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A cluster model is proposed to account for the increase of one to almost two orders of magnitude for the
radiative transition probabilitie€RTP’s) of Mn?* in the common cation series ZnS, ZnSe, and ZnTe. First, it is
shown that the RTP’s of® ions in tetrahedral symmetry are given by second-order perturbation schemes
involving the molecular electric dipole moment and the molecular spin-grt$O) interaction. Then, a model
is elaborated to calculate the monoelectronic matrix elements of the molecular electric dipole moment and of
the MSO interaction. In particular, three methods are proposed to calculate the molecular electric dipole
moment. For the studied compounds, the metal-metal, metal-ligand, and ligand-ligand contributions of the
group overlaps to the molecular electric dipole moment and to the MSO interaction are analyzed. It is shown
that the strong increase of the RTP’s when passing from ligands S to ligands Se and Te is primarily controlled
by the MSO interaction of the ligands. Then, the radiative lifetiifils) for Mn2* in ZnS, ZnSe, and ZnTe, are
calculated and found to be in good agreement with the experimental values. Finally, the RL'$*ahNMther
[-VI compounds, and of M and Fé* in several Ill-V compounds are briefly considered.
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[. INTRODUCTION d® ions near the surface of NC’s. We will now present an
overall view of the experimental RL’s @ ions in 1I-VI and
The experimental determination of the radiative lifetimeslll-V crystals and select one set of RL's to elaborate a de-
(RL's) of d® ions, such as Mt and Fé*, in II-VI (Refs. 1-5 tailed cluster model.
and 111-V (Refs. 6-1]1 compounds has long attracted much ~ The radiative lifetimes of the quoresceﬁT1 level of
attention. Most experiments on RLs have been performed oMn®* and Fé* have been measured in a variety of -Vl and

d® ions in cubic or axial crystafs:t However, much atten- l-V compounds. In the case of Mhin the common cation
tion has also been given to the RLs of Rfrin nanoclusters ~ Series: cubic Zn$? ZnSe and ZnTe; the RLs decrease
(NC's).12.13 from 1.77 ms to 0.22-0.24 ms and 40—/A2, respectively,

For example, in the case of ZnS:RINC’s, very short  thus showing that the RL's of Mti is 8 times shorter in
RLs have been observed in the region of the emission ofnSe than in ZnS, and 40 times shorter in ZnTe than in ZnS.
Mn2* and have been related to Rfncenters2 However, In the case of F¥, the RL in Zn$ (4.3 mg is six times
very recent time-resolved excitation and emission experishorter than in ZnQRef. 7) (25.2 ms, axial symmetyy For
ments in small ZnS:M#t NC’s (mean diameter of 12 A Fe** in 1Il-V compounds the RL is four times shorter in
have clearly shown that in addition to the fast decays obGaAs(Refs. 8 and 9(1.9 m9 than in GaN(Ref. 10 (8 ms.
served in early experiments, a slow decay of 1-2 ms ihe RL of F€* in InP is of 1.1 ms'!
present and that it is in the range of the RL’s of isolatedMn Concerning the fluorescent levels df ions, a recent
centers in ZnS crystal$.The slow decay has been attributed analysis of the fine structures of thg, levels of Mrf* and
to Mn?* centers while the fast decays have been attributed t&€** in several I1-VI and 1lI-V compounds has shown that,
trap states of ZnS NC% due to the MSO interaction and the Jahn-Teller effect, the

In the following, we will consider single crystals in order fine structures are much more complex than expected from
to elaborate a molecular cluster model for the RL'sfofons  early crystal field(CF) modelst* In cubic symmetry, the
in 11-VI and 1ll-V compounds since single crystals show fluorescenfT, level of ad® ion decomposes into four elec-
much more detailed features than NC’s such as a well knowironic levelsIs, I'7, I'g(3/2) andI'g(5/2) and the fundamen-
symmetry, well defined zero phonon lines, known phonortal level into twol'; andI'g levels. As shown in Fig. 1, in the
structures and Jahn-Teller couplings. Of course, the proposetzhse of ZnS, the four fine structure lines of the fluorescent
cluster model can be used to interprete the RL'sidfons 4T1 level coalesce into two almost degeneraieandl’s(3/2)
inside NC’s, but cannot be used to analyze centers involvingevels at lower energy separated by 9.7 &rfrom two al-
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relativistic'® electric field effects ineE.r on d® ions. The
RL's of d® ions are given by perturbation schemes involving
crystal fields of odd parity, the SO interaction, and the elec-
tric dipole moment. The RL's depend on the SO coupling
constant of thel electrons and slightly depend on the ligands
_____________________ via the internal crystal field so that the CF model cannot
: i account, for example, for the drastic variations of the RL's in
: the common cation series ZnS, ZnSe, and ZnTe.

i It can be noted here that contrary to the casel%ions,

, the CF model correctly accounts for the RL's of spin and
i parity allowed transitions, such as thd-5 4f transitions of

] rare-earth ions. For example, the experimental RL's of 36 ns
i for Ce®* in CasS, 750 ns for EAI in CasS, 20 ns for C¥ in
i
i
1
I
I
I

ENERGY ( 10%cm!)

20 4

SrGaS,, and 580 ns for E&f in SrGaS, are correctly ac-
counted for by the CF model used by Hoslthaince the
theoretical values differ from the experimental values by fac-
tors of 0.5 to 3.5 only.

