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The structures of the E, T2, ;ind Ti states of Mn++ in the ixi il centers of ZnS polytypes

;ire compared to the structures observed in cubic sites, ind i unified model for ill vibronic

states considered is el iborated which provides 'i coherent description of;i complex spectr;il dis-

tribution in a polymorph. First, from i detailed inalysis of recent experiment il results obt;iincd

from site selection spectroscopy 'ind uniaxial stress experiments, it is shown th'it the structures

of the 4E states are identical for the cubic and ixial sites and that all the observed structures for

the orbital triplet states associated with the cubic and ixial sites can be in ilyzed in terms of i

Jahn-Teller coupling to degenerate or almost degenerate E vibration il modes. The strength of
the Jahn-Teller coupling and the Jahn-Teller shift with respect to the electronic st ites is deter-

mined for each level of Mn++ in the cubic and axial centers. Then, the shifts of the electronic

states E, T2, and E for Mn++ in ixial symmetry with respect to the electronic stites in cubic

symmetry are analyzed in terms of tot;illy symmetric electronic interactions with loc il str;iins

and with the ligand field of distant neighbors. The 4E states of a d5 configur;ition being most

likely sensitive to the ligand field of the first neighbors only, the shifts of the E electronic st ites

for the axial centers are interpreted in terms of local strains of A
~

symmetry acting on the MnS4

clusters. By interpreting the stress-induced shifts of the 4E states and the shifts in ixi il centers

in a molecular cluster model it is shown th it the loc;il A
~

str iins most likely correspond to dil;i-

tations of the MnS4 clusters for axi il centers. Finally, the shifts of the T2 and T~ electronic

states are interpreted in part in terms of the local A i strains and in part in terms of the v iri ition

of the ligand field of A i symmetry in sticking faults. The energy levels of the Mn++ in wurtzite

are also tentatively analyzed in the framework of the proposed model.

I. INTRODUCTION

The elaboration of phenomenologic;il models and
theoretical grounds for explaining the vibronic prop-
erties of a variety of impurities in solids has attracted
a continuous interest since the pioneering works in

this subject. ' For example, very intricate experi-
ments and interpretations permitted establishing a vi-

bronic model for the F center in CaO a model for
the Jahn-Teller (JT) coupling between electronic
states E and T2 of a given configuration' or different
configurations in the case of the F center, and tests
of validity of the vibronic and cluster models for an E
state. ' In this paper we report the first. attempt to in-

clude the Jahn-Teller effect in the interpretation of
the spectral distribution of d ions in polymorphs.

One of the most studied polymorphs in relation to
the Jahn-Teller effect is probably ZnS which can be
grown with the zinc-blende structure (site symmetry

Tg), the wurtzite structure (site symmetry C3 ) ind

with the zinc-blende structures with stacking faults'
(SF); in this case cubic sites of Tq symmetry and
several inequivalent sites of C3„symmetry appear as
a consequence of irregular sequences of close-packed
ZnS layers along a common [1 i 1 ] & axis of the cubic
parts. At this time, detailed descriptions of the vi-

bronic interactions for various levels of d ions is
Fe++," Ni++ Co++, Cu++ ' Cr++ " 'ind Mn++ " '-'

are available only for the cubic sites of ZnS. As for
the very puzzling spectral distributions in SF's &nd

wurtzite, an inconclusive model where the vibronic
interactions are neglected has been reported for
several states of Mn++. We will show herein th it
the Jahn-Teller effect is of primary importance to
analyze the relatively large shifts of the centers of
gravity of the T~, T2, and E levels of Mn++ in 'ixiil
sites with respect to the levels in cubic sites ind to
explain all observed fine-structure patterns.
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For each state 'E, 'T2, and 'T~, the Jahn-Teller ef-
fect will be analyzed as follows. First, the symmetry
of the effective phonon to which the state is coupled
is deduced from uniaxial stress experiments. It will

be shown that all studied states of Mn++ in cubic and
axial sites are coupled to two-dimensional E modes.
Second, for each state, the Jahn-Teller effect is
described in terms of the Jahn-Teller energy E~T and
in terms of the energy Acoq of the effective phonon.
The energy of the effective phonon could be con-
sidered as a fitting parameter, however in most cases,
the limitations for Ace imposed by the phonon spectra
and the phonon density of states are so drastic that
only one or two values forbes can be considered. In
our case, it will be shown in the following that the
energy of the effective mode of ZnS is f~E= 100
cm ' for all studied states of Mn++. The Jahn-Teller
energy is considered as a fitting parameter varying in

