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The in6uence of a magnetic field on the fine-structure lines of the E state of Mn + in pure cubic ZnS
has been studied up to 5 T by using polarization-modulated laser spectroscopy. Very detailed analyses of
polarized excitation spectra of the transitions A

&
~ E show that all authorized transitions have been

observed between the Zeeman sublevels of the Kramers doublets I"6 ( E), I & ( E), and spin quartet I 8

( E) and the levels Al (Ms= —2) and A& (Ms= —2) of the fundamental state. Many other transi-

tions from the levels Al (Ms= 2), Al (Ms=+2) Al (Ms=+2), and Al (Ms=+2) have been

observed at low magnetic field. It is shown that the Zeeman efFect on the levels I 6, I &, and I, is correct-
ly described by the Zeeman Hamiltonian g,p&H S, and that the contribution of the term in p&L.H,
which appears in second-order perturbation schemes involving the spin-orbit interaction, is negligible.

I. INTRODUCTION

Very detailed experimental and theoretical studies have
long been performed on the electronic and vibronic struc-
tures of the fundamental and excited states of d" ions in
crystals and molecules. ' In the case of the d ions, the
studies have been devoted to an overall analysis of the en-

ergy levels in the crystal-field model ' or covalent mod-
els, and also to detailed analyses of the fine-structure
pattern associated with the excited states at lower energy,
as the fluorescent level T, (G) and levels Tz(G) and
E(G) (see Fig. l).

In the case of Mn + in II-VI compounds such as ZnS
(Refs. 7—9) and ZnSe, and III-V compounds such as
GaP, ' the structure of the fluorescent orbital triplet state
T&(G) has been interpreted in terms of a coupling to vi-

brational modes of symmetry E, the coupling being
strong enough to quench the first-order spin-orbit in-

teraction and the coupling to internal strains or stress-
induced uniaxial strains of symmetry T2 almost com-
pletely. In ZnS and ZnSe, the fine-structure pattern of
the next excited state T2(G) has been analyzed in terms
of an intermediate coupling to E modes, leading to a par-
tial quenching of the first-order spin-orbit interaction and
a selective intensity transfer from the fundamental vib-
ronic states to excited vibronic states. "

Concerning the third excited state E of Mn + in cubic
symmetry, the fine-structure pattern consists of three
lines associated with two Kramers doublets I 6 and I 7

and a quartet I 8. This structure was analyzed in terms of
a second-order spin-orbit interaction. ' Since then, de-
tailed studies have shown that higher-order spin-orbit in-
teractions intervene, and that the splitting of the E state
depends on the nature of the ligands and on the strength
of the Jahn-Teller coupling to E modes, as has been
shown from a theoretical study of the splitting of the E
state in ZnSe which is less than half the splitting observed
in ZnS. '

Although the electronic and vibronic structures of the
4E(G) of Mn + in cubic symmetry have been correctly
analyzed in great detail by using models involving the
spin-orbit interaction of the d electrons of Mn~+ and the
dynamical Jahn-Teller e8'ect, the electronic structure of
the E(G) states remains very puzzling in noncubic sym-
metries induced, for example, by internal strains in nearly
tetrahedral clusters MnX4(X:S,Se,CI,Br) or by stress-
induced uniaxial strains on tetrahedral clusters MnS4 and
MnSe4. ' More precisely, the observed splitting of the
state I' s( E ) and the shifts of the states I 6( E ) and
I 7( E ) in nearly cubic symmetry can be mimicked by a
first-order coupling to static E strains, the coupling to T2
strains being negligible. This result is in contradiction
with the predictions of the crystal-field model restricted
to the configuration d, because in this model a first-
order coupling to T2 strains is forbidden by symmetry,
and a first-order coupling to E strains allowed by symme-
try is forbidden by seniority, since for half-filled shell sys-
tems the matrix elements of single-electron even opera-
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FICx. 1. Lowest-energy levels of Mn + in ZnS as given by the
free-ion Hamiltonian H&, the cubic crystal field H„ the spin-
orbit and Jahn-Teller interactions K„+H», and the Zeeman
Hamiltonian Hz. The inhuence of the magnetic field is given
for H~~ [111].For convenience the eight Zeeman sublevels asso-
ciated with the E state are simply labeled a, b, . . . , h and the
Zeeman sublevels SMz associated with the fundamental states
I 7{ A

