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Molecular electronic model and vibronic coupling to e-vibrational modes of the fluorescent
level #T, of d® ions in 1I-VI and Ill-V compounds
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Complete electronic and vibronic models including the second-order molecular spith&) interaction
are proposed to analyze the fine structure of the orbital triplet I€W&|6G) of d° ions in tetrahedral symme-
try. First, a molecular model which has been used to calculate the first-order MSO interaction is extended to the
calculation of the second-order MSO interaction. Then Ham'’s model for the vibronic couplingiboational
modes of the first- and second-order MSO interactions is used to describe the fine structure patterns and, in
particular, the energy-level ordering in terms of the Huang-Rhys f&fbhird, these models are applied to the
calculation of the electronic and vibronic structures of the fluorescent f@u¢(G) of Mn?* in cubic ZnS and
in ZnSe. For the levetT,(G) of Mn?" in cubic ZnS, the second-order MSO interaction becomes preponderant
because the first-order MSO interaction due to the cation can be completely compensated for by the first-order
MSO interaction due to the ligands. For the led$&L(G) of Mn?" in ZnSe, the first-order MSO interaction is
primarily controlled by the ligands. It is shown that the experimental fine structures can be correctly accounted
for by the molecular model. Finally, a qualitative model is proposed for the fine structure of the fluorescent
level of FE™ in InP and GaAs.
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[. INTRODUCTION linesT'g, I'7, I'g(3/2), andl'g(5/2) of the fluorescent levels
of Mn?* in cubic ZnS. The first- and second-order spin-orbit
Several experimental and/or theoretical studies have bedRteraction restricted to the electrodsof the configuration
reported concerning the electronic and vibronic fine structuré15 have been considered. This figure shows that the [Eyel
of the fluorescent leveld4T,(G) of d° ions as MA* and IS at lower energy for small values for the Huang-Rhys factor
Fe** in various 1I-VI and 1lI-V compound$:*! [The nota- Sand that the level'g(3) is at lower energy for medium or
tion 4T,(G) indicates that in the absence of a crystal field,large values foiS. However, it was recently shown that, at
the level becomes 4G level of the free ionl. For example, least in some cases, as Mnin cubic ZnS(Refs. 11 and 12
the fine structure of the fluorescent level has been studied iand F€" in GaAs and InP,the CF model cannot account for
ZnS:Mr®* and ZnSe:MA",! GaP:Mr*,2 zZnS:Fé*,? the experimental results in particular for the level ordering of
ZnO:Fé*,* GaAs:Fé",%> GaN:Fé* ® and InP:F&" .7 the vibronic lines. _ _
We will consider fluorescent levels of tetrahedral symme- More precisely, in the case of Mh in cubic ZnS,
try coupled tos-vibrational modes only. In cubic symmetry, Uniaxial stress experiments, Zeeman experiments, and an
the symmetry of the vibrational modes is deduced fromanaly_5|s of the relqtlve gmplltudes of the fine-structure lines
uniaxial stress experiments for applied pressuresthatis, of the relative dipole strengttRDS's)| have shown
PI[100],PI[110], andPI[111]. For the fluorescent levels of that the level ordering of the fine-structure lines, for increas-
Mn?* in ZnS and ZnSé,and Fé* in GaAs and InRRef. 7)  ing energy, is:T';, T'g(3), 'g(3), and . The level T,
studied here, the uniaxial stress experiments have unambigbeing at lower energy, and the levié} being at higher en-
ously shown a coupling toE strains and therefore to ergy, it is clear that the CF model represented in Fig 1
e-vibrational modes only. cannot account for the level ordering of the lines whatever
In the following, the crystal fieldCF) model is treated as the value forSis.
a particular case of the molecular model by restricting the In the case of F& in InP, Zeeman experiments and
wave functions to those of thet electrons of the cation. uniaxial stress experiments performed on emission spectra
The CF modéf has long been used to analyze the vi- have shown that the two lines observed at lower energy must
bronic structure of the levelT,(G) in terms of the Huang- be associated to levelE; and I'y (the levelT'; being at
Rhys factorS. For example, in early studies, the Jahn-Tellerlower energy and that the coupling is te-vibrational modes
effect on the fine structure lines of the fluorescent level ofonly.” For Fé* in GaAs, Zeeman and uniaxial stress experi-
Mn?* in ZnS, ZnSé, and GaRRef. 2 was determined from ments performed on the line at lower energy have shown that
uniaxial stress experiments and interpreted from the CRhe fine structure is similar to that of Fein InP. In these
model by considering a strong coupling tovibrational cases, again, the CF model cannot account for the experi-
modes. The fine structures predicted by the CF model armental fine structures.
shown in Fig. 1a). This figure gives the level ordering, in In the case of Mfi" in ZnS and ZnSe, a molecular model
terms of the Huang-Rhys fact& of the four fine-structure has been elaborated which, very surprisingly, showed that the
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FIG. 1. Theoretical splitting of levetT,(G) of Mn in ZnS in terms of the Huang-Rhys factsy for {t,t,=178 cm* and et,=236

