the
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TABLE I. Matrix elements of the first-ordgffirst numbey and second-ordgsecond numberspin-orbit
interaction for thé'T, level of Mr?™ in ZnS. The values chosen f8r, C, Dq, and for the spin-orbit coupling
constant of thel electrons are given Sec. lIl. All values are in tn

Te) L ITs(3/2)) ITg(5/2))
ITe) —44.25-13.90
;) 26.55-39.10
ITg(3/2) —17.70-26.04 0+4.01
ITg(5/2)) 0+4.01 26.55-27.07

orbital triplet states of Mfi" is not very sensitive to slight structures obtained by diagonalizing the vibronic Hamil-
variations of these parametgr§he matrix elements of the tonian or by using Ham'’s approximate relations are almost
first- and second-order spin-orbit interactions are given iridentical. This figure shows that the experimental spectrum
Table I. Figure 3 represents the computed fundamental vieould have been accounted for by choosing a valueSfor
bronic structure in terms @ for two different values for the between 2.5 and 3.

energy of the effective phonoiw=240 and 60 cm*. The The dipole strengths will now be considered and it will be
diagonalization was performed by taking into account fiveshown that the nature of the experimental lines is not that
phonons. Two very different values fbrw have been used to predicted by the above analysis of the energy levels.

show that the vibronic structure is not very sensitive to the In the spinor groupr d*,2° the relative dipole strengths of
energy of the effective phonon. By comparing Figb)3to  the spin and parity forbidden transitiohs,;— T, are given
that published by Koidf it clearly appears that the vibronic from symmetry considerations by the relation

<6A1Jt’T| HSO|4T1J//t/rTrr><4T1J/rtnTH| HT2|4TlJltr 7_/>_

a
Hgso is the spin-orbit interaction. In the crystal-field model,
o= 1 2 3 : : e
E o , it H, is an equivalent operator of symmeffy mimicking the
g E influence of odd parity configurations via the electric dipole
L 10 18(5/2) moment operatoM and the odd part of the cubic crystal
& 0 field of symmetryA;. In a covalent model such as, for ex-
’ ample, a LCAO-MO modelH 1, is simply M since the ma-
30} [ trix elements ofM are no longer parity forbidden when mo-
lecular wave functions are used.
e ) For a|*T,) state, the RDS's are
50
6 —
A,—T'g) =45,
60} o(°*A1—T)
o(8A,—T;)=20,
b o[®A;—T4(3/2)]=63,
= 1 2 3
< ° - ' 5 of6A,—Tg(5/2)]=22
g 0] b2
'_% for transitions involving electronic states. For transitions in-
20, volving vibronic states in the strong JT coupling limit, the
e RDS of the statef’s) and|I';) remain unchanged, those of
= the |T'g) states are slightly modifietsee the structure of the
o) 802 o _
: I'g’'s in Sec. ):
sof /-
. 6 o[8A,—T§(3/2]=62.5,
|

ol 8A,—T}(5/2)]=22.5.

