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Analysis of the fine structure of a 4T1 level of a d5 ion coupled to « vibrational modes
from the magnetic-field effect
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The influence of a magnetic field on the fundamental vibronic lines~FVL! of the fluorescent4T1 level of
Mn21 in pure cubic ZnS has been studied up to 5 T in order to analyze the fine structure of this level. First,
very detailed excitation spectras1 ands2 of the transitions6A1→4T1 have been obtained by using polar-
ization modulated laser spectroscopy performed at 1.9 K. Second, the theoretical energies and relative dipole
strengths~RDS! of the transitions between the Zeeman levels6A1 (MS52

5
2 –MS51

5
2 ) of the fundamental

level and the Zeeman levels of the Kramer’s doubletsG6(4T1),G7(4T1), and spin quartets
G883/2(4T1),G885/2(4T1), have been analyzed in terms of the Zeeman HamiltonianmBgeS–H and in terms of
three coefficients that account for the splitting and RDS’s of the fundamental vibronic lines in zero magnetic
field. Finally, it is shown that the contribution of the term inmBL–H of the Zeeman Hamiltonian is negligible
and that the magnetic-field effect permits us to unambiguously determine the nature of the FVL’s.
@S0163-1829~98!01343-5#
ic
.

th

b
d

r-

th
fin
d
S
n
e
th

d

ne
co

en
hs
el.
nd

ld

ture
is
en-

ys-

for
re
tic

e
re
an

e-
nd

sis
’s

bel-
I. INTRODUCTION

Recent experiments performed on the fluorescent4T1
level of Mn21 in ZnS led us to question both the electron
and vibronic structures previously adopted for this state
model for the fluorescent4T1 level of Mn21 in ZnS and,
more generally, for the orbital triplet states ofd5 ions in
II-VI compounds has been elaborated~see Ref. 1!.

Concerning the electronic structure, the analysis of
fine structure has shown that the first-order spin-orbit~SO!
splitting is strongly reduced with respect to that predicted
the crystal-field~CF! model. This result has been confirme
from a covalent model for the first-order SO interaction.The
fact that the CF model is wrong in predicting the SO inte
action has drastic consequences.First, the previous vibronic
models2 that predicted a strong coupling toe vibrational
modes are either wrong or at least questionable since
were elaborated from a comparison of the experimental
structure to the electronic structure as given by the CF mo
for the SO interaction. Second, the electronic first-order
interaction is predicted to be very small, so that the seco
order SO interactions become very important. Third, sinc
is very difficult to elaborate a precise covalent model for
second-order SO interactions, it has not been possible to
termine with precision the strength of the coupling toe vi-
brational modes. Finally, the nature of the fine-structure li
had to be determine without using the CF model or the
valent model.
PRB 580163-1829/98/58~19!/12567~4!/$15.00
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In Ref. 1, the nature of the fine-structure lines has be
tentatively determined from their relative dipole strengt
~RDS’s! since these RDS’s do not depend on a given mod
Unfortunately, two plausible labeling schemes were fou
for the observed lines~see Fig. 1!.

The aim of this paper is to analyze the magnetic-fie
effect on theu4T1& state of Mn21 in ZnS in order to unam-
biguously determine the labeling scheme of the fine-struc
lines. ~Dichroism experiments performed long ago on th
state were of no help since the structure of the quasideg
erate states was not resolved.3!

The experiments are reported in Sec. II for selected cr
tals showing well-defined fundamental vibronic lines~FVL!.
For conciseness, detailed experimental results are given
Bi@001# only, since the labeling scheme of the fine-structu
lines can be obtained from this orientation of the magne
field.

The theoretical structure of theu4T1& sate in zero mag-
netic field is briefly recalled in Sec. III A. It is shown that th
splitting of the studied state and the RDS’s of the FVL’s a
correctly given in terms of three parameters deduced from
analysis of the symmetry of the effective Hamiltonian d
scribing the first- and second-order spin-orbit interaction a
the spin-spin interaction. In Sec. III B, a theoretical analy
is made of the magnetic-field-induced splittings of the FVL
and of the RDS’s, for polarizationss1 ands2. Two distinct
theoretical analyses corresponding to the two proposed la
ing schemes of the lines are performed.
12 567 ©1998 The American Physical Society
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In Sec. IV, the experimental spectra are compared to
oretical spectra corresponding to the two proposed labe
schemes of the FVL’s. From an analysis of the energy lev
and polarization effects, it is unambiguously shown that
‘‘first labeling scheme’’ represented in Fig. 1 is the only o
that can account for the magnetic-field effect.

II. EXPERIMENTS

A. Samples and apparatus

The samples are those that were used in previous Zee
experiments performed on the4E level of Mn21 in cubic
ZnS.4 No excitation line due to stacking faults5 or Mn-Mn
pairs6 was observed. The linewidths of 0.6–0.7 cm21 of the
excitation lines of the fluorescent level4T1 are five times
smaller than those observed in previous experiments on
multiplet.