cm™L. (a) gives the energy levels as predicted by the CF mo@®).(c), and (d) correspond to three sets of values BrC, and Dq.
fiwg=300 cm 2,

first-order molecular spin-orbitMSO) splitting of the fluo-  ZnScritcally depends on the second-order MSO interaction.
rescent levefT,(G) in ZnS is very strongly reduced or even This is due to the fact that the first-order MSO interaction is
inversed with respect to that predicted by the CF model, andery strongly reduced with respect to the value given by the
that the first-order MSO splitting of the fluorescent level CF model, so that the second-order MSO interaction be-
4T1(G) in ZnSe is very large and inversed with respect tocomes preponderant. It is shown that, in this case, the vi-
that predicted by the CF mod¥. bronic levels strongly depend on the monoelectronic and
The aim of this paper is to calculate the second-ordemultielectronic molecular wave functions which govern the
MSO interaction which becomes preponderant when thé1SO interaction.
first-order MSO interaction is reduced by vibronic interac- The electronic and vibronic structures for the level
tions, and to give an overall view of the vibronic structures*T,(G) of Mn?* in ZnSe are presented in Sec. lll C. It is
of orbital triplet levels ofd® ions in terms ofS, by consider-  shown that, for this levethe MSO interaction due to the 4p
ing the case of the fluorescent levlll;(G) of Mn?" in ZnS  electrons of the ligands becomes preponderant with respect
and ZnSe. to the MSO interaction due to the d electrons of the cation.
The extended cluster model giving the monoelectronichis case again, the electronic structure drastically differs
and multielectronic wave functions for the orbital triplet from that given by the CF model. In Sec. IV, the experimen-
states, and the first- and second-order MSO interaction, il results for level*T,(G) of Mn?* in ZnS and ZnSe are
presented in Sec. Il. The vibronic model is presented in Secompared to the theoretical results and a qualitative model is

Il A. It is shown in Sec. Il B that the electroni@nd there-  proposed for the structure of the fluorescent levels df Fie
fore the vibronig structure of the levefT,(G) of Mn?" in  InP and GaAs.
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[l. MSO INTERACTION AND ELECTRONIC STRUCTURE shell written in terms of the monoelectronic orbitals of ttie 3
OF LEVELS “T,(G) OF Mn IN ZnS AND ZnSe and 4 electrons of the cation, and in terms of the orbitads
A. Second-order MSO interaction op, andrp of the ligands as
The first-order MSO interaction has already been calcu- |t,y)=addt,y)+aP|pt,y) +a’S ost,y)
lated for levels*T,(G) of Mn in ZnS and ZnSésee Ref. 11 op .
by using molecular wave functions which correctly ac- +a”loptyy)+a™ mptyy),