A phenomenological molecular model for the radiative
''''''''''''''''''''''' dipole strength§RDS’s) of Mn?* in the common cation se-
ries ZnS, ZnSe, and ZnTe has previously been proposed by
Boulangeret al?° to account for the drastic variations of the
RL’s of Mn?* in 1I-VI compounds. The model is based on the
facts that(i) the transitions between tHéTl> state and the
fundamenta|°A,) state are spin forbidden and that this inter-
diction is removed by the MSO interaction aio the elec-
tric dipole transitions are no longer parity forbidden in mo-
— lecular models, so that, second-order perturbation schemes
Ho He Heo+Hyy  [xcitation can account for the RDS's.
spectrum It must be noted that the MSO interaction is of primary

FIG. 1. Energy levels at lower energy of #frin cubic symme-  Importance when the SO coupling constagjtef the p elec-
try. The spectroscopitG term and three multiplets are represented (Fons of the ligands is greater than the SO coupling constants
to the left. The experimental and theoretical fine structures of théd of the metal. Th's is the case for Mn in the_ considered
fluorescent level as observed in ZnS are given in the itdgtHc,  |I-VI compounds, since the ratia /{ are approximately of

Hso and Hyr represent the free ion Hamiltonian, the cubic field 1, 4.5, and 11.5 for S, Se, and Te, respectifély fact, the
interaction, the spin-orbit interaction, and the Jahn-Teller interacMSO interaction is the fundamental interaction which can
tion, the splitting of the fundament&A, level is not represented. ~ account for variations of one to two orders of magnitude for
. physical coefficients ofl® ions in crystals. For example, it
most degeneratg(5/2) andl's levels at higher energy. I has peen shown that the spin-lattice coupling coefficients
the case of ZnSe, the two degenerate levels appearing g8) cC's) of d° ions which describe the coupling of the fun-
lower energy are separated by 11.57¢rfrom the two de-  gamental level tcE strains, are strongly dependent on the
generate levels at higher energy. The splittings of the degenyare of the ligands and are correctly accounted for by
grat;lgrvelshhaf\_/e not been o_bserv<|a(d experimentally in ZnSgg:ond.order perturbation schemes involving twice the MSO
OEI’hn €, the fine structure Is not known. interaction between the fundamental state and [fg)
e fundamenta‘iAl level decomposes into two levdly state<!

and I'g with W(I'g)—-W(I';)=3a, a being the fine structure . -
constant determined from electron paramagnetic resonan ﬁConpgrmng the molecular quels, Itis necessary to Che?k
e validity of the monoelectronic and multielectronic wave

experiments. In the model developed here for the RL's, th ; - .
splitting of the®A, level will be neglected since it is ofa3 unctions by fitting several physical constants. In the case of
—7.87% 107 cm‘ll 19.7X 104 e L. and 29.6< 1074 cmit Mn?* in ZnS and ZnSe, the monoelectronic and multielec-

for Mn? in ZnS25 ZnSels and ZnTel® respectively. tronic orbitals have already been tested by calculating the

It has long been realized that, in the crystal-fi¢@F) ?rbit-lattice coupling coefficient$OLCC's) of the “T, and
model, the large values of RUs characteristicdSfions is T levels at lower energ: The molecular orbitals as well
due to the fact that the transition from the fluorescéft ~ as the MSO interaction have also been tested by calculating
level to the fundamentdiA, level is spin and parity forbid- the SLCC's of th’A; level of M?* in ZnS, ZnSe, and ZnTe
den. The spin interdiction can be removed by using the spinéRef. 23) and the fine structure of the fluorescéi levels
orbit (SO) interaction. Concerning parity, it is necessary toof Mn?* in ZnS and ZnSé?
consider crystal fields of odd parity and electronic configu- The aim of this paper is to elaborate a cluster model for
rations of odd parity in order to get non zero matrix elementghe RL's ofd® ions in tetrahedral symmetry and to perform a
for the electric dipole momersr. molecular calculation of the MSO interaction and of the mo-

In the CF model, the excited configurationd*8p and lecular electric dipole moment in the case of ¥nn the
3d*f have long been used to calculate the clasSicahd  common cation series ZnS, ZnSe, and ZnTe. The general
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definition of the probability of spontaneous emission and the 61,n
molecular model for the transition probabilities for the emis-
sion bands and for the zero phonon lines are presented it

Sec. Il. The methods used to calculate the MSO interaction, 4149 Hso

the molecular electric dipole moment, and the transition

probabilities are presented in Sec. Ill. The monoelectronic lj

wave functions for MA" in ZnS, ZnSe, and ZnTe, the matrix 4y fluo fj Ay

elements of the MSO interaction, and of the molecular elec-

tric dipole moment are given in Sec. IV. Finally, in Sec. V, Hso
the theoretical results are presented and compared with th
experimental results. The RLs @P ions in II-VI and Ill-V
compounds are briefly considered.

5A, 6A
II. TRANSITION PROBABILITIES AND VIBRONIC 1

INTERACTIONS FIG. 2. Second-order perturbation schemes used in the calcula-
A. General model tion of the RL's.Hgp is the MSO interaction; is the component

- L. __ofr. The*T, levels are considered in the scheme to the left. The
The probability of the spontaneous emission per unit imey_ jeyels appear in configurations with three open shells only.
from an initial stateA to a final stateB is given by%23

1 16473y contributions of the configurations with three open shells
P(AB) = o d_TS(A B), (1) such as the contributions of tA&, and®T, multiplets which
A appear at very high energy. It must be noted here, that a

wherer is the radiative lifetimed, is the degeneracy of the molecular calculation restricted to the configurationg2e,
initial state, o is the energy of the emitted lighk is a cor-  4t,%2¢? and 4,?2¢® correctly accounted for the SLCC'’s of
recting factor which accounts for the effective electric field Mn2* in the studied compounds.
at the site of the impurity, and(A,B) is the total line Concerning the phonons, ify symmetry, the electronic
strength of the transitionS(A,B) is given in terms of the
componentg=x, y, or z of the electric dipole moment and in
terms of the componentsandb of the initial and final states

by 4p

S(AB)=2 S(AB) 2
J

with 4s

ENERGY ( 10°cm™)

$<A,B):2§3(Aa,sb>. 3)

4, <
We will now consider the operators as well as the electronic 3d — 2e

and vibronic levels intervening in the calculation of the total 100 3t
line strengthS(A,B) for transitions from the fluorescefiT; i t,
level to the fundamentdlA, level of d® ions in tetrahedral 2t,
symmetry.