& ) and I 8{ A
& ) are labeled 0, 1, , 5. The transition

represented is the transition f1, the arrows NR and 8, respec-
tively, represent the nonradiative transitions from level f to the
fluorescent level T& and the radiative transition from state T&
to the fundamental state. Level e is represented by a broken line
because no transition to this level has been observed.

tors are zero when they are diagonal in the seniority, ' so
that the matrix element ( E(~G)~HF ~ E(~G)) is zero.
(The spectroscopic term is written in detail as +„'L, U

being the seniority number and HE an even operator of E
symmetry describing, for example, the coupling to E
strains). Second-order perturbation schemes predict a
linear coupling to T2 strains and a quadratic coupling to
E strains, a result which is in contradiction with experi-
ments. As has been shown in the crystal-Geld model,
high-order perturbation schemes involving spin-orbit in-
teraction and configuration interactions contribute to a
linear coupling of the E state to E strains. Moreover,
just as it is difFicult to justify theoretically the observed
linear coupling to E strains, it is likewise difFicult to justi-
fy the nonobservation of a coupling to static T2 strains,
since the strength of the coupling to E modes does not
seem to be strong enough to completely quench the effect
of the coupling to T2 strains.

Among the very few studies of the magnetic-field effect

on the excited states of Mn +, we can cite those of Four-
nier, Boccara, and Rivoal on the fIuorescent state of
Mn + 'n ZnS; Landi, De '11e, and Ranvaud' on the state

T2 at lower energy of Mn + in ZnS, and Hofman, An-
derson, and Weberto on the fluorescent state of Mn2+ in
GaP. Concerning the E state, an experiment performed
long ago did not permit a detailed interpretation of the
Zeeman effect in this state due to a limited resolution of
an experimental setup of only 10 cm '. ' An experimen-
tal study with improved experimental conditions has been
performed more recently, but a definite interpretation of
the Zeeman effect was not given. '

The aim of this work was to analyze the Zeeman effect
of the E(G) state of Mn + in ZnS at high resolution in
selected pure cubic crystals presenting very sharp fine
structure lines, and then to determine the contributions
of the terms in S H and L.H which appear in the Zee-
man Hamiltonian and, finally, to detect an eventual cou-
pling between the states I s( E ) and I s( 2, ) which could
give an indication on the energy of this state that, to our
knowledge, has never been unambiguously observed in
experimental spectra.

In Sec. II, the criteria governing the selection of crys-
tals as well as the experimental method of polarization-
modulated excitation spectroscopy are given, then polar-
ized experimental spectra are presented for magnetic
fields varying up to 5 T. The Zeeman splitting of the E
state is deduced from the energies of transitions from
Zeeman components of the fundamental state to the Zee-
man components of the E state.

The theoretical model is presented in Sec. III. A
resume of the structure of the E state in zero magnetic
field is presented, then a theoretical analysis is made of
the Zeeman Hamiltonian for the E state and of the spin
Hamiltonian of the fundamental state A&. Finally, the
theoretical energy levels and polarization effects are
presented.

In Sec. IV, a very detailed comparison is made of the
experimental and theoretical spectra. It is shown that the
experimental spectra are correctly described by taking
into account the term in H.S of the Zeeman Hamiltoni-
an, the influence of the term in L.H being negligible.

II. EXPERIMENTS

A. Samples and apparatus

The experiments were performed on ZnS:Mn crystals
grown at the Institute of Solid State Physics of the Tech-
nical University of Berlin. Great care was given to the
selection of the crystals used in Zeeman experiments.
Since the Zeeman spectra of the level E were expected to
be complex enough, even in the simplest case of isolated
Mn + ions in cubic sites, crystals showing stacking
faults, ' Mn-Mn pair spectra, or large internal strains
were rejected.

For the selected crystals, no fine-structure line due to
Mn centers in stacking faults has been observed in the
excitation spectra from the fundamental state to the ex-
cited states T2 and E or in the emission spectra

T& ~ A &, thus demonstrating that the crystals are pure-
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ly cubic. Furthermore, the concentration of Mn + ions
was chosen to be as low as 10 mole fraction, so that no
Sne structure line due to Mn-Mn pairs was observed near
level Tj or levels T2 and E. Finally, due to very low
internal strains, 6ne-structure lines associated with the
level E studied here and also with fluorescent level T,
and excited level T2 were among the most sharply ob-
served until now.