counted for the orbit lattice coupling constaf@LCC's) of
levels *T,(G) and *T,(G) in ZnS and ZnSé? and for the
spin lattice coupling constantSLCC'’s) of the fundamental

wherey=¢, 7, or { refers to the components of the molecular
monoelectronic level %, and,

state 6:6\1 of Mn2* i|,1 Zns, Znse, ZnTe, and Cdt.(The ley')=bdey’) +b™| mpey’),

OLCC'’s and SLCC's describe the uniaxial stress effect on

excited and fundamental levels, respectively. wherey' =6 or ¢ refers to the components of the molecular
The MSO interactionHgg,, is conveniently studied in  monoelectronic level

terms of two matrix element&et; and{t,t, of the molecular As indicated in Sec. | it can be shown here that the CF

angular momentum. We will now recall the definitions of model is a simple particular case of the molecular model
let, and {t,t,. The operatoH o, describing the MSO in- corresponding tdt,y)=|dt,y) and|ey’)=|dey’), since in
teraction is defined in terms of the molecular angular mothe CF model the d electrons only are considered. Therefore,
mentumr, of electroni and in terms of the complex com- {et,= {t,t,= ¢y and the CF-model is obtained from the mo-

ponentsy, of the spin operators for electrarby™® Iefc;lar model by taking fofet, and {t,t, the common value
O M .
. All multiplets of the configuratiord®, constructed from
Hsm:E EI TuSq> the orbitalse andt,, have been taken into account to calcu-
d late the second-order MSO interaction. The 43 multiplets
whereu=x ory if q=+1 andu=z if q=0. 2A1(4), 2A5(3), 2E(T7), 2T1(8), 2T»(10), *E(2), *Ay(1),
Explicitly, 4A,(1), *T(3), *T,(3), and®A,(1) have been considered.
. . . The multiplets are written in the forrd®*I"(n), whereSis
7= m(Fiv) a4 (rin) Q- the total spin[" an irreducible representation of the tetrahe-

. ] dral groupTd, andn the number of multiplets of the given
(' is the total angular momentum of electranof the  gpin and symmetry. The multielectronic wave functions for
ligands.l;yy andl;_ are one-electron orbital operators for the the muyltiplets are obtained by diagonalizing the electrostatic
metal and the ligands respectivelyy and{, are the spin-  matrix of Sugano, Tanabe, and Kamimdfarhe diagonal-
orbit coupling constants for the cation and the ligands. In thgzation is performed by using the cubic field paramedey
following, the relevant spin-orbit coupling constants will be and the Racah parameteBsand C. For example, the three

those of the 8 electrons of manganese and of theeec-  stateq “T,(G)), | *T,(P)), and|*T,(F)) are written in the
trons of sulfur and the electrong 4f selenium. strong-field scheme as

The matrix elements of the molecular spin-orbit interac-
tion can now be expressed in terms of the matrix elements of |47, &y=g 94T, 9(4t,*2e))+a,?| *T,,%(4t,32€?)
the operatorr. The relevant matrix elements af for the
monoelectronic wavefunctiongend 4, are +a,947,,%(4t,22€%)),

i whereq=1, 2, and 3 refers to the three levél§; - u=x, y
§etz=§<98|Tz|t2§> or z. Then, by considering the spin and orbital degeneracies,
we obtained 252 state vectors expressed in terms of Slater
and determinants constructed from the monoelectronic molecular
orbitals|ey’) and|t,y).
{toto=—i(tL€| )| to7). A program has been elaborated to conveniently calculate
all relevant matrix elements of the second-order MSO inter-
Explicitly, Zet, and{t,t, are given in terms of the mixing action for the multielectronic wave functions. Finally, the
coefficients of the monoelectronic wave functions and of theslectronic energy levelEg andI';, and the matrix elements
spin-orbit constants of the metal and of the ligands by for the twol'g’s are calculated in the spinor grody™*.