FIG. 3. Theoretical splitting of théT,(G) level of Mr?" in _ . _
ZnS in terms of the Huang-Rhys fact8r The electronic structure The theoretical and experimental RDS'’s are in correct
for S=0 is that predicted from the CF model restricted to tte  agreement for all transitions for the indexation of the lines
configuration. The energy of the effective phonon is 60°tre)  given in Fig. 2.
and 240 cm? (b). The diagonalization of the vibronic Hamiltonian This indexation of the transitions based on the RDS'’s is
has been performed by using five phonons. clearly in disagreement with that predicted by the CF model.
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In the case of a strong JT couplingEomodes, the CF model conserving the first-order spin-orbit interaction does not
predicts that, for increasing energies, the transitions are frommhange the order of the quasidegenerate states. Conse-
the fundamental state to the stat€y(3/2)), |T'7), |[T's), and  quently, the correct order for the almost degenerate states
IT5(5/2)) (see Figs. 1 and)3while, for the indexation given cannot be obtained without drastically reducing or even
in Fig. 2, the transitions are from the fundamental state to th€hanging the sign of the first-order spin-orbit interaction.
stateg[';), [T4(3/2)), |T4(5/2)), and|Tg). Therefore, the spin-orbit interaction must be reconsidered.
As indicated in Sec. I, the structure of the quasidegenerate
lines of the fluoresced, levels of Mrf* in cubic symmetry
observed in II-VI compounds and also in GaP has not been
First, from semiquantitative arguments, it will be shown resolved* To our knowledge, there is no experimental evi-
that the model adopted previously for the structure of thedence indicating that the spin-orbit splittings of the elec-
fluorescent level of Mfi” in ZnS has to be entirely reconsid- tronic states and therefore vibronic states deduced from the
ered. Then a phenomenological operator deduced by*HanCF model are correct.
from symmetry considerations will be used to account for the When considering that the calculations of the spin-orbit
structure of the studied orbital triplet state. interaction performed until now are of no help in interpreting
In the assumption of a strong Jahn-Teller couplingeto the experimental spectrum, we can only say from an analysis
modes or in the assumption of a small or negligible first-of the RDS’s that the two less intense lines are to be associ-
order spin-orbit interaction with respect to the second-ordeated to the statef’;) or |T'4(5/2)), the most intense lines
spin-orbit interaction, the experimental splitting between thepeing associated to the statdy) or IT4(3/2)). (The two
gravity centers of the two groups of lines gives a measure Ofjroups of lines shown in Fig. 2 having almost the same am-
the absolute value of the nonreduced part of the second-ordgyitude, it is not possible to unambiguously associate the
spin-orbit interaction and of the nonreduced part of the spintines to the transitions given in this figuygdmong the four
spin interaction since these interactions are the only ones th@abssible indexations of the lines, those associating two al-
are of importance at the limit of a very strong Jahn-Tellermost degenerate lines to twbg) states are to be rejected
coupling toE modes or when the first-order spin-orbit split- since they are not compatible with the uniaxial stress effect
ting is small or negligible with respect to the second-orderanalyzed in Ref. 8. Therefore, only two indexations are al-
spin-orbit splitting. The sign of this splitting cannot be un- Jowed: the first indexation given in Fig. 2 and the second
ambiguously obtained from an analysis of the experimentajndexation defined above.
RDS’s since the experimental RDS’s of the two lines at A phenomenological model, deduced from symmetry
lower energy are almost identical to those of the two lines atonsiderations due to Hatwill now be presented, which
higher energy. Therefore, the experimental spectrum coulgives the energy levels and RDS's in terms of three param-
be accounted for by associating the lines to transitions to thgters. Following Ham’s methddthe first- and second-order
states|I"g(5/2)), T'g) and[I';), |T'g(3/2)) for increasing en-  spin-orbit interactions and the spin-spin interaction are given
ergy (this indexation will be called “second indexation” by the equivalent operator acting on the electronic states:
From a theoretical point of view, it has been shown in
Sec. lll 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 restrictedwherea, B, andy are three constants or parameters depend-
to thed® configuration. ing on the spin-orbit and spin-spin interactions described by
By considering now the quasidegenerate states, we oliH.,. i =X,y,z. (We use the notation,3,y instead of Koidl's
serve that there is no simple way to account for the order ohotatiort* y,u,p, which will describe, in the next section, the
these levels. For example, by considering the matrix eleelectronicspin-orbit interaction.l is an effective orbital mo-
ments given in Table | and the energy levels given in Fig. 3nentum, for &'T, state,| =1 andS=3/2. When considering
in terms ofS, it appears that changing the sign of the overallvibronic interactions, it is convenient to introduce operators
contribution of the second-order spin-orbit interaction andspanning the irreducible representationsTof such thak

IV. PHENOMENOLOGICAL MODEL

Heq= al-S+B(1-S)%+ 72 (lizslz)’

(1:9)%= = (1/2)1- S+ (2/3)(14Sy+1.S) + (12 (1 S +1,S,+1,S,) + (113)I*S,

X >, (1287)=(213)(1,Sp+1.S.) + (1/3)12S2.