The excitation spectra were obtained from a XeCl* exci-
mer laser pumping a pulsed dye laser synchronized to
phase of a stress modulator transforming the excitation l
into right and left circularly polarized light. The degree

FIG. 1. The spectroscopic terms and the multiplets at low
energy of Mn21 in ZnS are given to the left. The zero-field splittin
due to the spin-orbit interaction, of the fundamental state is re
sented, as well as the vibronic structure of the fluorescent4T1 level
due to the spin-orbit and Jahn-Teller interaction. The two labe
schemes of the vibronic lines are from Ref. 1. The transition rep
sented is from the Zeeman stateu6A1MS52

3
2&to one of the 12

vibronic states of the4T1 level. The arrowR represents a radiative
transition from the excited state to phonon-assisted lines of the
damental state.
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polarization was better than 95%. The linewidth of the la
system was approximately 0.4 cm21.

The emission light was selected by a monochromator c
tered at the maximum of the emission band~17 240 cm21).

The samples were immersed in pumped liquid helium,
a superconducting split coil operating up to 5 T. The expe
ments were performed at 1.9 K.

B. Experimental spectra

For Bi@001#, B50 – 5 T, andT51.9 K, the experimenta
spectra corresponding to the polarizationss1 and s2 are
given in Fig. 2~a!. For B50, two groups of almost superim
posed lines are observed. ForB50.5– 1 T, for polarizations
s1 and s2, each group of lines decomposes into seve
lines. ForB53 – 5 T and for polarizationss1 ands2, the
amplitude of the group of lines at higher energy strong
decreases with respect to the amplitude of the group of li
at lower energy. ForB55 T, for polarizations1, only one
weak line is observed at higher energy, while one inte
line flanked by weak lines is observed at lower energy. F
polarizations2, the amplitude of all lines strongly decreas
when increasingB.

Experiments were also performed forBi@111#.They are
not reported here since, as it will be shown in the next s
tion, they did not permit us to determine the labeling sche
of the fine-structure lines.

III. THEORETICAL MODEL

A. Structure of the 4T1 level in zero magnetic field

Following Ham’s method,7 the first- and second-orde
spin-orbit interaction and the spin-spin interaction are giv
by the equivalent operator.

Heq5cT1l–S1cE
2
3 (1QSQ11«S«)1cA1

1
3 l2S21cT2

1
2 ( l jSj

1 l hSh1 l zSz). l is an orbital operator of rank 1,S5 3
2 . The

index G in the parameterscGs indicates that the operator
span the representationG of Td. The term incA1 describes
the shift common to the fine-structure lines. In the followin
cT1 , cE , andcT2 will be considered as three fitting exper
mental parameters describing the splittings of the fi
structure lines.

For the first labeling scheme as given in Fig. 1, the ene
differenceD between the gravity center of the statesuG7&,
uG88( 3

2 )& and the gravity center of the statesuG6&, G88( 5
2 )& is

D529.48 cm21. We can recall thatD is the splitting prima-
rily due to the nonreduced part of the second-order spin-o
interaction. The fitting of the energy levels givescT15

20.216 cm21, cE54.740 cm21, andcT2520.094 cm21.1

For the second labeling schemeD519.48cm21, cT15
20.213 cm21, cE524.952 cm21, and cT2520.049
cm21.1

B. Magnetic-field effect

The Zeeman Hamiltonian acting on electronic states is

HZ5mB~L1geS!•H,

mB being the Bohr magneton,ge the Lande´ factor of the
electron (ge52.0023), andH the applied magnetic field
The calculations have been performed by taking into acco
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FIG. 2. In ~a!, the theoretical and experimental polarized excitation spectra are represented forB extending from 1–5 T,Bi@001#, T
51.9 K. the spectras1 ands2 and the difference between the spectras1 ands2are represented in each inset. It must be noted that
spectra are normalized so that the most intense excitation line, that is, the line at lower energy in the spectras1, has a constant amplitude
The vertical bars represent the theoretical energies and RDS’s obtained from the first labeling scheme.~b! and~c! represent the theoretica
energy levels in terms of the magnetic field for the first and second labeling schemes, respectively. The solid and broken lines are
with transitions from the fundamental statesuMS52

5
2 & and uMS52

3
2 &, respectively. The RDS’s for all transitions from the Zeem

sublevels of the fundamentalu6A1& state are represented for polarizationss1 ands2, for B51, 2, and 5 T.
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the nonreduced term inS–H alone. Of course, the influenc
of the orbital term will be checkeda posteriori when com-
paring the experimental and theoretical energy levels
RDS’s.

In the calculations, the hyperfine splitting as well as t
zero-field splitting@3a523.6131024 cm21 ~Ref. 8!# of the
fundamental6A1 level has been neglected.

The matrix elements ofHeq1mBgeS–H have been calcu
lated by using the parameters corresponding, on the
hand, to the first labeling scheme (D,0), and on the other
hand, to the second labeling scheme (D.0). The computa-
tion of the energy levels and wave functions of the fund
mental and excited states has been performed in Td* . The
basis functionsu4T1Jtt& and u6A1tt& were those given by
Griffith,9,10 which correspond to an axis system whose v
tors are parallel to the cubic axesxi@100#, yi@010#, and
zi@001#. The matrix forS–H has been calculated in terms
HZ , H15Hx1 iH y, andH25Hx2 iH y .