The excitation spectra were obtained by using a laser
system (Lambda Physik) consisting of a XeC1* excimer
laser pumping a dye laser. The linewidth of the laser sys-
tem was approximately 0.4 cm . The emission light was
selected by a monochromator centered at 17240 cm
(the maximum of the emission band).

Polarized excitation spectroscopy was performed by
using a modulation technique similar to magnetic circu-
lar dichroism used in absorption spectroscopy. ' The
principle of polarized excitation spectroscopy is as fol-
lows: the pulsed laser is synchronized to the phase of a
stress modulator, which transforms the excitation light
into alternating left and right circularly polarized light.
By recording the pulsed emission light with a gated
photon-counting system, the spectra o.+ and 0. are
recorded almost simultaneously. In our experiments, the
degree of polarization was better than 95%.

The magnetic field was given by a superconducting
split coil operating up to 5 T, and the homogeneity of the
magnetic field was better than l%%uo in the volume of the
samples. The experiments were performed with H paral-
lel to a crystallographic axis [111],the light propagating
along the same axis. All experiments were performed
with the crystal immersed in pumped liquid helium. The
typical temperature was chosen to be 2.0+0. 1 K.

B. Experimental spectra
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The experimental spectra corresponding to the polar-
izations o+ and o are given in Fig. 2. It must be noted
that the experimental lineioidths of 0.4 cm ' are limited
by the resolution of the dye laser and not by the inhomo-
geneous line broadening.

For 8=0, three transitions Ai —+16( E),
Ai ~I 7( E), and A i ~I s( E) are very well resolved.

The splittings are W( I 6) —W(I s )=4.85 crn ' and
W(l s) —W(I 7) =4.25 cm

For B=0.25 T, splittings of the fine-structure lines
clearly appear for the polarizations o.+ and o. . In fact,
numerous transitions from the six fundamental states
(Ms = —

—,', —
—,', . . . , +—,

'
) to the eight components of the

E state contribute to the spectra.
For B=0.5, 0.75, and 1 T, numerous lines appear in

the experimental spectra. For B=1 T, three prominent
lines clearly appear for the polarization o.

For B increasing from 1 to 5 T, the energy separation
between the three prominent lines appearing for polariza-
tion o.+ increases. For B=3, 4, and 5 T, one intense line
appears for the polarization o. . No clear overall feature
is observed for the polarization o.

B =4.00T

8=3.00T

8 =2.00T

g+ g
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FIG. 2. Polarized excitation spectra of the transition
2 1

~"E(6) for B extending from 0 to 5 T. The spectra corre-
sponding to the polarization o.+ and o. are represented. In (b)

the scaling is half that chosen in (a). The spectra obtained for
B= 1 and 5 T are interpreted in Sec. IV.
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III. THEORETICAL MODEL

A. Structure of the E state in zero magnetic field

We will briefly recall here the structure of the E state
at lower energy of Mn + in tetrahedral symmetry as
given by previous experiments and theoretical models. '

In a crystal-field model, the general Hamiltonian govern-
ing the energy levels of d ions in cubic symmetry can be
written as

H =Ho+HCU~+Hso+Hss+HFL+HK+HJ f +Hpx'f

where Ho is the free ion Hamiltonian, HcU~ is the Ham-
iltonian in a cubic field, H„and H„represent the spin-
orbit and spin-spin interactions, respectively. H~L and
HK are the elastic and kinetic energies associated to the
effective vibrational modes, and HJ~ is the Jahn-Teller
Hamiltonian describing the electron-nuclear interaction.
Hzxz corresponds to external perturbation effects as the
magnetic-field effect which will be considered in Sec.
III 8, the uniaxial stress effect, the electric field effect, etc.

When analyzing the energy levels of d ions due to
Ho+HCUB in a crystal-field ~odel, it appears that the
levels E ( G) and A i ( G) are degenerate, this result is in
disagreement with experimental results which show that
the experimental spectra are to be associated to the three
fine-structure states I 6, I 7, and I 8 of the E state, the
state I s( A i ) not being strongly mixed to the E state. A
covalent model has 1ong been proposed by Koide and
Pryce to show that covalency can lift the degeneracy of
the states E and 3, . To our knowledge, this was the
first indication showing that the crystal-field Hamiltonian
HcU& was to be considered with caution.