Heq can now be written as

Heq=Cral- S+ Ce(2/3)(1 S+ S.) +Car (1312 + Crp( 12 (1S +1,S,+1,S).
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The indexI" in the constants or parametearss indicate
that the operators span the representaliaf Td. Thecs,
which are simply related ta, B, and y by ¢cry=a—p/2,

Ce=pB+7, andcr,=p, will be expressed in terms of the con-
stants or parameters describing the spin-orbit and spin-spﬁi

interaction in the next section. The termdp, describes the
shift common to the fine-structure lines;;, cg, andcy, will

now be considered as fitting parameters describing the split-

tings of the fine-structure lines.

V. PHYSICAL MODEL AND DISCUSSION

By taking into account explicitly the spin-orbit and spin-
spin interactions, and vibronic coupling BB modes, thec
re given by
cri=(x—ul2)e 3%%-K,/2,

CE:M+p+ K1+ K2+02+C3,

_These parameters can be deduced from the energy sepa— Cro=(p+Cy)e 3524 K.
ration between the gravity centers of the groups of lines:

A==9.48 cmi* (the minus and plus signs correspond to the where y=yx;+ x,. The term iny; describes the electronic

first and second indexations, respectiyednd the splittings
of the quasidegenerate statd’s—WI 5(5/2)=0.60 cmt
and WI'g(3/2)—WI';=0.70 cm* for A<0, and WI'g
—WI'§(5/2)=0.70 cm* and WI"§(3/2)— WI';,=0.60 cm *
for A>0.

In Td*, the matrix elements dfl . are

(Te|HedI'6)=(5/2)ca1+Ce— (5/2)Cr1+(3/2)Cry,
(T'7|HedT'7)=(5/2)cpr— Ce+ (3/2)c11+ (3/2)Cra,
(T'5(3/2)|Hed T's(3/2)) = (5/2)ca1— (4/5)Ce—Cq
—(6/5c,,
<F8(5/2)|HQJF8(5/2)>= (5/2)cpqt (415 ce+(3/2)ctq
—(3/10/C1y,
(I'g(3/2)|Hed 's(5/2)) = (3/5) (Ce—Cra).

The coefficientx4, cg, andcy, can be obtained by di-
agonalyzing the matrix for th&g's and by using a Taylor

first-order spin-orbit interaction. The terms i3, w, andp
are related to the reduced and nonreduced part of the elec-
tronic second-order spin-orbit interaction involving the ex-
cited electronic states. The termsKn andK, are related to
the terms inf, and f, defined in Sec. Ill byK;
=—x2fJho, and K;+K,=—x2f /hw. The coefficients
c,=2c; and c5, which describe the spin-spin interaction,
have been calculated in the CF model restricted todhe
configuration by Koidk* for the fluorescent level and tHe,
level at lower energy of Mfi in ZnS and ZnSe. For the
fluorescent level of M#" in ZnS, c,=—0.292 cm?! and
c;=—0.037 cm 11

The parameters for the physical model &g and#w or
S and7w for the vibronic interactionsy, u, andp are con-
sidered fitting parameters for the spin-orbit interaction. The
theoretical values for the coefficients and c;, which de-
scribe the spin-spin interaction, are the only theoretical val-
ues used in the following calculations.

From the above relations, we get

x=(Cq+Cr,/2)e352—c,/2

series approximation to first order since, as deduced from thand

experimental spectrum, the terms dp, and c, are more
than an order of magnitude smaller than the term&gdn
From this method the energies of thg's are given by

(Tg(3/2[HedI'3(3/2))
:(5/2)0A1+CE+ (5/4)01’1_(3/4)01'2,

(T'g(5/2)|HedI'g(5/2)
:(S/Z)CAI_CE_ (3/4)01’1_(3/4)01'2.

The ¢ are given by
Cri= 5[ —WIg+WI'§(5/2) —WI4(3/2) + WI'/],
Ce= L[ 2WI'4(5/2) +WI g— 2WI'§(3/2) — WT',],
Cro=15{3[WI g— WI 4(5/2) ]+ 5[ WI';— WI 4(3/2)]}.