tety=a%h?y+[1/(2\/3)]b™(a™+aP\2) ¢, B. Equivalent electronic operator
and While the first-order MSO interaction for an orbital triplet
level is simply described by an operatorli8 with I=1 and
{tot,=(a%%—aPaP) ¢y +a™(a’?\2—a™/2)¢, . S=23/2, the second-order MSO interaction is much more dif-

ficult to handle. Since our aim is to also analyze the vibronic
The mixing coefficient@ andb are defined from the mo- interactions, the electronic energy levels are most conve-
noelectronic molecular orbitalst4and 2 of the half-filled  niently described by the following equivalent operafor
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Heq= Cral-S+ce(2/3)(14S;+1,S,) +Car(1/3)12S?
+Cra(112)(1:S+1,S,+1,S)),

where the index in ther’s means that the operators span the

representatio” of the tetrahedral groud. It must be
noted that the first-order MSO interaction contributes{p

only, while the second-order MSO interaction contributes to

Cai, Ce, Cr2, and also tacy,. The term incaq represents a
shift common to the fine structure lines.

The cr’s are deduced from the energies of levElsand
I';, and from the matrix elements for the tdig's by using
the following relations

_s 5 3
W(I'g)=3Ca1+Ce— 3C11+ 5Cr2,

W(I'7)=3ca1—Ce+3Cri+3Cro,

3 3 _5 4 6
<F8(E)|HeJF8(§)>— 2Ca17 5Ce— Cr1— 5Cr2,
5 5 _5 4 3 3
(Tg(3)|HedTs(3))=3Ca1+5Ce+5CT1— 16CT2.

<F8(g)|HeCJF8(g)>: 2(ce—cro).

The contribution tact, of the first-order MSO interaction
and the contributions toy4, Cg, Ca1, andcy, of the second-
order MSO interaction can be expressed in term&aif and
{tot, as

Cri=alet+ Bt t,

Crmr= ' rurl€t>+ Biyrltoty’ + Yiwrlethitsts,

where cryr=Ct1, Ce, Ca1, andcq,. These two relations
are very convenient to calculate the influence of glseon
the energies of the fine structure lines.

C. Electronic structures

In order to have an overall view of the influence of the
monoelectronic wave functions on the electronic structure
of the fluorescent levels of Mn in ZnS and ZnSe, two sets o0
monoelectronic wave functions which correctly accounted.l_a

for the OLCC's(Ref. 13 and SLCC's(Ref. 14 are used for

Mn in ZnS and for Mn in ZnSe. Therefore, two sets of values,

for {et, and {t,t, are considered in each case.

PHYSICAL REVIEW B56, 205201 (2002

a.u., Cpa=1.40, Q= £0.8, Qy=0.97, andDg=—419
cm ', we obtain {33=285 cm *, {3,=308 cm’, let,
=205 cm  and {t,t,=131 cm L.

The multielectronic wave functions are obtained from the
following values forB, C, andDqg:B=630 cm !, C=3040
cm !, and Dg=-540 cm! (Ref. 18; B=730 cm}, C
=2880 cm! and Dg=—420 cm ! (Ref. 1); and B=830
cml, C=2500 cm?!, and Dg=—450 cm®. These sets
correctly account for the observed excited energy levels of
Mn in ZnS.

Tables (a) and (b) give the contributions of the first- and
second-order MSO interaction to the c’s for the le{/€|(G)
of Mn in ZnS for the selected sets of monoelectronic and
multielectronic wave functions. In the case of ZnSe:Mn, the
first set of monoelectronic wave functions corresponda to
=4.61 a.u.,Cnp,=1.63, Q==0.7, Qu=1.22, andDq
=—310 cm . The spin-orbit coupling constants argy
=296 cm* for Mn and {,,=1404 cm* for selenium.
let,=193.5 cm! and /t,t,=—139 cm L. The second set
corresponds t@=4.76 a.u.,Cy,—1.33, Qu= £0.7, Qu
=0.84, Dq=—421 cm?, [34=274 cm-1, {ap=1442
cm !, Zet,=150 cm !, and{t,t,=—270 cm' L.