The splitting of the E state due to the spin-orbit in-
teraction H„ is given primarily by a second-order spin-
orbit coupling between the E state and the states T„
T2, T), and Tz of the configuration d . The energy

levels I 6, I 7, and I 8 are given, in Griffith's notation, by

I &'«rl H..IS'h'J'tr) j'
W(tr) =

W( E)—W(S'h')

with tr=r6, 17, or rs, with S'h'= T„"Tz, Ti, and
T2. Explicitly, we obtain three equidistant fine-structure

lines with W(I'6) —W(I s) = W(rs) —W(I 7), and

W(I 6) —W( rs) =
—,', { T2 j + —,', { Ti j

+ —,', { T2j+ —,', { T, j,
the reduced matrix elements {S'h '

j being defined by

S'h' 1

W( E)—W(S'h');

x&'EiiH, .ii(S h ), )

x ((S'h'), //H, .[['E),
with S A = T& T2 T~ and T2.

In the case of Mn + in ZnS, the computed splitting
W(I 6) —W(I 8) was found to be 9.2 cm ', twice as large
as the experimental splitting. The contribution of the

spin-spin interaction H„was 2.6 cm
Figure 2(a) shows that fine-structure lines are not

strictly equidistant; in fact, W(I 6)—W(l 8)=4.85 cm
and W(l s) —W(r7)=4. 25 cm '. A refined model for
the E state has been proposed which shows that fourth-
order perturbation schemes involving the spin-orbit in-
teraction between states I s( E ) and I s( A, ), and the or-
bital triplet states T& and T, of configuration d can
shift state I s( E). Explicitly, shift b, l 8( E) is given by

mrs( E)= 1

W( A, ) —W( E)

Xg (+0 j { T„j4~{ T„.j j4
E

1

+ 288 {'Ti j4s {'Tt;j4„
1

the reduced matrix element {S'h '
j sh being defined, in

Griffith's notation, by

'h' 1

W(sh ) —W(S'h ')i

x (Sh //H, .f/(S'h ')t )

x ( (S'h ')i
i f H„[ash )

with S'h'= Ti and Ti for Mn + in ZnS. Ers( E) was
found to be 0.5 cm ', in good agreement with the experi-
mental shift of 0.3 cm

Concerning the dipole strength, which will be con-
sidered in detail in Sec. III C, it has been shown that in
tetrahedral symmetry, the relative electric dipole
strengths (RDS) are'

o[ A, I" ( E)]=3,
cr [ A, —+rs( E)]=5,

and

~['A, r,('E)]=2 .

Figure 2(a) shows that the experimental and theoretical
dipole strengths are in excellent agreement.

B. Magnetic-field eft'ect on states E and A
&

The Zeeman Hamiltonian is

Hz=pz(L+g S)'H

pz being the Bohr magneton, g, the Lande factor of the
electron (g, =2.0023),and H the applied magnetic field.

As shown by symmetry considerations, the matrix ele-
ments ( Etr~L H~ Et'r') are zero, so that the Zeeman
effect is primarily due to the term in S H.

The calculations have been performed in Td'. The
basis functions are those given by Griffith, and corre-
spond to an axis system whose vectors are parallel to the
cubic axes [100], [010], and [001]. The matrix for S H
has been calculated in terms of Hz, H+ =H„+iH„, and
H =H iH . The energy levels are given in Fig. 5 for

Hii [111].



13 988 R. PARROT et al. 52

A perturbation method for degenerate states has been
used to determine the initial linear splitting of the levels
I,, r, , and I 8. It can be shown that these levels split fol-
lowing the relations 5W(I 6) =b W(l 7)=6W(I 8)
=+p~H. The perturbation is valid when the splitting is
much less than the energy separation between the states

in zero magnetic field; that is, b, 8'(&4 cm
The contribution of the terms in L H to the Zeeman

effect is given by a second-order perturbation scheme.
Since in symmetry T& a state E is coupled by the opera-
tor L to the states T„and T2; (i=1, 2, and 3), the
relevant matrix elements in T& are

( ( Err
~ p~ L H~S. h Jt 'r' ) (ShJt 'r'

~ H„~ Et'r' ) +c.c. )
sgj W( E ) W(SIi )

The inAuence of a magnetic field on the fundamental
state A, of a d ion in cubic symmetry is given by the
spin Hamiltonian

H~ =p~ SgH+ SA I+y H I

+(a/6)[S„+Sy+S, —
—,'S(S+1)(3S +3S—1)],

where p~ is the Bohr magneton, S the electronic spin
(S=—', ) g the Lande tensor, A the hyperfine interaction
tensor, I the nuclear spin (I=—', for Mn), y the nuclear
gyromagnetic factor, and a the fine-structure constant re-
lated to the zero-field splitting by W(I'8) —W(l 7)=3a.
The fine-structure term in S has been written in the cu-
bic axis system x~([100],ye~[010], and z()[001].