For A=—9.48 cm!, we obtain c;;=—0.216 cm?,
ce=4.740 cm?, andc;,=—0.094 cm?, the RDS’s being
o(®A;—T)=45, o(®A,—T)=20, of°A,—T§(3/2)]=62.1,
and o{®A,—T'§(5/2)1=22.9.

For A=+9.48 cm?! we get c;;=-0.213 cm?,
ce=—4.952 cm?, andcy,=—0.049 cm®. The RDS'’s are
o(®A;—Tg=45, o(°A;—T,)=20, of°A,—T}(3/2)]=62.8,
and o{°A,—T'§(5/2)1=22.2.

mtp=cg—Ki;—Ky—cy—Cz,

p=(cr;—Ky)e*¥2—c,.

x. 1t+p, and u have been calculated in terms §f for iw
=240 and 60 cm. The results are given in Table Il and Fig.
4 for the first and the second indexation. This means that, for
a given value foIS and7w, the values obtained foy, u+p,
and u permit an exact fitting of the experimental spectrum.

For the first indexation given in Fig. @ <0), the fitting
of the experimental spectrum is obtained for decreasing val-
ues ofy from —0.11 to—104 cm ! whenS increases from 0
to 4 (see Fig. 4. These values foy are to be compared to
+13.5 cm ! as given by the CF modék,=17.7 cm * and
xo=—4.2 cm b,

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

Therefore, a correct fitting of the experimental spectrum
can only be obtained by taking a value fgprwhose sign is
opposite to that predicted by the model restricted todhe
configuration.

For the first indexation, wheltw=60 cm !, u+p in-
creases slightly from 5.07 to 6.21 ¢hwhen S increases
from 0 to 3, thenu+p increases rapidly to 21.87 crhfor
S=4. For hw=240 cm!, the values foru+p are almost
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TABLE Il. Values of the fitting parameters for the spin-orbit interaction in term$.of, «, andp are
defined in Sec. Viw is the energy of the effective phonons. All values are i &m

S 0 1 2 3 4
Y (A<0) -0.11 -1.02 —5.08 —23.26 ~104.75
Y (A>0) ~0.09 -0.92 -4.63 —-21.26 ~95.78
utp (A<0, hw=60) 5.07 5.07 5.15 6.21 21.87
utp (A<0, hiw=240) 5.07 5.07 5.09 5.35 9.27
wtp (A>0, 7iw=60) —4.62 ~4.62 —4.55 -3.67 9.43
wtp (A>0, fiw=240) —4.62 ~4.62 ~4.60 -4.38 -1.11
u (A<O0, fiw=60) 0.20 -0.12 -1.41 -5.52 0.54
u (A<O0, hw=240) 0.20 -0.12 ~1.54 ~7.46 —27.88
u (A>0, hw=60) 0.24 0.08 —-0.54 -1.95 12.26
P (A>0, hw=240) 0.24 0.07 ~0.65 -3.57 -11.51

identical to those obtained with the low-energy phonon for Since the first-order spin-orbit interaction predicted by the
S<3, thenu+p increases to 9.27 cii for S=4. As already  model restricted to thd® configuration is not valid, it is no
shown in Sec. lll, the value for+p, which is related taA longer possible to assume that the second-order spin-orbit
by w+p=—A2—K,;—K,—c,—cC3, is correctly given by interaction given by the CF model is correct. This means that
the CF model restricted to th® configuration, but folS<3  the “second indexation” cannot be rejected, this indexation
only. It can be noted that~—2(u+p) whenS<3, since the being obtained by changing the sign of the second-order
term —K,—K,—c,—c5 equals+1.48 cmi! at most for  spin-orbit interaction given by the CF model. In that case,
S=3. For S>3, this approximation is no longer valid since is positive. Forhw=240 or 60 cm?, the fitting of the energy
—K;—K, increases rapidly to 16.80 crhfor S=4. levels is obtained for valueg in terms of S, which are al-
most identical to those obtained for the first indexation.
Therefore, for both indexationg, is negative.