Three sets of values fd, C, andDq are consideredB
=740 cml, C=2740 cm?, andDqg=—405 cm! (Ref.
19), B=630 cm !, C=3040 cm !, andDg=—540 cm {;
B=830 cm!, C=2500 cm! andDq=—450 cm L. Since
the experimental energy levels are almost identical in ZnS
and ZnSe, the second and third sets BorC, and Dq are
chosen to be identical for the two compounds.

Tables (c) and Kd) give the ¢’s for level*T,(G) of Mn in
ZnSe for selected sets of wave functions.

A comparison of thee's for ZnS and ZnSe shows that the
most striking difference appears for the contributior {9 of
the first-order MSO interaction. As previously shown, this
effect is primarily due to the very large contribution of the
ligands in the case of ZnSe.

In what concerns the second-order MSO interaction, a
somewhat surprising result is that the contributions of this
interaction to the'’s are not very different for ZnS and ZnSe.
This result, which was not evideatpriori, is due to the fact

éhat in ZnSe, the terms igi,_2 are to a large extent compen-

ated by the terms ity ¢, -

For ZnS, the electronic energy levels corresponding to
ble | are given in Figs. (b)—1(d) and Zb)-2(d), for S

=0. For ZnSe, the electronic energy levels corresponding to
the second lines of Table&) and [d) are given in Figs. @)

and 3c)for S=0. A more detailed discussion of the elec-

The influence of the multielectronic wave functions is de'tronic and vibronic energy levels will be made in Sec. III.

termined from slightly different sets of values By C, and

Dq deduced from fittings of the excited energy levels. We

will first consider the case of ZnS:Mn.

Il. VIBRONIC STRUCTURE FOR LEVELS
OF Mn?* IN ZnS AND ZnSe

T1(G)

For the first selected set of monoelectronic wave func-

tions, the interatomic distance s=4.41 a.u., the crystal
electric field isC,,,= 1.63, the charge of the lattice @,
==+0.8, thecharge of the cation iQy=1.31 and thehe-
oretical value for the cubic field coefficient Bq= —365
cm L. The spin-orbit coupling constants afg;=301 cnm't
for the electrongd of Mn and {3,=302 cm ! for the elec-
trons of sulfur. Finally, the molecular model give®t,

=236 cm! and {t,t,=178 cm'l. For the second set of

monoelectronic wave functions corresponding ae 4.56

A. Vibronic model

The vibronic interactions can be analyzed from the opera-
tor Heq defined in Sec. Il by replacing they's by coeffi-
cientscryt, defined as follows:

_ ~392
Cryy7=Cr1€ —Ky/2,
CEJT: CE+ Kl+ Kz,

_ ~352
Cr2yT=Cr2€ 7 +Kjy.
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TABLE |. Contributions to thec’s of the first- and second-order MSO interaction for the fluorescent
levels “T,(G) of Mn in ZnS (a,b and ZnSec,d). The results are given for three sets of values#o€, and
Dg and for two sets of values fajt,t, and Zet,. All values are in cm™.

(@ ZnS:Mn {tot,=178 cmt and Zet,=236 cm't

B C Dq Ca1 Ce Cro cr, First order cr, Second order
630 3040 —540 —5.98 4.48 —1.69 9.01 —2.16
730 2880 —420 -5.84 4.19 -1.29 5.67 -1.85
830 2500 —450 —6.40 4.81 -1.86 4.19 -2.55
(b) ZnS:Mn Zt,t,=131 cm* and Zet,= 205 cm'*

B C Dq Ca1 Ce Cr2 cr, First order ct, Second order
630 3040 —540 —4.29 3.84 —1.49 4.22 -1.52
730 2880 —420 -4.21 3.42 -1.15 1.42 -1.30
830 2500 —450 —4.62 3.89 —-1.59 —0.05 -1.81