For Mn + in cubic ZnS, the electron paramagnetic res-
onance (EPR) parameters as measured by Schneider, Sir-
car, and Rauber are g=2.0024 and A = —64X10
cm for the isotropic tensors g and A in cubic symme-
try, and a =7.87X10 cm ' for the fine-structure con-
stant.

Since the linewidths of 0.4 cm observed in the opti-
cal spectra are about two orders of magnitude larger than

10.
8

—6- I7

FIG. 5. Theoretical energy levels and dipole strengths in
terms of the magnetic field. The solid and dotted lines corre-
spond to transitions from the fundamental states A

&

~~s= ~ ) and Al (Ms= 2), respectively. The relative di-
pole strengths for the polarizations o+ and o. are given for
B=1, 2, and 5 T, and for all transitions to the fundamental
state.

the zero-field splitting 3a, the fine-structure Hamiltonian
can be safely neglected with respect to the Zeeman Ham-
iltonian in our optical experiments as soon as H is greater
than 0.1 or 0.2 T; that is, as soon as a splitting of the
states I 6( E ), I s( E ), or I 7( E ) is observed.

The hyperfine structure of the fundamental state will
not be observed in our optical experiments since the spac-
ings AM+Mr between two consecutive hyperfine struc-
ture lines associated with a state SMz are at most
160X 10 cm ', a value obtained for the states
~SMs=+ —,

' ). Furthermore, the hyperfine structure will
not contribute very significantly to the broadening of the
optical transitions since, for example, the six hyperfine
structure lines associated with states ~SMs ) =+—', ) ex-
tend to 0.08 cm ', a value which is five times less than
the linewidth of the optical transitions.

C. Polarization eft'ects

Several perturbation schemes contribute to the dipole
strength of the transition A&~ E The perturbation
schemes depend on the chosen model, such as the
crystal-field model, the covalent model, and the relativis-
tic model. As we are primarily interested in the relative
dipole strength (RDS) of the observed transitions, the
RDS's wj.ll be given by symmetry considerations, thus
avoiding the computation of the reduced matrix elements
associated with perturbation schemes, which can be very
difficult, particularly in the case of the covalent model.

In the crystal-field model, transition A&~ E is spin
and parity forbidden, so that perturbation schemes in-
volving the spin-orbit interaction, odd-parity
configurations 3d 4p, 3d 4f, etc. , the odd part Hc,zz of
the crystal field in symmetry Tz, and the electric dipole
moment M will intervene in the calculation of the RDS.

In a molecular model, the relevant states are built, for
example, from linear combinations of atomic orbitals of
the electrons d of the metal and p of the ligands, so that
the transitions A

&
~ E are spin forbidden but no longer

parity forbidden in symmetry T&.
In order to simply calculate the RDS in the crystal-

field model, we can use the perturbation scheme whose
relevant matrix elements are of the form

with
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dd ) ~ Eodd~~C odd C odd~ 1 odd ) ( I odd~

8'(3d') —W'( E,dd) 4T ~(3d') —~( T),dd)
odd 1 odd

In the first term of H,q, the dipole moment operator M of
odd-parity relates the "T& states of the fundamental
configuration d to the E,dd states of the excited odd-
parity configurations. The E,dd states are related to the
E states of the fundamental configuration via the odd

part H~, dd of the cubic crystal field of symmetry A&.
The second term can be interpreted in an analogous
manner.

It can be shown that H,q spans the representation Td
of Td as does M. It is convenient to calculate the matrix
elements in the spinor group Td since all the relevant ma-
trix elements involving H„are identical, so that the ma-
trix elements to calculate are those of the operators T20
and Tz+& (see Table I).

In a magnetic field, each of the six fundamental states
i =0, 1,2, . . . , 5 as given by the diagonalization of the
Zeeman Hamiltonian can be written as
2( A&tr)i~ A&tr). For the excited states, each of the
eight states j =a, b, . . . , h, as given by the diagonaliza-
tion of the spin orbit and Zeeman Hamiltonians, are
denoted X( Etr)j

~
Etr). By using the mixing parame-

ters ( A &tr) and ( Etr}, the relative dipole strengths are
given by

with k =0 for polarization o. and k =+1 for polariza-
tions o.+.