The operators and energy levels involved in molecular
second-order perturbation schemes are shown in Fig. 2. Ir
this figure, the first scheme involves intermedisie levels,
the MSO interaction, and the molecular dipole moment. For
the second scheme, the intermedfafiglevels are due to the
promotion of one electron from a filled inner sheth,11a;,
2t,, le, 1t;, 2a,, or 3, to half-filled shells 4, or 2e or from 200 _
the promotion of one electron from the half-filled shelts 4 Monoelectronic
or 2e to empty shells § or 3a; appearing at high energgee Manganese molecular lovels Sulfur
Fig. 3). In Fig. 3, the empty shellstband 3, at high energy
are not represented. We can note ﬁﬁkﬂeve'S do not exist FIG. 3. Monoelectronic energy levels for ¥hin ZnS for the
in a model restricted to the configuratidf set a of values for the molecular coefficients. The monoelectronic

In the proposed molecular model, we will consider theenergy levels of Mn and S are given to the left and to the right,
contributions of the intermediafd,? (q=1, 2, and 3 levels respectively. Several molecular energy levels are given in the cen-
which are built from the configurations A2e, 4t,°2€?, and  ter. The levels % and 2 are of primary importance to calculate the
4t222e3 with two open shellgsee Fig. 3 and neglect the RLs.

[

— 2a,

> le

T

3s

1, — —————mx-—>1a,
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states are coupled ®,, ¢, and, modes. For the fluorescent case of a coupling te modes which is preponderant to ac-
levels, in the case of ZnS and ZnSe, the uniaxial stress effecount for the fine structure of the fluorescent level.

has shown a coupling t4, strains and a Jahn-Teller cou-  In the molecular model, the componer8sof the total
pling to E strains, the coupling td’, strains being either line strength for transitionéT1—>6Al involving thee modes
small or strongly reduced by the Jahn-Teller couplingsto are given in terms of the matrix elements of the MSO inter-
strains?! The influence of phonons on the second-order peraction and of the matrix elements of the components the
turbation scheme involving théT1 levels is studied in the molecular electric dipole moment by

(A Mgy, [Hsd “TIMn,yn ) (“TEuMenyn,|r;|*T,uM00) | 2

4 6 ra !
T,UMO0LAMyn,/n,’)= [ > > 4
%( S v ) v, Ng,n, inb(GAl)_inb(‘lT(lJ)
[
gq=1,2,3refers to the threéTl levels of thed® configura- P 1
tion. The*T,% level with q=3 is the fluorescent level which 2 Ang.n,)?= W )2 9

will be simply denoted'T, in the following.u andv are the ny'n,’
orbital components of théqu levels. Mg and My, are the

spin components of théTl and 6Al multiplets, respectively. we get

The [*T,%Mn,n,) states are vibronic states, whose energies

W,ip(“T,% are given by*

S(TUMPAM,) = | S =3 (A M, [Hsd TiM.)
q

Weip(“TH) =W(*TY) + (ny+ n, + Diiw-EY,  (5) wg,n <

2

whereW(“T % is the energy of the electronic stafay is the (10

energy of an effective phonon & symmetry,n, andn, are

the number of phonons @&, and E, symmetry, andE;y is

the Jahn-Teller energy of tH&,* level. The|°A;Mgn,'n,")

states are vibronic states of the fundamef#glievel whose ~ Where
energies are given by

X (“TSoMr[*T,uMs)

Wiip(*Ag) =W(°A)) +(ny +n, + Do, () W = WY - WCA) + o, v

: . This relation has been calculated from the vibrational
Concerning the phonons, the summation on all phonons : 6 . L0
. X q . Wave functions of théT, and®T, levels given by Gélineat?
of the intermediatéT," levels can be written as

By assuming tha&iw is identical for the threéTlq levels,

A(n, .n.’) we getn=S. This result is valid if the energy difference
° between the’A; level and the*T,% levels is much greater

- (On,'[vng){¥n,gu0)(On,'|vn,){¥n,|u0) than the energy of the phonons as it is the case fof*Nm
o, W(4T(f) -ES - W(GAl) +(ng+n.—n, -n Vo [I-VI compounds. The values for depend on the Jahn-Teller

energies of the levels intervening in the calculation. An ana-
() loguous calculation can be used when considering the cou-

This sum will intervene in the calculation of the transition p_Iing to_\c;vlq modes. In the f(ill\lgwir.lg, we will consider that
probabilities of the zero phonon lines and of the emission¥(d:S)=Wip +2Shw, whereWsp, is the the energy of the
band in the following subsection. zero phonon lines, can be approximately given by the energy

of the maximum of the absorption bands of the thf&g
levels.
It can be noted here that the transition probabilites of the
The transition probability of th&T, emission band is ob- ZPL's from the fluorescent level to tfé, fundamental level
tained by summing on all phonons of the fundamental stateare obtained by considering th&, level with n,/=0 and
so that n,'=0, that isA(0,0). For the zero-phonon lines of the fluo-
rescent“Tl level, all transition probabilities are reduced by
S(*TuMg A Mg ) = > S(*T,uMO0,fA Mg, n,). the factor exp-9S). Therefore, the Jahn-Teller effect does not
'/ modify the relative oscillator strengths of the fine structure
(8) lines of the fluorescerfT, level. Of course, this is not true,
when selective intensity transfer occurs as, for example, for
By using the transition’T,— °A; of Mn?* in ZnS and ZnSé&°