The polarization effects are calculated following t
method given in Ref. 4. Of course, the Boltzmann distrib
tion in the fundamental state has been taken into accoun

The diagonalizations have been performed forB extend-
ing from 0–5 T, forBi@001# ~and also forBi@111#). In Figs.
d

e
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-

-
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2~b! and 2~c!, for Bi@001#, for D,0 andD.0, the energy
levels are represented in terms ofB for the transitions
u6A1MS52 5

2 &→u4T1& ~solid lines! and u6A1MS52 3
2 &

→u4T1& ~broken lines!. All energy levels and RDS’s are rep
resented forB51, 2, and 5 T. All energy levels and RDS’
associated with the transitions from all the Zeeman suble
of the 6A1 level to all the Zeeman sublevels of the4T1 level
have been represented, forBi@001# and for D,0, in Fig.
2~a!, where the experimental and theoretical spectra are c
pared.

IV. COMPARISON WITH EXPERIMENTS
AND DISCUSSION

From experiments performed withBi@001#, it will be
shown that the first labeling scheme is the only one t
permits a good fitting of the experimental results.

The theoretical and experimental spectra for polarizati
s1 and s2are compared in Fig. 2~a!, for Bi@001#ik, at T
51.9 K, for D,0. ForB50 – 1 T, a very complex splitting
of the lines that are almost degenerate in zero magnetic
is observed. However, it is clear that the experimental sp
tra are well accounted for by the theoretical model. ForB
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53–5 T, the spectra become very simple. Fors1, they re-
duce to one intense absorption line at lower energy and
relatively weak line at higher energy, whose amplitude r
idly decreases in terms ofB. For s2,weak lines are ob-
served. Of course, the good agreement between the the
ical spectra obtained by takingD,0 and the experimenta
spectra is a good argument in favor of the first label
scheme.

By considering the theoretical spectra forD.0, it will
now be unambiguously demonstrated that the first labe
scheme is the only indexation in agreement with the Zeem
effect. Figures 2~b! and 2~c! show that the spectra are ve
different depending on the sign ofD. For D.0 andB.1 T,
by considering the spectra associated withs1, the most in-
tense line appears at higher energy. ForD.0, B55 T, only
two lines separated by approximately 1 cm21 appear at
higher energy, and two very weak lines appear at lower
ergy. This result is clearly in disagreement with the expe
mental spectra.

It can be noted from Fig. 2~b! that for the first indexation,
the most intense line in the spectras1can be associated b
continuity to the level (4T1)G7 ,and that the transition is
from the u6A1MS52 5

2 & state.
For Bi@111#, a good agreement has been obtained

tween the experimental and theoretical spectra for the
labeling scheme. However, the theoretical spectra being
most identical for the first and second labeling scheme
orientation of the magnetic field is of no help to determi
the correct labeling scheme.

It can be noted that, for the spectra showing we
separated excitation lines, the experimental and theore
energy levels differ by 0.2–0.4 cm21, that is, differ by less
than one linewidth~0.6 cm21). This indicates that the con
tribution of the terms inL–H of the Zeeman Hamiltonian, a
well as the second-order interactions involving the exci
vibronic states and the excited electronic states are ne
gible.

CONCLUSION

A very detailed analysis of the magnetic-field effect h
been performed in order to unambiguously determine
indexation of the four fundamental vibronic lines of the flu
rescent 4T1 level of Mn21 in cubic ZnS. First, by using
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selected crystals showing very small internal strains, v
well-defined polarized spectras1 and s2 have been ob-
tained. Then, theoretical analyses of the Zeeman splitti
and RDS’s have been made by using the term inS–H of the
Zeeman Hamiltonian and three parameters describing
zero-field splittings. Two separate theoretical analyses of
Zeeman splittings and RDS’s have been performed by us
the parameters corresponding to the first labeling scheme
to the second labeling scheme. Finally, by comparing
theoretical and experimental spectra, it has been dem
strated that thefirst labeling scheme is the only one that ca
account for experiments.

This study has shown that the magnetic-field effect is c
rectly described by the termgemBH–S only, the contribution
of the orbital partmBL–H of the Zeeman Hamiltonian and o
the second-order interactions involving the spin-orbit int
action being negligible.

Concerning the strength of the Jahn-Teller coupling, it h
been shown in Ref. 1 that the fine structure in zero magn
field could be interpreted by taking 0,S,2. It is not pos-
sible to give a precise value forS because we do not know
with precision the electronic structure of the fluorescent le
either from experiment or from the molecular model. F
example, a value forS near zero would mean that the ob
served structure represents approximately the electr
structure. This hypothesis cannot be rejected since it
been shown that the electronic first-order spin-orbit inter
tion is strongly reduced by covalency. It also must be no
that it is not possible to give a precise value forS from the
Zeeman experiments since we do not know whether the e
tronic contribution of the term inL–H is weak or reduced by
the Jahn-Teller effect.
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