For H~~ [111),the operators (T2k )' are

(T20) =(1/~3)[T2O+(1+i )(1/~2)T2
—(1 i )(1—/t/2) T2, ],

( T2~, )'= [1/(2~3) ][+2T20+ (&3+1)(1 i )(—1/v 2)T2,

+( % 1+@3}(1+i)(1/V 2)Tq ( ] .

The upper and lower signs correspond to the operators

T2+ 1 a d T2—1 respectively.
The computation of the mixing parameters ( 3 &tr)

and ( Etr} has been performed in the cubic axis system

x~~ [100], ye~ [010],and x~~001], which is the commo»xis
system chosen for computing the energy levels and wave

functions of the fundamenta1 and excited states. The
theoretical polarizations o+ and o are represented in

Fig. 5 for H =1, 2, and 5 T.

IV. eOMPWRISON VVnH EXPERVmNTS
AND DISCUSSION

ok(i~j )= g ( A, tr)i'( A, tr~

X(T»)' g (4Et'r')j ~4Et'r')
2

The theoretical model has been compared in great de-

tail to experimental results for 8 =-1 T. Figure 6 shows

that for this value of the magnetic field, the spectra o +

and o. consist of numerous and well-separated excita-
tion lines, thus permitting a very detailed interpretation
of these spectra. The Zeeman levels associated with lev-

TABLE I. Matrix elements of the operators T20, T21, and T2 1 intervening in the calculation of the relative dipole strengths

de6ned in Sec. III.
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2
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0

1
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0

1

3~10

( E)r8+—

1

v'10

0

( A1)rq+-

( A1)I7+ —'

( A1)IS

( A1)I 8+—'

( A1)ra+~

( A1)Iq+3

(4E)r,*-,'

1

2+1S
0

1

6&s

(4E)r,+-,'

0
v'3
zv's

0

T2E1
(4E)I g 1

0

1

2v's

0

(4E)r y 1

1

v'1S

0

(4z)r, + —,
' ('E)r, +-,'

0
1

2&3
1

&1s
0
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Zns:Mn
8(l [111]ilk
8 =1T
T =2K

g; h) gae~ fz c~ e)da b~ a~ b)

& hz g&e5 4 &.-&zdi b5 bz a)

21230 21235 21240 21245
ENERGY (cm ')

FICx. 6. Detailed analysis of the Zeeman spectra for 8 = 1 T.
The lines associated with states I 6( E) and 1 7( E) are given in
the insets, and the other lines are associated with the state
I 8( E). The vertical lines give the energies and relative dipole
strengths for T=2 K as given by the theoretica1 model present-
ed in Sec. III. Thermalization in the fundamental A I state has
been taken into account. For the polarization o.+ a11 experi-
mental lines have been recognized unambiguously. For the po-
larization o, the transitions e5, d4, and f3 cannot be unambi-

guc usly associated with the experimental line at 21 234.25 cm
The lines marked by an arrow are interpreted in Sec. IV.

els I 6, I 7, and I 8 will be analyzed because, as it will be
shown, the indexation given in Fig. 3 cannot give the na-
ture of all observed liens for all values of the magnetic
field.

The Zeeman levels associated with I 6 are shown in an
inset in Fig. 6. For the polarization o.+ three prominent
lines are associated with the transitions aO, b1, and a3,
and the weak line is associated with transition b4. For
the polarization o. , three lines are associated with tran-
sitions a 1, b 2, and b 5. It must be noted that the comput-
ed and experimental energies are slightly different, the
difference being at most 0.4 cm for transition QO.
Transitions bO, a 2, and a4 have not been associated with
observed transitions, since their dipole strengths are pre-
dicted to be zero by the theoretical model. In spectra
o. , two lines marked by an arrow in the inset denoted I 6
are not given by the theoretical model; their origin will be
discussed below.

The Zeeman levels associated with I 7 are gO, h1, and
g3 for polarization o.+, and with g 1, h 2, and g4 for po-
larization cr (see Fig. 6). Line h0, whose theoretical am-
plitude is zero has not been attributed to an experimental
line. The theoretical and experimental energies difFer by
at most 0.4 cm for line g4. For polarization cr, the
origin of the line marked by an arrow in the inset denoted
I 7 will be studied below.