relatively large limits since only a very crude-value of
E&T can be obtained from Ham's cluster model when
the orbit-lattice coupling constants are known from
uniaxial stress effects and when the energy of the ef-
fective phonon is known. In the following, the
Jahn-Teller energy for the T~ and T2 states associat-
ed with the axial centers will be obtained from a fit-
ting of both the relative positions of the lines appear-
ing in each fine-structure pattern and the relative di-

pole strengths of the lines.
In Sec. II we briefly recall the structure of the elec-

tronic states E, "T~, and T2 of a d ion and summa-
rize the vibronic properties of these states in the case
of Mn++ in the cubic sites of ZnS.

Site selection spectroscopy with a dye laser recently
permitted us to determine unambiguously the energy
levels of the E, T1, and "T~ states at lower energy
of Mn++ in the cubic centers and two prominent axial
sites of ZnS as well as the lifetimes of the T~ A

~

transitions associated with these centers. ' The exper-
imental results relevant to the present study and new

experimental results concerning the energy levels of
Mn++ in stacking faults are reported in Sec. III.

Section IV is devoted to the presentation of a
model Hamiltonian which permits analyzing first the
vibronic interactions governing the structure of the
fundamental vibronic lines (FVL) of the' orbital
doublet and triplet states of Mn++ in cubic and axial
sites and second the vibronic shifts and the totally
symmetric electronic interactions contributing to the
shifts of the fine-structure lines in axial sites with
respect to,the fine-structure lines in cubic sites.

A detailed quantitative analysis of the vibronic and
electronic interactions in the axial sites is proposed in

Secs. V and VI. The analysis of vibronic interactions
is mainly deduced from the observed fine-structure
pattern and from the uniaxial stress effects on the or-
bital doublet and triplet states of Mn++ in axial and
cubic sites. The electronic interactions which shift
the axial lines are associated not only with the varia-

tions of the cubic part of the ligand field acting on
the Mn++ centers but also with dilatations of the
MnS4 clusters.

II. ELECTRONIC AND VIBRONIC STRUCTURES
OF THE' E, T&, AND T2 STATES OF Mn++

IN THE CUBIC SITES OF ZnS

Since the knowledge of the fine structure of the 4E,

T~, and T2 states of Mn++ in cubic sites of ZnS is of
primary importance to understand the structure of
these states in axial symmetry, we will briefly sum-
marize the most important features of the fine-
structure levels associated to the cubic sites (see Fig.
I). The details of the uniaxial stress experiments
used to identify the FVL's of each state as well as the
analyses which permitted elaborating the Jahn-Teller
models are given in previous papers.

T= 4.2K

21229 21233 21238

10cm

17887 17897

10cm

times

19676 19680 19710

F|G. 1. Fine structure of the E, T~, and T2 states of
Mn++ in cubic sites of ZnS.
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A. 4E state an cl

In Tz' the 'E states of a d' configur ition are
decomposed into three states I"7, I"8, and I 6., the
main contributions to the splitting being due to the
spin-spin interaction and the second-order spin-orbit
interaction. The three fine-structure lines corre-
sponding to transitions from the almost degenerate
'A

[ fundamental state to the E states are equally
spaced as it can be shown from symmetry considera-
tions when the spin-spin interaction;ind the second-
order spin-orbit interactions are taken into account.
The relative dipole strengths (RDS) ire

8['Ai I8( —;)(4Ti)]=22

for dipol ir electric transitions. In the c ise of the
fluorescent "T] state of Mn++ in the cubic sites of
ZnS (see Fig. 1) it has been demonstr;ited th it the
two FVL's which appe ir in the optic;il spectri c;in be
interpreted in terms of i relatively strong coupling to
E vibrational modes, " The obser'l'ecf fille» c'or'r'c'sporlcf to

the II'Qll5rtiorls:

ancl

8 ["A r ('E)] =3 8['A I,('E)] =5

8 ['A - I 6('E ) ] = 2

fol the lirle at lower' erlergv, fhe RDS beirlg 33', allcf to
The tl arlsitiorl

In the case of Mn++ this structure for;i E st ite (see
Fig. 1) has been confirmed by uniaxial stress experi-
ments performed on ZnS (Ref. 15) and «iso by the
fine structures observed in distorted tetrahedral
MnA'4 clusters as MnCI4, MnBr4, and MnSe4, ' in all

cases a large splitting of the I 8 state has been ob-
served as well as shifts of the Kramers doublets I 6

and I"7. It has been Wecently shown that the funda-
mental vibronic states of the 'E states of Mn++ are
predominantly coupled to. intrinsic or stress-induced
strains of E symmetry, the coupling to T2 strains be-
ing smail or negligible. '" I.urthermore, a study of the
Jahn-Teller coupling from Ham's cluster model, " us-

ing the orbit-lattice coupling coefficients of Mn++ in

ZnS, has shown that the E states are only moderate-
ly coupled to E vibrational modes; in the case of
Mn++ in the cubic sites of ZnS the Huang-Rhys fac-
tor was found to be S =0.4, the corresponding reduc-
tion factors being p =0.35 for electronic operators of
symmetry A2 and cI =0.7 for operators of symmetry
E. Approximate expressions for p and q are given by
Ham'"

p = exp( —1.974S" ')

where S=Eiz/hcu and q = —(I+p). The energy flu
[

of the effective phonon was chosen to be 100 cm ]

and therefore" the Jahn-Teller energy is 40 cm '.

B. "Tl state

In Tq' a T] state is decomposed into two Kramers
doublets I"6 ind I 7 and two I 8 states. In the absence
of a Jahn-Teller coupling, the splittings arise mainly
from the first-order spin-orbit interaction and to a

lesser extent from a second-order spin-orbit interac-
tion, The R DS's of the A ] T] transitions for a cf'

ion are given by symmetry consider;itions; they;ire

for the lille at higher erlergy, the RDS beillg 27. The
Huang-Rhys par;imeter is S = 1.9, the energy of the
effective phonon of E symmetry being 100 cm '. '

C. T2 state

An electronic T2 st ite decomposes into i I'c„aI 7,
;ind two I"8 states in Tz'. I or;&

cf-' ion the RDS's of
the "A

] 'T2 transitions;ire

g[6A, r„(4T,)]=7 S["A, I', ( T )]=0

8 ["A
1

- rg( —, ) (4T, ) ] = 9

ancl

SI'A I (-, )('T', )]=14,
for electric dipolar tr;insitions. The vibronic structure
of the 'T2 stite at lower energy of Mn++ in the cubic
sites of ZnS was imong the most complex encoun-
tered in Jahn-Teller systems. As shown in Ref. 13
the vibronic states are moder itely coupled to E
str;iins (S =0.6) and the over;ill spin-orbit splitting
(110 cm '), the energy of the effective phonon'"
(100 cm ') «nd the vibronic shifts (60 cm ') have
roughly the same magnitude so th it 'i di igon iliz ition
of the vibronic ind electronic H imiltoni'ins is needed
in order to get a correct description of the vibronic
levels and of the relative dipole strengths. I urther-
more, i pronounced intensity tr;insfer for the I'[](—;)
state to excited vibronic states seriously complic;ites
the interpretation of experiment;il results. In th it
c ise, symmetry consider itions ire no longer suffi-
c.ient to accurately describe the RDS, in f;ict it is

necessary to determine the vibronic w;ive functions
associated with the fundament il vibronic st'ites. This
was done by taking into account five phonons. The
results of the calculations are summarized in I ig. 1

for the cubic sites. The two lines it lower energy
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correspond to the transitions' A i 18( —, ) and

"A
i 16, the line at higher energy corresporids to the

transition "A
i

I"8(—, ) whose intensity is reduced by

a selective intensity transfer.