B. Transition probability of the 4T1 emission band

Ng Ng
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IIl. MOLECULAR MODEL S(*TuA) = X s(*TuM A M)

A. Molecular spin-orbit interaction Ms.Ms
The molecular spin-orbit interactiddgo, which has been B 1 5 4ra. \/arq. v 141q 2
defined by Misetich and BucH,can be written as = % W(q,S)< AT TI)TH*TS) |
Hso=2 turm)ly s+ X X ol s, (12) 17
i i L

] ) where v is different fromu andj. If j is different fromu,
The sums are performed on the five electronsf the  hen, the dipole strengtB(“T,,°A,) of the transition from

. N : i i :
configurationd” and on the four ligands. 1y, and I, are  he fiyorescent level to thi, fundamental level is nonzero
one-electron orbital operators for the metal and the ligands, g its value is independent prandu, so that

respectively.fy, and{, are the spin-orbit coupling constants

of the electrons of the metal and ligands, respectividly, 5(4T1,6A1) => 3(4T1U,GA1) = 6f2 (18)
can conveniently be written in terms of the molecular angu- ju

lar momentumr, as with

Hso= 2 7}, 13 =3 — (A TR THETY). (19
q W(qu) e ' ' o

f is real and its value depends of the contribution of the three
14 a1 \evels from the mixin ;
1 g parametess:

[*Tu) = afl “Tyu(t, ")) + ad T yu(t,’e) + a “Tyu(t, %),

with
7= Gu(ri) e + G QL

u=x,y,z The Q‘u’s are the one electron orbital operators for
the ligands. The matrix elements of the molecular spin-orbit

interactionHsq between thg®A,) state and thé’T,) states (20)
are given by . . therefore,
(°AMg|Hso*TvMg) = Car (Mg, MI(®A|7,|*TTw), s 3 3

(15) f=2> ——IE > 2> a?a?rat"<GA1| 7z|4T12(t25_tet)>
q w(g,9) =1 t'=1t"=1
where the matrix elemen@4Tlgive the spin components of L o
Hso between théA, level and the'T, levels for a configu- ><<4T1X(t25_t )Ty, e )>, (21)
ration with two open shells. These matrix elements have pre- herem(a. S is th fth . f the ab i
viously been defined in the strong field complex basis an erew(q,S) is the energy of the maximum of the absorp

used to calculate the SLCC’s of Mhin ZnS, ZnSe, and tion band of eacHTl level.

ZnTe2l The matrix elements of the repulsive electrostatic interac-
tion are calculated by using tH& , triplet states developed

B. Molecular electric dipole moment and transition in terms of Slater determinants defined in Ref. 22. The mix-
probabilities ing parameters of the thré@ , levels are obtained by diago-

nalizing the matrix of Suganet al?® whose matrix elements
£re calculated from the Racah parametBrsC, and the
cubic-field parameteD,,.

The matrix elements of as given in Table | a, depend on
the two coefficientSi, and {ep. Lot 1S the spin-orbit cou-
pling coefficient between two monoelectronic orbitglaind
Lep IS the spin-orbit coupling coefficient between two mono-
alectronic orbitalee andt,. The matrix elementgy, andrgp
of r are given in Table | b.

The multielectronic*T,% states are defined on the real
basis in the strong field scheme, restricted to the configur
tion d°. The matrix elements of the orbital momentare
identical forv=x, y, or z, but depend om. They include the
SO coupling constantgy, and ¢, of the metal and of the
ligands, respectively.

The matrix elements of; of the electric dipole moment
between electronic states are calculated in the strong fiel
scheme. On a real basis, the matrix elements; @fre real,

and, by USing Griffith's result%s, it can be shown that they IV. MOLECULAR MODEL EOR THE RL'S OF Mn 2+

are non-zero only iy, v, andj are all different. The matrix IN 11-VI COMPOUNDS

elements ofr; are also independent & and are invariant .

for any permutation ofi, », andj, so that, the sum om is A. Molecular orbitals

reduced to only one term. For Mré* in 11-VI compounds(see Fig. 3 the molecular

Itis now possible to perform the sum on the spin compo-grhitals in T, symmetry have been determined in Ref. 22
nentsMs andMy of the ‘T, and®A, levels, respectively. By  from a semiempirical self-consistent method. The calculation
noting that was an extension of the method proposed by Ballhausen and
Gray?® and by Buch and Gelineath.The coordinate system

2 —
%“ ME |C4T£MS"MS)| =1, (16) is given in Ref. 22, for Mn and its four neighbors.
s The atomic radial functions were those calculated by Ri-
we obtain chardsonet al3? for manganese and by Watset al32 for

075209-5
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TABLE |. Multielectronic matrix elements of the components of (a) and 7 (b) in terms of the matrix
elementsz . , Zey, (i, and{e, defined in Secs. IV B and IV C.

a
(T (7€) T y(t, e)= Tt %) T, Tit,%ed)
Tt ~Zipral 2 ~Zep/\2 0
“T,(,%) ~Zepl\2 0 Zep!\2
Tt 0 Zep/ 2 Zio! 2
b
CAL )| 7T 2t e)= Tyt Ti(t,%) Tt
oA, (t,%) 2izet, —iV2¢tt, 2izet
sulfur, and by Clementt for selenium and tellurium. It must B. Molecular spin-orbit interaction

be noted here that the radial part of the wavefunctions of the  \yie will now consider the molecular spin-orbit interaction.
orbitals 3 and 4 depend on the effective char@g, of the
metal so that the metal-ligands overlap integrals also depe
on Q. F . !
S . or the monoelectronic wave functioesandt,, the rel-
For Mn, the valence state ionization potentiQisSIE’S) ; 2
. evant matrix elements of are
have been calculated following the method proposed by

The calculations oﬁtztz and Let, have been detailed in Ref.
ngl. We will briefly recall the main results.