(c) ZnSe:Mn{tyt,=—139 cnit andfet,=193.5 cm't
B C Dq Ca1 Ce Cro cr, First order cr, Second order
630 3040 —540 -3.68 3.73 -1.43 —34.82 -1.14
740 2740 —405 -3.76 3.86 -1.25 —37.15 -0.97
830 2500 —450 -3.83 4.30 -1.65 —39.64 -1.24

(d) ZnSe:Mn(t,t,=—270 cmi ! andZet,=150 cm't
B C Dq Ca1 Ce Cro ¢, First order cr, Second order
630 3040 —540 —3.89 0.83 0.48 —50.99 -1.29
740 2740 —405 -3.83 1.18 0.45 -52.30 -1.11
830 2500 —450 -3.71 1.58 0.13 —55.21 -1.20

The termsK,;andK, are defined by, = —X12 falhw, and
Ki+Ky,=—x,° fu/fiw, where f,=e *G(x/2), with x
=3E;r/fw, G(X)=2x"/n(n!), and fy,=e *G(x), S
=E;r/hw. Ej7 is the Jahn-Telle(JT) energy andiw is the
energy of an effective phonon.

B. Model for the vibronic structure of level *T,(G)
of Mn in ZnS

The energies, in terms of the Huang-Rhys faG8oof the
fine-structure lines of levefT,(G) of Mn?" in ZnS are
given in Fig 1 a for the CF model and in Figs(i—1(d) for
the molecular model. Figures(d—1(d) give the energy-
level schemes fort,t,=178 cm! and fet,=236 cm .
These figures show that f@=0, the overall splitting of 60
cm ! for the CF model[Fig. 1(a)] is reduced to 30 cm
[Fig. 1(b)], 18 cm ! [Fig. 1(c)] and 15 cm? [Fig. 1(d)]. We
can note that, in Fig. @), the energies of the two levels,

andI'g(3) at lower energy are almost identical and constant

Figures 2Zb), 2(c), and 2d) give the energies fott,t,
=131 cm! and fet,=205 cm 1. We must note the very
strong reduction of the overall splitting5 and 10 cm? for
S=0) with respect to the overall splitting0 crm * for S=0)
predicted by the CF mod¢Fig. 2(a)]. Figures 2c) and 2d)
show that the ordering of the energy levElsandI'g(3), on

inverted with respect to the ordering predicted by the CF
model. In particular, Figs.(2) and Zd) show that the level
I'; is at lower energy and that the levEl is at higher
energy.

These results show that the energies very strongly depend
on the second-order MSO interaction whose effect on the
energy levels can be of the same order of magnitude or even
greater than the first-order MSO interaction. Therefdine,
energy levels are very sensitive both to the values,of,B
and Dq which govern the multielectronic wave functions and
to values ofZet, and {t,t, which depend on the monoelec-
tronic wave functions and on the spin orbit coupling con-
stants of the electrons d of the cation and p of the ligands.

C. Model for the vibronic structure of level *T,(G)
of Mn in ZnSe

For level “T;(G) of Mn in ZnSe, the energies, in terrs
of the fine-structure lines are given in Fig. 3. This figure
represents the energy levels f&=740 cm!, C=2740
cm %, andDg=—405 cm 1,

Figure 3b) gives the energy levels as predicted by the
molecular model fort,t,=—139 cm ! and Zet,= +193.5
cm L It must be noted thati) the overall splitting of 160
cm ! for S=0 is much greater than the splitting of 55 thn

given by the CF mode|Fig. 3@)]; (ii) the levelI'; is at

the one hand, andls and I'g(3), on the other hand, are lower energy while level's is at higher energy whatever the
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FIG. 2. Theoretical splitting of levetT,(G) of Mn in ZnS in terms of the Huang-Rhys factsy for {t,t,=131 cm! and fet,=205
cm L. As in Fig. 1,(a) gives the energy levels as predicted by the CF mabigl(c), and(d) correspond to three sets of values ByC, and
Dg. Awg=300 cmL.