III. EXPERIMENTS

E T-42 K

(al all centers
t emission energy: broad emission band

A. Samples and apparatus

The experiments were performed on ZnS:Mn crys-

tals grown by Eagle-Picher. The crystals are identical

to those used in previous studies concerning the
fine-structure lines of the "F. (Refs, 14 and ),iS) 'T
(Ref. 13), and Ti (Ref. 12) states, In particular the
relative number of Mn++ ions in the various axial

sites and in the cubic sites is the same for the crystals

su iet d' d here as for the crystals previously studied.
4 n Zns;The concentration is approximately 10 g M n/g n;

this concentration is low enough to prevent the ap-

pe trance of pair lines in the excitation and absorption

spectra. '"
The emission and excitation spectra were obtained

with a dye laser pumped with a molectron nitrogen
I user. The peak power was 10' %, the pulse time be-

ing 10 ns. The decay of the luminescence was

recorded with a grating spectrometer associated with a

photocounter and an averaging system.
The experiments were performed at 4.2 K in exci-

tation and 4.2 and 15 K in emission.

21233

21229

2123
(b)cubic centers C

emission energy: 1)991crn"

r7()6 21249

21244

21253

(c) centers SF1
emission energy 19009crn1

21319

21324

U L
21250 21300

ENERGY(cm )

21314

id)centers SFZ
emission energy. P990cm

B. Experiments

The excitation spectra were obtained by collecting
the light emitted by the fundamental vibronic lines

(FVL) of Mn++ in a given site; conversely the emis-

sion spectra were obtained by exciting the FVL's of
Mn++ in a given site. Parts of the associated emis-

sion and excitation spectra are given in F&gs. 2—4 for
the cubic centers and two prominent axial centers
denoted SFi and SF2 (see also Tables I—III). Excita-
tion transfer between different Mn++ centers was

found to be negligible for the chosen concentration
(see Fig. 2), so that no ambiguity remains in associat-

ing the emission and excitation spectra of Mn++ in

SFi and SFq, It can be noted that these experimental
results are not in agreement with the associations of
FVL's for each site as predicted by a previous elec-
tronic model based on the interpretation of optically
detected EPR spectra. '

Very detailed experiments performed on the 'F. and

Ti states of the cubic centers and the centers SFi
and SF2 have shown the presence of two supplemen-

tary Mn++ centers. The spectrg corresponding to
these new centers are partially hidden by the spectra

of the centers c, SF~, and SF, (see Figs. 5 and 6),

1 IG 2. Excitation spectrum of the E zero-phonon lines4:.
of the 4E levels of Mn++ in cubic tnd axial sites of lnS. ( t)

Spectrum obt ~ined by recording the emission of the 4T

band. (b) Spectrum obt tined by recording the emission at
17887 cm ' (see 1 ig. 3)„the we tk excitation lines tppearing
ne;tr 21 248 and 21319 cm ' «re most likely due to weak ex-

7cit'ttions of the txi tl centers„ the light emitted at 1

cm ' being due to phonon assisted transitions (note the
overl tp of the zero-phonon lines of the cubic centers in Fig.
3 with the emission bands of the centers SFi and Sl &). (c)
Spectrum obtained by recording the emission at 18 006
cm ', no excit ttion of the centers c and Sl 2 is observed in

this case since there is no overlap between the zero-phonon
lines;tt 18006 cm ' «nd the phonon-assisted lines of the
centers c tnd SF2 (see Fig. 3). (d) Spectrum obt tined by

—irecording the emission at 17 980 cm

however the existence of these new centers was

clearly demonstrated by carefully scanning the emis-
sion lines at 17887 and 17980 cm '. These centers
show a structure analogous to that of the cubic and
axial centers SF2 (see Tables I and III).

It can be noted (see Figs. 5 and 6) that the spacings
between two adjacent FVL's for the E states are not
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TABLE I. F st'ttcs. Energies «f thc fund'lnlcnti(l vlbfon-
ic lines (I'VL), positions of' the center» of gr«(vity «f thc
f'inc-structure lines (CG), tnd c'&Icul (ted dil;(t'tti«ns ( I)) «f

thc MnS4 clusters with respect to thc cubic centers for thc
centers SI ), SI &, ,&nd w described in Scc. III.

(a)cobic centers C

excitation energy
Energy of' N tturc of
thc I ~L the I VL

rc;
(C(ll

)c)c
excita

1WÃ 1500 1IOO

gsS1

1Sjog ENERGWcrn&)

Cuble

StBCklng

foal u 1't

SI
)

SI 4

wurtzite'

21 229
21 233
21 238

21 244

21 248

21 253

21 314
21 319
21 324

21 231
21 235
21 24()

21 316
21 320
21 325

I'7
r.