u+)1(a Concerning the spin-spin interaction, Table Il shows that
(cm.l)‘ its contribution toy becomes negligible fo§>1 (for S>1,
201 x<—1.02 cm?! for A<0, and y<—0.92 cm! for A>0,
these values are to be comparedcy2=—0.15 cm %), Its
S contribution tou becomes negligible fo>3 and its contri-
0 > bution to u+p is negligible whateveB.
2204 VI. LIGAND-FIELD MODEL FOR THE FIRST-ORDER
SPIN-ORBIT INTERACTION
40 Recently, a systematic study of the influence of covalency
T on Mr?" in I1-VI compounds was performed. First, a cova-
lent model has been developed to interpret the OLCE to
60 strains of the orbital triplet states of Mh in 1I-VI
] compound£? In this study, molecular wave functions were
obtained for the orbital triplet states of ¥hin ZnS and
80 ZnSe, which allowed one to account for the experimental
] OLCC's. Then, a covalent model for the SLCC's of #rin
1I-VI compounds has been develop&dBy using the mo-
100, lecular wave functions, which accounted very well for the
OLCC'’s and the molecular spin-orbit interaction defined by
Misetich and Buch?® a model was elaborated that correctly
120, accounted for the SLCC’s of M 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 electrons of the ligands.

FIG. 4. Values of the parametegs and u+p describing the In the forthcoming analysis of the spin-orbit interaction in
spin-orbit interaction in terms of the Huang-Rhys facgrThe  the triplet states of Mit™ in I1-VI compounds, we will use
energy of the effective phonon #w=60 cm L. The solid lines the molecular wave functions described in detail in Ref. 20.
correspond to the first indexation of the fine structure lines of the In a covalent model the relevant operator describing the
4T, level as shown in Fig. 2. The broken lines correspond to thespin-orbit interaction is the molecular spin-orbit interaction
second indexation defined in Sec. IV. Hsom: Which acts on the electrons of the metal and of the
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ligands, and depends on the interatomic distances and angléke operatorr. The relevant matrix elements of for the
As shown by Misetich and Bucl,Hs, can be written as  monoelectronic wave functionse2and 4, are

Hson= Fiv)lim- S+ rolic-s, i
som Z Im(rim)liv-s 2| 2 i)l -s §et2=§<ee|rz|t2§>
wherel;,, andl, are one-electron orbital operators for the
metal and the ligands, respectiveliy, and ¢, are the spin- and
orbit coupling constants, defined by Blume and WatSouf,
the electrons 8 of the metal and of the electromp (n=3 i
for S andn=4 for S¢ of ligands, respectively. {tatr=5 (t2€] 7| tom).
It is convenient to writeHgo,, in terms of the molecular
angular momentunr;, of electroni and the complex com-

ponents of the spin operat&iss Explicitly ¢et, and{t,t, 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

Hsom= % Tluslq .

let,=a%by+ 273 b™P(a™+a’™2){,
In this expressiony=x ory if g=+*1 andu=z if q=0. The
operatorsr,, are and
Tiung(riM)liMu—’_gL(riL)Qiuv gtztzz(adad_apap)gM+a77p(a("p‘/?_a77p/2)é’l_.
Q' being the angular momentum of electrionf the ligands. We can note here that in the CF model restricted to the

The relevant monoelectronic molecular orbitalls, 4nd  configuration d° (t,t,=Z/et,=¢y, since in this case,
2e (of the half-filled shells which are linear combinations a®=b%=1, the other coefficients being zero.
of atomic orbitals 8 and 4p of Mn, and the valence orbitals By using the mixing parameters for the triplet states ob-
3s and 3 of sulfur, are described in detail in Ref. 20. They tained from the values @, C, andDq given in Sec. lll, we
are written in terms of the monoelectronic orbitals of theget for the studied'T,) state:
electrons 8 and 4p of metal, and in terms of the orbitals

os, op, andwp of ligands as ¥1=0.143gt,t,— 0.084get,.
t,y)=ad|dt,y)+aP|ptyy) +a’ ostyy) +a’"| opt,y) In the self-consistent model, the molecular orbitals and
o the physical constants depend on few constants or param-
+a™|mptyy), eters. The molecular orbitals that intervene/tat, andet,

were computed in Ref. 20.