Basch, Viste, and Gra¥.For sulfur, selenium and tellurium, {i, = ~ {8 Tltom) = (2% - aPaP) 4y
the following VSIE’s have been calculated from the energy =
levels given by Mooré® For sulfur, VSIE3s)=-1.77Q? +a™(y2a" -a™/2)¢, (24)

+74.13Q,_+166.7 and VSIE3p)=7.95Q?+83.75Q, +93.4.
For selenium, VSIHs)=6.9 QE+91 Q. +168 and
VSIE(4p)=6.9Q7+73Q_+87. For tellurium VSIESSs)
=3.73Q?+98Q, +167.6 and VSIBp)=7.40Q%+76 Q_
The off-diagonal matrix elements have been obtained
from Cusach’s approximatiotf. The influence of the crystal We can note here that in the CF modgli, = fer, = m-
was otained by calculating the diagonal and off-diagonal ma- The spin-orbit coupling constants for the electrons
trix elements of the electrostatic field due to the first and3d and 4 of Mn and for the electronsnp of S,
second nearest neighbors of Mn. The influence on Mn of th&e, and Te have been calculated following the
other atoms of the crystal was approximated as being theimethod proposed by Blume and Wats8n.We get
contribution to the Madelung’s energy. For the ligands, the/y,(Mn: 3d,4p)=286.0+47.0Qy —1), {.(S: 3p)=297.7
influence of the crystal was calculated from the same+65.3Q, +1), {( (Se: 4)=1353.0+297.0Q, +1), and
method. {(Te:50)=3444.0+756.0Q, +1).
We will now consider the monoelectronic molecular or-
bitals 2 and 4, (which will be denotede andt,) of two
half-filled shells. These monoelectronic molecular orbitals C. One electron molecular dipole moment
andt, are linear combinations of the atomic orbitald &nd
4p of Mn, and of the orbitalsios, nop, andnzp (n=3 for S,
4 for Se, and 5 for Teof the ligands:

and

i _
L, = (el mltol) = DGy +b™(( 227 +a™) 1213,

In order to calculate the matrix elements of the electric
dipole moment, the molecular orbitaisand e are taken as
linear combinations of the orbitals of Mn and of the group
orbitals of the first four neighbors. Direct axis systems are
le,y= > b%40O.e,) =bdde,) + b™|mpe,), (22)  used in order to avoid any phase problem during the calcu-

k lations, in particular for the orbitalsp.
The matrix elementzt2t2 and Zey, are obtained as follows:

Ito,) = 2 aoj|ojt27> = ad|dt27> +aP|pty,) +a”osty,) Z,= (Lt = > > a%a%(0rtyél7] Ojtam), (26)
j i
+a’®lopty,) +a™|mpty,), (23

—
V3
=(eely|tom) = — —(eb|zt
v =0,e andy=¢, 5. { refers to the components of tieeand 7y, = (Celytz) 2 (etlzitzd)

t, orbitals respectively. The values of the coefficieatsaP®, 3
a’s, a’?, a™, b, andb™ are obtained from the semiempir- = \—E > bOian<oieg|z|ojt2§>_ (27)
ical self-consistent method. 277
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For the state,, i=1—5corresponds to the orbitalslznd *
4p of the cation anarst,, opt,, wpt, of the ligands. For the |Ot0) = > |Ojt20), (30
statee, k=1,2 corresponds to the orbitald 8f the metal and I=M
7p of the ligands. The group orbitaS;t,y and O,ey’ are
defined in Ref. 30.

It can be noted here that the calculation of the matrix -~
elements of the electric dipole moments is much more diffi- |0,e6) = 2 |Ojed), (31
cult to handle than the calculation of the MSO interaction. I=M
The fundamental reason is that, in the case of the MSO inghere M=0 for the orbitalsos and op and M=1 for the
teraction, the interaction is localized on the metal and on thgyhitals mmp. For os and op, the terml=0 is zero when the

ligands so that it is possible to decompose the MSO Hamilsymmation is performed on the four ligands. Therefore, the
tonian into two terms acting either on the electrons of thedevelopment ine; of the orbitals of the ligands contains
metal or of the ligands, while in the case of the dipole Mo-terms| from 1 tow. The matrix elements of the component
ment, no such localization and simplification exists, so thatof  are thus calculated for two molecular orbitals expressed
the calculation of the dipole momenimust be performed on i, the common crystal axis system.
the whole molecule thus seriously complicating the calcula- This method is well adapted for the calculation of the
tion. matrix elements ofr involving the wave functions of the
Therefore, in order to check the theoretical results, thregnetal and of the ligands. However, when calculating ligand-
methods have been used to calculate the relevant matrix G“gand matrix elements af, it is necessary to use a develop-
ements(O;t,¢|ZOjt,7) and(Oity¢|z/Oked) of the electric di-  ment involving high values fot in order to obtain conver-
pole moments. gent values for. Therefore, in order to calculate the ligand-
In the first method, described by Sharfahe orbitals of  ligand matrix elements aof, it is better to use the following
the ligands are expressed in the axis system of the metal. F@fiethod.
each ligandk, the atomic functiory whose spherical coordi- The second method is the “overlap integrals method” de-
nates(Ry, Oy, @) are given in the axis systef®,y, X, Yx,z)  scribed by Mullikenet al®° It permits us to calculate the
is expressed in terms of a linear combination of wave funcmetal-metal, the metal-ligand, and ligand-ligand matrix ele-
tions ¢y whose spherical coordinatés 6, ¢,) are expressed ments ofz. The metal-ligand matrix elements of the compo-
in the axis systenf(Oy,X, .Y, ;) centered on the metal. nentz of r are considered as the overlap integrals between
The axes associated to the metal and each ligand are paralltie orbitals of the metaibra) and the kets given by the
Therefore,gy= . operatorz acting on the orbitals of the ligands. The kets are
The wave function of the liganll can be written as calculated in the axis system of the ligands. These matrix
elements are calculated by using the method developed by
. 1 _ Mulliken et al*° to calculate the overlap integrals.
x(NLM, ReZE k) = EfNL(Rk)YL (=, This method permits a better insight in the physical inter-
§ pretation of the results since it gives the contributions of
1 M each orbital of the metal and of the ligands. In particular, it
=2 Fa,(NLM|ar)Y, (B, (28) clearly shows the influence of the metal-ligand distance. This
=M method is convenient to calculate the metal-metal and the
ligand-same-ligand matrix elementsofHowever, it is very
tedious when applied to the calculation of the ligand-other-
ligand matrix elements af since it involves complex rota-
tions of axes systems. The ligand-other-ligand matrix ele-
ments of z have been calculated by using the following
o atr method.
1 In the third method, the matrix elements of the dipole
a(NLM[ar) = f f (R : : i
alo Jijan moment are calculated numerlc_ally by decomposing the vol
M - ume occupied by the molecule into elementary volumes and
XYU(Ew@dY) (foedRdee. (29 calculating the matrix elements for each elementary volume.
Of course, this method does not permit to analyze the con-