„

I(,

17

Ig

+ 15.1 1 1 x I() ~

+85.6 64x I() 4

+2,3 2x lo "

+ 86.9 65 x 1 f)-4

I IG. 3. Emission spectr & ot the 4T) st ttcs. Thc dct tils of
the zero-phonon lines tt 4.2 tnd 15 K &rc given in thc in-

serts. "I rom Rcf. 16.

T2 T=4.2K

19676

19676

(a)tota(
emlsslon energy:
broad emission band

(b) cubic centers C
emission energy: 17887

(c)centers SF1
emission energy: Qppp

19763 (d)centers SF2
emission energy: (7980

19774 19800 20000 20200 2p40p ENERGY(cm )

I IG, 4. Over;&ll view of thc cxcit ttion spectra «f thc T& b&nd.
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21233 E T=4.2K
1/887

TI T=4.2 K

centersc -42- -49-
23:-

centers SF3 41-

{a',i

ion energy:17887

ion energy:17890

emission energy: 21233

emission energy:212363
L9.0
I

I

I

I

3.0 RELATIVE ENERGY(cm )

{b)
FIG. 5. Excitation spectrum of the E zero-phonon lines (a) tnd the "TI emission (b) of t new ne arly cubic center (SF3).

With respect to the cubic lines, the shift of the zero-phonon lines of the E state is of 2.3 cm ', the shift of the TI emission
lines is 3.6 cm '.

strictly identical as predicted by a model involving the
spin-spin interaction and a second-order spin-orbit in-
teraction. Probably higher-order perturbation
schemes would be necessary to interpret the slight
difference between the observed spacings.

Further experiments were performed on the 4Tq

states in order to clearly show the presence of the
I"8(—, ) level for the cubic centers and the centers SFI

3

and SF2. Figure 7 sho~s that, as for the cubic sites,
the transitions 'A

I I 8( —, ) ( T2) are subjected to a
strong-intensity transfer.

It will now be shown how these definite experi-
mental results used in conjunction with uniaxial
stress experiments permit us to elaborate coherent vi-
bronic and electronic models for all centers simul-
taneously.

21319 4E T=4.2K 17978
T T 4.2K

7980

mission energy:1797

mission energy:17988

emission energy 17992

13 I

4.0, ', 4.7 (om )
I

excitation energy:21319

ion energy:21320. 3

ion energy:21321

(crn1)

RELATIVE E',NERGY (cm )

FIG. 6. Excitation and emission. spectrum of a new center (SF4) hidden by the center SF2. The center of gr)vity of the E
fine structure is shifted by 1.3 cm ' with respect to the center of gravity of the E lines of the center SF2. The emission is shift-
ed by 8.5 cm '.
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TABLE II. T& st ites of the centers c, Sl 1, S12, ,ind w'. Energies of the fund iment'il vibronic
lines (F VL), n;iture of the F VL's. 1-lu ing-Rhy» f;ictor S, vibronic shifts, ;ind shifts induced by the
loc'il str'iins 5 N ipc(A i) ind the v;iri ition of the cryst il field lL H „c(A1

).

Energy of
the 1 VL's

(cm ')

N iture
of the

1 VL's"
1 1 u ing-R hys

f'ictor S

Vibronic
shifts
5 W„;b

(cm ')b
S W„,c(W, )

(cm ')
LlH „c(A1)

(cubic

centers)

19676

19 680

19 710'

r8( —)
5

rs(-, )
3

().6

(st icking

f iult)

SF 2

19 763

—19 763

19805'

19 774

19 780

19 811'

I ( —)
5

8

ind 16

r, (-, )
3

r, (-)5

2

r„
rs( —)

3

().5

+20

+115

+53

—24

(wurtzite)
—19 861" —0.6 -96 +138 -47

"The tr insition A i r7( T2) is strictly forbidden in T~ symmetry. The n iture of the 1'VL's is

only roughly given by the represent itions of T is expl iined in Sec. II.
5

These shifts ire those of the r8(
&

) line with respect to the T2 electronic st ites.