value of§ and(iii) for large values folS, the levelsl'; and  tained in Figs. &) and 2d). A correct fit of the energy levels
I'g(3) coalesce at lower energy while the levdly and is obtained from Fig. @) for S=1.2 or from Fig. 2d) for
FS(%) coalesce at h|ghe|’ energy. S=1.4. The theoretical SpllttlngW[Fg(g)]—W(Fﬁ=07
Figure 3c) gives the energy levels fdit,t,= —270cm*  cm ! and W(I'g) —W[I'g(3)]=0.6 cm ! are in excellent
andZet,=150 cnm . We must note thatj) the overall split-  agreement with the experimental values of 0.6 and 0.7cm
ting of 210 cm * for S=0 is four times larger than the split- respectively, the theoretical energy separatfil's(3)]
ting predlctedsby the CF model, arﬁni? the order_lng of lev- —W[T4(2)] between the two groups of lines is of 6.25 ¢
elsI'; andI'g(3) at lower energy are inverted with respect to whijle the experimental value is of 9.04 ¢t It was shown

the ordering of Fig. @). in Ref. 11 that the experimental and theoretical RDS's are in
good agreement.
IV. COMPARISON WITH EXPERIMENTS In the case of ZnSe:Mn, the experimental spectrum re-

duces to two unresolved lines separalted by 11.5%cwith
For MIP" in ZnS, magnetic-ield experiments, performed [950/E (0% Beins of 1208 ' 11 SRR o
on crystals of very high quality giving linewidths of 0.6-0.7 for the unresc?lved Iir?e at higher energy and 11 for the unre-
cm %, have unambiguously shown that the level ordering . g 9y

d t,h . ith t to the level at | 1olved line at lower energyA very good agreement between
and the energies, with respect to th€ level at lower energy, g, q experimental and theoretical energy separation and the
the fine-structure lines of the fluorescent level &YéI';) RDS's is obtained from Fig. (8) by taking S=1.7 or from
=0, W[I'g(3)]=0.69 cm!, W[Tg(3)]1=9.74 cm?, and  Fig. 3(b) by taking S>2.5. However, it must be noted that,
W(I'g)=10.33 cm™.*? The correct level ordering is ob- for large values foS, the vibronic model associated with the
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FIG. 3. Theoretical splitting of levetT,(G) of Mn in ZnSe in terms of the Huang-Rhys fact8rfor B=740 cm!, C=2740 cm™.
Dg=—405 cni'?, andfwg=240 cm'L. (a) gives the energy levels as predicted by the CF matihand(c) gives the energy levels for two
sets of values fott,t, andet,.

CF model or the covalent model predicts a coalescencthus complicating the interpretation of the measurements, in
of levels associated to the statd§;) and |I'4(%)) pﬁl’tiCU:_al’ th(c|>_se Ofdtt?]e RI?%’SZ.GThej)pectrum gogsti)StSthlWO
sharp lines(linewidths of 0.26 cm~) separated by 4.

= (310)[T'g(3))~ (1110)[T'e(3)) on the one hand and (-1 4nq 4 broader lindlinewidth of 2 cm™) appearing at
Ty and|T'4(3))=(11/10)|T'g(3)) + (3/V10)|Tg(3)) onthe 22 cmi1.° The two lines at lower energy have been asso-
other hand, so that it is not possible to select one of the tweiated with leveld - for the line at lower energy andg for
models without having the experimental positions of levelsthe line at 4.14 cm’; the broad line at 22 cit has been
I'¢ andT'; with respect to level§'y. Of course, as for M  associated with levelfs andI'g, the coupling being ta:
in ZnS, experimental spectra showing the four fine structurenodes only. It is possible to propose for InP:Fe a molecular
lines could permit to check the validity of the molecular model similar to that developed for ZnS:Mn since the spin-
model since the CF model and the molecular model predicbrbit coupling constants of the electrons of the ligands and of
different energy-level orderings. the cation are not very different (=217 cm ! for an effec-