For given values foNLM andl, then,«; depends om only.  tributions of each molecular orbital to the RLs and also im-
The atomic wave function of thk ligand is obtained in  plies long calculation time.

the axis systeniOy,x’,Y’'«,Z’,) of the metal, then, a rota-

tion gives the development of in the axis system

(Om,X,Y,2). V. RESULTS AND DISCUSSION

For the ligands, the wave functiorssandt, are linear

combinations of the atomic orbitals of the four ligands. By
summing the contributions of the four ligands, we get the
development of the wave functioesandt, of the ligands in Table Il gives the relevant coefficients intervening in the
the crystal axis systefOy,x,y,2): molecular calculationd:?? The theoretical values are given

and

whereY! andY}" are spherical harmonics.andR, are the
distances from the metal and from the ligandespectively.
a(NLM | ar) is a radial component of the development of the
wave functiony of the ligand. It is given by

A. Matrix elements of the MSO interaction and of the electric
dipole moment
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TABLE Il. Values for the metal-ligand distan@e the Madelung consta®@,,,q, the charge8,;, QM, QL,
the cubic field parametdd .., and the SO coupling coefficients(Mn) and{, (L) as defined in Sec. V A.

Compounds a(a.u) CMad Qlat Qwm QL Dgcalc Zw(Mn) L)
ZnS (a) 4.41 1.63 0.8 1.313 0 -365 301 302
ZnS (b) 4.41 1.40 0.8 1.024 -0.856 -419 287 307
ZnS(c) 4.41 1.40 0.9 1.031 -0.933 -387 287 302
ZnS (d) 4.56 1.40 0.8 0.973 -0.843 -419 285 308
ZnSe(a) 4.61 1.63 0.7 1.219 -0.830 -310 296 1404
ZnSe(b) 4.61 1.40 0.7 0.981 -0.770 -378 285 1421
ZnSe(c) 4.76 1.40 0.7 0.935 -0.759 -386 283 1425
ZnSe(d) 4.76 1.25 0.7 0.740 -0.710 -456 274 1439
ZnTe(a) 5.00 1.63 0.6 1.056 -0.736 -312 289 3643
ZnTe (b) 5.00 1.63 0.7 1.083 -0.796 -278 290 3598
ZnTe(c) 5.00 1.63 0.7 1.014 -0.779 -305 287 3611
ZnTe (d) 5.11 1.63 0.7 1.050 -0.788 -293 288 3605

for the chargeQ,, of the metal, the cubic field parameter and Te. These values are to be compared with the value of

Dgcalo @nd the SO coupling constantg(Mn) of thed elec-  approximately 300 cit as given by the CF model.

trons of the metal ang, (L) of the p electrons of the ligands. For z,, it must be noted that, for all compounds, the

These values are obtained for slightly different values for thevalues are very sensitive to the molecular coefficients used

metal-ligand distance a, the charge of the latt@g and the for the sets, b, ¢, andd. The values otet2 slightly increase

Madelung constan€Mad. when passing from the ligand S to ligands Se and Te, and are
Figure 3 shows the calculated monoelectronic moleculararger than the values obtained fz?zrtz' This increase is due

energy levels in the case of ZnS ge}. Table IIl gives the  tg the increasing value of the metal-ligand distance.

calculated values foz,  , Zey, {1, and e, for the four sets For ZnS, setsa and d, Table IV gives examples of the

of parameters given in Table Il. We can note tifgf is  detailed metal-metal, metal-ligand and ligand-ligand contri-

positive for ZnS, negative for ZnSe, and large and negativéutions toz andz.,. These contributions ta andz,

for ZnTe. The values fot., are positive for all compounds are either positive or negative, so that, the precision of the

and decrease when passing from the ligand S to ligands Swveral values strongly depends on the precision of the mo-

TABLE Ill. Values for the monoelectronic matrix elemeri,rétz, Let, of the MSO interaction and of the
monoelectronic matrix elemems2t2 and Zet, of the z component of the electric dipole moment.