'Lines subjected to i strong-intensity tr insfer.
"F rom Ref. 16.

centers C

16

T2 T= 4.2K

centers SF1

3

2

centers SF2

r8
2

19616 19680 19710

times
magnlf led 5 times

19163 19805

&bi

magnified

betimes

19Tt4 19180 19811

ENERGY(cmi)

(c&

1"1('.7. Bet'iils of the fund;iment il vibronic lines of the 7~ st;ites for the centers c, Sf''1, 'ind Sl'p. The line 'it higher energy

corresponds to the tr;insition "3
i r8( —) ("T2) subjected to i strong-intensity tr, insfer. The tr;insition 'A

1
1 7 is strictly for-

bidden. These excit ition spectr i were obt tined by recording the emission of the cubic i:enters it 17 887 cm ' (;i), the emission
of the centers Sl i it 18006 cm ' (b), ind the emission of the centers Sl"2 it 1798() cm '(c).
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IV. MODEL HAMILTONIAN and the contribution to AX,.(A ~) is given by

The basic Hamiltonian of the proposed model is

X=XY+X,„+X»+Xax„.(r)+X„;b+other terms,
r

[hX„.(A, )]~= y4 —
y4

2&5
7

20
) Ck 2%5 C4

where X,. is the Hamiltonian governing the multiplets
I in cubic sites. X&o and Ass are, respectively, the
spin-orbit and spin-spin Hamiltonians. Xr EX,.(l ) is

a perturbation of X,, around the d ions in axial
centers, expressed in terms of operators spanning the
representation I" of the cubic group.

3.'„;bis the vibronic Hamiltonian associated with a

state ' +'I; the main effect of 3C„bon doublet and
triplet states is to reduce the fine-structure splittings
and to shift the centers of gravity of the FVL's with

respect to the electronic states. For our purpose, the
"other terms" include primarily the stress-induced
Hamiltonian X,,„„,.

In order to describe a Jahn-Teller state in an axial
center with respect to the corresponding electronic
state I in cubic sites, it is convenient to separate the
totally symmetric in'teractions A

~
contributing to the

shifts 5 8'(I ) of the gravity centers of the FVL's of
the state I from the interactions governing the fine-
structure pattern, By extracting the preponderant in-

teractions A] from X, we get

sH (r) =a w,.+he„,+a w„+aw„„„,

+ V3-. p 2 3

5
+

5
) Cp g C3

45

The variation of the cubic field parameter Dq which
depends on the electronic operators C4 had been cal-
culated in a point-charge model by using the bond
lengths and angles as given by the crystallographic
data and the results of this calculation have been
used as a guide to determine the energy levels associ-
ated to the axial centers. '" However, it must be re-
called that this kind of calculation is of little help to
explain the strength of the coupling of the electronic
states of Mn++ to A], F., and T2 intrinsic or stress-
induced strains. ' '" Therefore it is not surprising
that this simple model fails in predicting the energy
levels of Mn++ in stacking faults.

Second, it must be emphasized that the proposed
Hamiltonian cont ~ins a vibronic term which allows
for different Jahn-Teller shifts for the electronic
states of the cubic and axial centers. Therefore, we
will first determine the Jahn-Teller shifts for all states
considered in order to obtain the electronic shifts and
then discuss the origin of these electronic shifts.

the notations are obvious, except for 5 W~o which
represents the variation of the shift due to spin-spin
and second-order spin-orbit interactions.

Following this procedure the problems to solve for
each I state are: (i) determine quantitatively the
various terms in b 8 (I ) for the axial centers in-

dependent of crystallographic models and predictions
of crystal-field or covalent models (which proved
misleading in previous models for Mn++ centers) (ii)
determine the contribution of non-A ] interactions to
the fine-structure pattern.

It will be shown in Sec. V how this can be achieved
in the case of Mn++ centers in ZnS from an analysis
of the F., T], and T2 states considered in that or-
der. However, before considering the details of the
proposed model several remarks are to be made.