wherey=¢, 7, or { refers to the components of the molecular ~ Slight variations of the interatomic distance, of the effec-
monoelectronic level 4 and tive chargeQ, ,; of the lattice andQ), of the metal, and of a
constantC,,,,4 describing the crystal electric field were con-
sidered in Ref. 20C,,,4 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;C,,,4 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 stateT,) and |*T,) of Mn in

nS and ZnSe, and the SLCC's of Mn in I-VI
compoundg??!

The spin-orbit coupling constants of the electrors &

Mn and 3 of S were obtained by interpolating the spin-orbit
coupling constants given by Blume and WatSdor various
1479, ) =ad|*Td, (4t52€)) +aJ|*T],(4t32€2)) ionizlr;\tion states of the atoms. Explicitlll values are in
cm ):

ley')=b"|dey")+b™|mpey’),

wherey' =6 or e refers to the components of the molecular
monoelectronic level &

The a’s for the orbitals 4, and b’s for the orbitals 2
result from the diagonalization of the molecular Hamil-
tonian. The levels &, 2t,, 3t,, and le are filled, the levels
4t, and 2 are half filled.

Then, the multielectronic wave functions for the orbital
triplet states are obtained by diagonalizing the matrix o
Sugano, Tanabe, and Kamimtftéor the thred*T,) states at
lower energy. Explicitly we get

+ag|*T] (4t52e%),
Mn) =286+ 47 —-1),
whereq=1,2,3 refers to the three level§;: u=x, y, orz. Em(Mn) (Qu—1)
The matrix elements of the molecular spin-orbit interac-
tion can now be expressed in terms of the matrix elements of £ (9)=298+65Q, +1).
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The molecular orbitals were those obtained from one set Since the LF model predicts a small value fgr then a
of constants or parameters that accounted for the OLCC’small to moderate JT coupling ® modes of the'T,(G)
and SLCC’s of Mn. The interatomic distance Mn-S of 4.56level of Mn in ZnS is expected from this model. Table Il and
a.u. was chosen to be slightly greater than the interatomigig. 4, which give the values foy in terms ofS permitting
distance Zn-S of 4.41 a.u. to account for a slightly greatean exact fit of the experimental structure, show that small
covalent radius of Mn than of Zm,,==*0.80,Qy=0.97,  negative values foy are obtained fo6<2, corresponding to
andC,,;~1.40. y=—-5cm

Straightforward calculations gavét,t,=130.8 cm ’, Of course, the structure of tH&;(G) level depends on
{et,=205cm *, andy;=+1.42 cm . This st_r?ng reduction e second-order spin-orbit interaction, which could be com-
of X, with respect to the value ot17.7 cm * as deduced  yo4 from the proposed LF model. However, the diagonal

from the model restricted to the® configuration is due to the ; - o
fact that for the studiedT, level of Mn in ZnS,y; depends gnd off-diagonal parts of the second-order spin-orbit interac

) . . tion are much more difficult to handle in the LF model than
on two terms having approximately the same magnitude anELe first-order spin-orbit interaction
opposite signs. p .

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 of, was also performed for Vil. CONCLUSION
ZnSe. The mixing parameters for tH&, levels were ob-
tained by using the following values for the Racah param
eters:B=740 cm 1, C=2740 cm !, andDq=—405 cm 1.1°
From these values fd8, C, andDq, we got

The four fundamental vibronic lines of the fluorescent or-
bital triplet state|*T;) of Mn?" coupled toE vibrational
modes have been observed in pure cubic ZnS and the elec-
tronic and vibronic models for th&; state have been recon-
sidered.