Compounds {i, (em) Lo, (cm™) Z, (1078 cm) Zet, (1078 cm)

ZnS (a) 178.0 236.0 0.028347 0.203848
ZnS (b) 130.6 210.0 0.063498 0.227478
ZnS(c) 138.8 210.2 0.066660 0.217716
ZnS (d) 131.0 205.0 0.098602 0.219391
ZnSe(a) -139.3 193.5 0.032373 0.225694
ZnSe(b) -250.3 161.9 0.066935 0.246648
ZnSe(c) -233.0 149.3 0.101423 0.238553
ZnSe(d) -321.0 125.0 0.135119 0.244565
ZnTe(a) -876.8 102.0 0.059675 0.258452
ZnTe (b) -801.3 105.4 0.055486 0.251195
ZnTe(c) -878.3 88.0 0.070384 0.257090
ZnTe(d) -774.3 82.0 0.084089 0.243941
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TABLE IV. Contributions of the group orbital®; andO; to Zuy, andzet2 pour ZnS(a) and ZnS(b). The
group orbitals are defined in Sec. IV A.

Orbitals ZnS(a) (1078 cm) ZnS(d) (108 cm)
Z, (Oitx€] |Ojt7) s/total s/total
metal-metal 8 4p -0.0421 -0.0466
-0.0421 -0.0466
metal-ligand b oS 0.0142 0.0178
4p op 0.0036 -0.0002
4p ) 0.0269 0.0369
3d oS -0.0269 -0.0243
3d op —-0.0995 -0.1175
3d ) 0.0280 0.0270
-0.0537 —-0.0603
ligand-ligand oS oS 0.0233 0.0202
oS op —-0.0382 -0.0409
oS P 0.0179 0.0171
op op 0.2119 0.3068
op P -0.0014 -0.0016
P P —-0.0893 -0.0961
0.1241 0.2055
total for zg;, 0.0283 0.0986
Zey, (Ojeg] |Ojtzs) s/total s/total
metal-metal | 4p 0.0199 0.0224
0.0199 0.0224
metal-ligand wp 4p -0.0389 -0.0540
P 3d 0.0000 0.0000
3d P -0.0298 -0.0303
3d op 0.0295 0.0343
3d oS 0.0060 0.0053
-0.0332 -0.0446
ligand-ligand mp oS -0.0312 -0.0296
P op -0.0020 -0.0024
P P 0.2504 0.2736
0.2171 0.2416
total for Zey, 0.2038 0.2194

lecular wave functions. More precisely, fqgtz, the positive ande. a™b™ is not very sensitive to the sets of parameters
ligand-ligand contribution is partially compensated by thea, b, ¢, d, or to the nature of the ligands.
negative metal-metal and metal-ligand contributions. The

. or
positive op-op ligand-ligand contribution is preponderant, B. Lifetimes of Mn*" in ZnS, ZnSe, and ZnTe

however, it is strongly reduced by the negative-mp From Sec. Il, formulgl), the lifetimes are given by
ligand-ligand and 8-op metal-ligand contributions. It can 1 3

also be noted that, . is very sensitive to the variations of = =7.23543-X(6f2) x 101, (32
the componenta’® anda™ of the 4, wave functions. T da

For z;, the metal-metal contribution is to a large extendynere ¢ is the energy, in units of ¢, of the center of
compensated by the metal-ligand contribution, so thatis  gravity of the experimental emission band of the fluorescent
primarily given by themp-mp ligand-ligand contributionz,;,  level. For ZnS, o=17100 cmiA-43 for ZnSe, o
is proportional to the metal-ligand distance and to the prod=17 200 cm?**45 for ZnTe, ¢=15 870 cm'.*647 d, is the
uct a™b™ of the 7p components of the wave functions  degeneracy of the excited state.

075209-9



BOULANGER, PARROT, AND CHERFI PHYSICAL REVIEW Br0, 075209(2004

TABLE V. Values forf, 741, and gt for ZnS in(a), ZnSe and ZnTe iiib). Three sets of values fd@, C,
and Dy have been considered in the case of ZnS. We have t&#en40 cml, C=2740 cm?, Dq
=-405 cm* for ZnSe(Ref. 44 andB=628 cnm*, C=2824 cm, D4=-434 cm* for ZnTe (Ref. 46.

a
B=730 cm1a B=630 cnilb:c B=830 cmd
C=2880 cm* C=3040 cm? C=2500 cm?
Dq=-420 cm* Dq=-520 cm* Dq=-450 cm*
f THT TBT f THT TBT f THT BT EXperimentﬁ'f

(10 cem) (us) (us) (10Hcm) (us) (us) (10Hcm) (us) (us) value Teugus)

ZnS(a)  1.674 1336 1214 1.632 1405 1278  1.819 1132 1029 1770
ZnS(b)  1.079 3213 2921 1.023 3576 3251  1.198 2606 236dat4.2K
ZnS(c)  1.030 3530 3209 0975 3937 3579  1.138 2890 2627
ZnS(d)  0.634 9305 8459 0569 11557 10506 0.715 7330 6663

b

f THT  TBT Ttexp.
(10cm) (us) (us)  (us)

ZnSe(a -0.776 5350 4863 220-240
ZnSe(b) -2.153 696 633 (at4K)
ZnSe(c) -2.198 668 607
ZnSe(d) -3.147 326 296

ZnTe(@ -8557 38 34  40-82
ZnTe(b) -7.586 48 44 (atl0K
ZnTe(c) -8557 38 34
ZnTe(d) -7.192 53 48

aReference 17. fReference 4.
bReference 42. 9Reference 5.
‘Reference 43. hReference 6.
dReference 14. Reference 7.

®Reference 3.