The Zeeman levels associated with I 8 are dO, el, c2,
f2, and e4 for polarization o+. For polarization cr

two lines can be safely associated with the three Zeeman

levels d 1, e2, and c3, since levels d 1 and e2 are alxnost
degenerate. On1y one line appears at 21234.25 cm
where three Zeeman levels f3, d4, and e S are expected.

By considering the overall spectrum for polarizatior
o.+, we can note the good agreement between the experi-
mental and theoretical energy levels, which differ by at
most 0.4 cm ' for line aO; 0.3 cm ' for the lines dO, gO,
and g3; and 0.2 cm ' for the other lines. The dipole
strengths are in excellent agreement for all lines except
for the line gO; in fact, RDS's of dO and gO are very sensi-
tive to the temperature, as has been checked by calculat-
ing the dipole strengths at 1.9 K.

For polarization o. , almost all lines have been unam-
biguously associated with Zeeman levels. The origin of
the three lines marked by an arrow and the precision of
the experiments will now be discussed.

The first hypothesis is that there exists a slight
misorientation of the magnetic field or of the wave vector
k with respect to the chosen [111]axis of the crystal, thus
allowing the appearance of additional lines in the experi-
mental spectra. This hypothesis could also explain the
slight shift of the experimental lines with respect to the
theoretical positions. Following this hypothesis, the
three lines marked by an arrow in Fig. 6 are associated
with the Zeeman levels aO, bl, and h1, since no other
lines are expected in the energy-level diagram. Calcula-
tions of the energy levels and RDS's were performed by
introducing slight disorientations of 8 with respect to the
[111]axis of the crystal. It was found that a misorienta-
tion of approximately 1' permits us to interpret all experi-
mental lines.

Another hypothesis is that the slight shifts of the ex-
perimental lines and the slight variations of the dipole
strengths are due to the term in I, H in the Zeeman
Hamiltonian. Finally, the degree of polarization, al-
though better than 95%, could also account for the varia-
tions of the dipole strengths but not for the shifts of the
lines. Since the samples used in the Zeeman experiments
have parallel [111I faces, efFects due to refraction or
internal depolarization seem to be very unlikely.

Of course, weak lines which are not predicted by the
theoretical model for the RDS's also appear for other
values of the magnetic Geld. For example, for 8=5 T,
five transitions appear in the spectra o, while only one
transition gO with a non-negligible amplitude is expected
from the theoretical model (see Fig. 5). The other four
transitions are associated with Zeeman levels appearing
at the same energies in the o.+ spectra. Six transitions aO,
d 0, e0, g 0, h 0, and h 1 appear in the spectra o.
represented in Fig. 2(b); the energies and the RDS's of the
transitions aO, d 0, gO, and h 1 are in very good agreement
with the theoretical values, while the theoretical RDS's
of the transitions eO and hO are predicted to be zero.
Other very weak transitions which cannot be represented
in Fig. 2(b) appear in the experimental spectra, and are
correctly predicted by the theoretical model for the ener-
gies.

V. CONCLUSION

A very detailed analysis of the Zeeman effect on the E
state of Mn+ in ZnS has shown that all observed excita-
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tion lines are transitions from the fundamental states
&~, M&= —

—,', —
—,', —

—,', + —,', +—,', and —,') to the Zee-
man states, except the state

~

I"sc ), of the multiplet E. It
has been shown that the energies of the experimental
lines are very well predicted by the Zeeman Hamiltonian
g,p~H. S, the difference between the theoretical and ex-
perimental energies being less than 0.4 cm ' for all ana-
lyzed lines.

In what concerns the RDS's, several lines whose ampli-
tudes were predicted to be zero by the theoretical model
have been observed. The presence of these lines has been
interpreted as being due to a slight misorientation of the
magnetic field or the wave vector with respect to the
[111]axis of the crystal, the degree of polarization of the
experimental setup, and eventually the inhuence of the

term in L-H of the Zeeman Hamiltonian. In fact, the
crystal-field model predicts that the second-order contri-
bution of the term in L 8 is approximately 20 times
smaller than the first-order contribution of the terID in
L.S. However, covalency could have increased the im-
portance of the term in L.H since the molecular spin-
orbit interaction intervenes in the perturbation scheme.
Finally, we can note that no indication has been obtained
concerning the coupling between the states

~
( A

&
)1 s )

and ~( E)l s).
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