x1=0.14481,t,—0.088Qet;. From a very detailed analysis of the experimental and

theoretical splittings and dipole strengths of the quasidegen-

By comparing this expression to that obtained for Mn inerate states, it has been shown, first, that the order of these
ZnS, it can be noted that, is not very sensitive to the values states is in contradiction with that predicted by previous elec-

of B, C, andDq. tronic and vibronic models.
By using the spin-orbit coupling constant of the electrons Then, a model has been elaborated in which the first- and
4p of Se given by’ second-order spin-orbit interaction, and the spin-spin interac-
tion are described by three fitting parameters, which can be
{(S®=1353+297(Q, +1), deduced from the splittings of the quasidegenerate states and

from the energy separation between the centers of gravity of

and the molecular orbitals computed in Ref. 20 by takingthe quasidegenerate states. From an analysis of the RDS’s,

interatomic distances Mn-Se of 4.76 a.u. and Zn-Se of 4.6{W0 indexations of the experimental lines have been pro-
a.u., Q=*0.7, Qu=0.74, andC,,,~1.25, we obtained posed, which perfectly account for the energy levels and cor-
{tot,=—321 cml, fet,=+125 cm?, and y;=—57.5 rectly account for the RDS's.
cm L Relations between the parameters describing the spin-
It is important to note that this value foy is of opposite  Orbit interaction and the Huang-Rhys factor were defined,
sign and that its modulus is more than three times greatevhich exactly accounted for the energy levels of fiTg
than the value given by the CF model restricted to die level. An analysis of the electronic and vibronic interactions
configuration(by taking;3=300 cni ! and the values foB, contributing to the fitting parameters has shown that the
C, and Dg given above, the CF model giveg=+17.1 structure of the studied state can be accounted for if the
cm 1 for Mn?* in ZnSe. splitting of the electronic state due to the spin-orbit interac-
By comparing now the theoretical values fgr obtained tion in I-S is inversed with respect to that previously pre-
for ZnS and ZnSe, we note thégt, is positive in both cases dicted ford electrons.
while the sign of{t,t, changes when passing from ZnS to  To account for this very unexpected result, a calculation
ZnSe. The values foft,t, and fet, are very different for of the first-order spin-orbit interaction has been performed in
Mn in ZnS and ZnSe, primarily becauggSe is four to five  the self-consistent LCAO-MO model previously developed
times greater thaig, (S) and, to a lesser extent, because ofto analyze physical constants depending on the molecular
slight variations of the mixing coefficients of the monoelec- spin-orbit interaction ofi® ions in 11-VI compounds. It has
tronic wave functions. been shown that the molecular model can account for a very
As in the case of the SLCC’s t& strains, this study strong reduction of the first-order spin-orbit interaction and
shows that the spin-orbit dependent physical constants of Maven for a change of sign of this interaction with respect to
in 1I-VI compounds very strongly depend on the spin-orbitthat given by the CF model and that the first-order spin-orbit
coupling constants of the electropsof the ligands. interaction for the fluorescent state of Kncritically de-
For Mn in ZnS, by slightly modifying the parameters in- pends on the nature of the ligands as was shown by compar-
tervening in the LF model, in particular the electric crystaling this interaction for Mn in ZnS and ZnSe.
field, it probably would be possible to get molecular wave Concerning the strength of the coupling Eomodes, a
functions, which could give slightly negative values jgras  comparison of values af, in terms ofS, which exactly fit
well as correct values for the OLCC’s and SLCC's. the vibronic structure with plausible values fgrobtained
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from the LF model indicate that a weak to intermediate JTuntil now on the fluorescent levels of ¥hin ZnS (Ref. 17
coupling corresponding t8<2 can account for the observed and GaRRef. 18 do not permit one to select the indexation.
structure of thé'T, level of Mn in ZnS.

Concerning the proposed indexations of the lines, it is
suggested that a high-resolution study of the Zeeman effect, ACKNOWLEDGMENTS
implying a detailed comparison for both indexations of the
experimental and theoretical energies and RDS’s in terms of Thanks are due to C. Naud for very helpful discussions on
the magnetic field, could unambiguously give the correct inthe vibronic structure of orbital triplet states and to J. Mahrt
dexation. Due to the lack of a detailed study of the RDS forfor his help during the development of the experimental
both indexations, the studies of the Zeeman effect performesdetup.
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