As shown in the Introduction, the fluorescefit, level — Three sets of values fd, C, andD, have been considered
consists of two groups of two lines separated By in the case of ZnS in order to analyze the influence of slight
=-9.5 cm? for ZnS andA=-11.5 cm? for ZnSe*8 In the  variations of the multielectronic wave functions on the RL?s.
case of ZnS, a small splitting of 0.6—0.7 Thhas been ob- One set of values for ZnSe and for ZnTe have been consid-
served for the lines at lower and at higher enéfgyhese  ered. Except for one set of values for ZnS:Mn which was
splittings, which cannot be explained by the CF-model havébtained by fitting the energies of zero phonon lines, the
been accounted for from a molecular model corresponding t§thers values foB, C, andD, have been obtained by fitting
the sets b and d for the molecular coefficietts. the energies of the absorption bands at lower energy 6f Mn

For ZnS and ZnSe, at high temperatufe>15 K) all 't must be noted that f is positive for ZnS and negative for
zero phonon levels of théTl fluorescent levels are popu- ZnSe and ZnTe and that its sign is primarily controlled by

- > _ Lot
lated so thatl,=12. A low temperaturéT <15 K), the lev 22Concerning the RL’s of ZnS: M, Table V a shows that
els at lower energy are the only ones to be populated so th%

. . . tsa, b, and ¢ give theoretical values forrgr (from
dp=6. Since the theoretical RDS’s of the two lines P
[T, and I'4(3/2)] at lower energy and of the o lines 1.03 to 3.58 ms when considering the three setsBio€C,

: andD,) which are in agreement with the experimental value

[I's(5/2) and I'¢] at higher energy are 11 and 9, respec-of 1 77 ms at 4.2 K. Set gives large values from 6.66 ms to

tively, the lifetime at low temperature is 10/11 of the lifetime 8,46 and 10.51 ms for the three sets ByrC, and Dy

at high temperature. We can briefly recall here the results obtained from sets a
x gives the effective electric field with respect to the mac-to d in previous molecular models for the SLQ&;; of the

roscopic field in the coumpoundy=n(n?+2)?/9 with n>  fundamentafA, level toE strains and for the OLC®g(*T )

=g”. In ZnS, £*=5.52%0 in ZnSe,£*=5.9! and in ZnTe, of the fluorescent level t& strains.

£7=7.18%2 For G;; (ZnS:Mr?*), the very small and negative experi-
Table V givesf, 7y, and 757, for ZnS, ZnSe, and ZnTe. mental value of —0.02 cM has been correctly accounted for
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from setsc andd, while setsa andb have predicted positive is approximately of 120 cnt for O™ and 300 critt for S°. It
values forG, ;.2 (The theoretical values fdB,; are of 0.116, is also verified for the RL's of F& in 1ll-V compounds
0.013, -0.005, and —0.002 ¢y for setsa, b, ¢, andd, re-  which are of 8 ms in GaN and 1.9 ms in GaA%¥since(,
spectively) It must be noted that in the case of ZnS, theis approximately of 55 cit for N7, and 985 crit for As™.

theoretical values foG,; depend on large and almost equal

contributions of opposite signs, so that, the magnitude and VI. CONCLUSION

the sign ofGy4 is very sensitive to the structure of the mo-
lecular wave functions.

For VE(“Tl) (ZnS:Mr?*), the experimental value of
-10 700 cm? has been correctly accounted for by all sets,
the theoretical values being of —-8760 ¢m-9385 cm?,
-9335 cm?, and -8430 cmt for setsa, b, ¢, and d,
respectively??

For ZnSe:M#*, Table V b shows that: set a gives a very
large theoretical value of 4863s for 7z, the experimental
value being of 220-24@:s at 4.2 K; setd® andc give values
for 757 (633 and 607us, respectively which are in rough
agreement with the experimental value; for dethe theo-
retical value of 296us is in excellent agreement with the
experimental value. It can be noted that this defives the
best agreement fa®,,.2* More precisely, the theoretical val-
ues forG,, are of 0.94, 0.70, 0.58, and 0.36 Thior setsa,

b, ¢, and d, respectively, the experimental value being of
0.34 cm™. For the OLCCV¢(*T,), the experimental value of

-10900 cm? is correctly accounted for by all sets, the the-
oretical values being of -7780, -8430, -7700, and

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

It has been shown that the molecular model accounts for
the drastic variations of one to almost two orders of magni-
tude of the RL's in the case of Mhin the common cation
series ZnS, ZnSe, and ZnTe. More precisely, for ZnS and
also for ZnSe, three sets of monoelectronic wave functions
used to calculate the OLCC’s and SLCC’s correctly ac-
- 1 . > counted for the RL's, while one set has given too large values
Zﬁ'ZI'ZOMC2+ 'rfgtr)IeS(\a/tsbaéh%\/vg,tr?;tdtr?é t;\e:c?ree(;itgglgélulzezrob-for the RL’s. For ZnTe, the theoretical vaIues' as obtained
tained from the four sets of monoelectronic wave function from four s!lghtly different sets of monqelectronlc molecular
are in excellent agreement with the experimental value c%gve functlon_s have been fou_nd to b.e in excellent agreement
40-5215 ith the experimental value. Finally, it must be noted that the

' RL's are correctly accounted for by restricting the molecular
calculations to the threéTl levels at lower energy and that

C. Case ofd® ions in II-VI and 1ll-V compounds the fundamental interaction which accounts for the strong
In the case of M& and E&€* in 11-VI and III-V com- decrease of the RL's of Ml in ZnS, ZnSe, and ZnTe is the

pounds, it can be noted that, for a given cation, the RL’SNISO interaction of thep electrons of the ligands.
follow the general trend of a decrease of the RL's when
increasing the SO coupling constaitsof the p electrons of
the ligands. This trend is verified for the RL's of¥én 11-VI Thanks are due to A. Gélineau, C. Naud, and E. Bringuier
compounds which are of 25.2 ms in axial Zh@nd 4.3 ms for very helpful discussions on radiative lifetimes of impuri-
in ZnS8 since, for effective charges of -1 for the ligands, ties in crystals.
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