We will now consider the structure of the fluorescent leveltive charge of—1 for phosphorus in InR, =298 cmi'! for
of FE" in InP and GaAs and give indications concerning thean effective charge of-1 for sulfur in ZnS,{r.=426 cm'*
interpretation following the molecular model. In the case offor an effective charge of-2, and {y,=286 cnit for an
Fe** in InP, the emission spectra were studied by Pressesffective charge of+1). Energy level schemes similar to
et al,” the uniaxial stress effect and the Zeeman effect wer¢hose of Fig. 2c) or 2(d) could account for the energy level
studied in Ref. 7. It must be noted that in emission spectrascheme in InP.
the levels are thermally populated so that the amplitudes of In the case of F& in GaAs, uniaxial stress experiments
the lines as well as the linewidths depend on temperaturand Zeeman experiments performed at low temperature on
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the level at lower energy have shown that this level is arsecond-order MSO interaction becomes preponderant to de-
orbital singletI’; coupled toe modes; the next level at 6 scribe the electronic levels. No such compensation exists in
cm lis a levell'g, another level al2.6 cm! has been the case of ZnSe, becaugge is approximately four times
observed in emission spectra, and a level at 21 cimas  greater thari,, so that the influence of the ligands becomes
been predicted from a fitting of the Zeeman experiméfits. preponderant and the electronic energy levels are inverted
The molecular model developed for ZnSe:Mn seems to ba&vith respect to the energy levels predicted by the CF model.
adaptable, since the spin-orbit constants of the electrons dfurthermore, the overall splitting of the electronic levels is
the ligands are very largéor example/, =984 cm 1 foran  four times greater than that predicted by the CF model. In
effective charge of-1 for arsenium in GaAs angf =1442 this case, the diagonal second-order MSO interaction be-
cm ! for Se in ZnS& An energy level scheme similar to that comes important as soon as the first-order MSO interaction is
of Fig. 3(b) could account for the fine structure of the fluo- reduced by vibronic interaction.
rescent level of F& in GaAs by taking 1.4 S<2. For Fé" It has been shown that, for the second-order MSO inter-
in ZnS, ZnO, and GaN considered in Sec. |, it is not possibleaction, the influence of the ligands are not very different in
to suggest a model from the published emission spectra withZnS and ZnSe although the spin-orbit coupling constants of
out complementary studies of the uniaxial stress effect and/dhe electrons of the ligands are approximately four times
the Zeeman effect. larger in ZnSe than in ZnS. This means that, for Mn in ZnSe,
the term in gf is partly compensated for by the terms in
V. CONCLUSION £ ¢w - Concerning the multielectronic wave functions, it has
] ) been shown that, for ZnS, the MSO interaction is very sen-
A complete molecular model involving the second-ordersitive to the values foB, C, andDq and that the ordering of
!\/I_SO interaction has been elaborated and severall charactgfie vibronic energy levels strongly depends on these param-
istic energy-level schemes have been presented in order {Qqrs.
show the importance and thescpmplexity of covalency effects Finally, the four lines of the vibronic structure of the fluo-
on the fluorescent levels a” ions. For convenience, the yegcent level of MA' in ZnS have been interpreted from the
results have been compared to those given by the welsiecular model. A quantitative model has been proposed
known CF model. _ for the two observed vibronic lines of the fluorescent level of
Concerning the influence of the monoelectronic wavey 2+ in ZnSe, and crude models have been proposed for the

functions and of the spin-orbit coupling constants of the elecypexnected vibronic structures of the fluorescent levels of
trons of the cation and of the ligands on the first-order MSO=3+ iy InP and GaAs.

interaction, it has been shown that, in the case of ZnS, the
first-order MSO interaction is strongly reduced with respect
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