First, in previous studies on the optical energy lev-
els of d ions in stacking faults, the term AX,.(A])
only has been considered for various axial centers in

ZnS. ' Explicitly, the axial crystal field acting on an
impurity in a stacking fault is of the form

C + p"C(3] + p33C33 + yP4Cp4 + y43C3

[the C"'s are electronic operators related to the classi-
cal spherical harmonics by C"= [4m/(2k + l ) ]'~' Y"],

V. VIBRONIC AND ELECTRONIC INTERACTIONS
IN THE E, T&, AND T2 STATES OF Mn++

IN THE AXIAL CENTERS OF ZnS

A. 4E state

The fine-structure patterns for the F. states in cu-
bic and axial sites are identical. In particular, (i)
there is no observable splitting of the central I 8 line
in axial centers and the energy differences H'(I 7)
—N'( I 8) and ~ ( r„)—~ ( r, ) between two consecu-
tive lines are equal for the cubic and axial centers.
The uniaxial stress effects are almost identical for
each fine-structure pattern of SF centers. " In partic-
ular, (ii) the stress-induced splittings of the I 8 states
and the shifts of the I 6 and I 7 states are almost
identical for P ll [110] (see Fig. 8) and all lines are al-
most unsensitive to an applied pressure parallel to the
[1 l 1]a crystallographic axis, and (iii) the linear
stress-induced shifts due to e(A ]) strains are identi-
cal for P ll [ l l0] and almost identical for P II [l l l ] s
(for P =36 x 10" dyn/cm', the shifts are —17.1 cm '

for centers c, —15.3 cm ' for centers SF] and —14.6
cm ' for centers SF'2).

The experimental results (i) and (ii) show that the
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5 8'(A ] ) = 13 400 cm ' per unit 3 ] strain and
a(A, )» ——I 1 x 10 ', a(A, ),,: = 64 x 10-' [and

1 2

e(At) „=77x lo by tentatively assuming that the
OLCC's in wurtzite are identical to those in SF's, see
Table I]. It must be noted that another description of
the dil ition of the lattice can be made in terms of the
covalency parameter 1 —k' intervening in the cluster
model for MnS4 (Ref. 21) by taking d(1 —k')
/dent'(A ~) = —30 x 10 "cm.

B. Tt states

As shown in Ref. 12 the two FVL's associated with
each c and SF[ center show identical shifts and split-
tings under an applied pressure P ll [110]and no
splitting for P II [ I I I ] s (see Fig. 10); this shows that
these two centers are coupled only to E stress-
induced strains (and A ] strains). Therefore the ob-

served vibronic structures are interpreted in terms of
a strong Jahn-Teller coupling to E modes, the line at
lower energy corresponding to the almost degenerate
states ~r7, 00) and (3/4 l0) I I s( —, ), 00)
—(I/Jl0) ~rq( —, ), 00) and the other line to the

states ~r„,oo) and ( I/410) Ir, ( —', ), OO)

+ (3/410) ~r, ( —,), 00). The shifts of the vibronic

states with respect to the electronic states for both
centers are 4H'„;b=—190 cm ' (S =1.9, Leaf=100
cm '). (A vibronic shift of —190 cm ' has also been
tentatively taken for the centers ~ which show the
same structure as the centers c for P =0. )

For the centers SF2, the observation of four vi-

bronic lines is a clear indication that they are less
coupled to almost degenerate E modes than the
centers c and SF]. From an analysis of the splitting
of a T] state in terms of the Huang-Rhys parameter
we obtained S —1.4 and AN'„;b-—140 cm ' (Fig.
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l lG. 10. Uniaxi;~l stress effect on the fund ament;~l vi-

bronic lines of the T] stItes of Mn++ for the centers e, SV],
~nd Sl 2. The d bshed lines represent the shifts due to the
e(A ]) str]ins.

FIG. l l. 4T] states. 1-'nergy-level scheme showing the
contribution of the vibronic shifts and electronic inter Ictions
to the shifts of.the centers Sl ], SV2, and w. The shifts of
the electronic levels of the &xi'il centers are decomposed into
shifts 5 N']„,.(A ] ) due to dilatations of the MnS4 clusters ~nd

shifts 6 N „,.(3]) ~hose origin is discussed in Sec. Vl. l or a

given ~xiii center the sum of 5N ],„.(A]) «nd b, N „,.(A])
gives the position of the electronic level of the ~xi;Il center
with respect to the electronic level of the cubic center.
Shifts in cm
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I l). The fact that the jI"a( —, ), 00) and jI', ( —, ), 00)
states remain degenerate indicates that these centers
are weakly (or not) coupled to the noncubic terms.

The energies of the T~ electronic states are given
in Fig. 11.

2DOOO.

I
electronic levels

W

ENERGY 'observed
(cm-1) energy levels 4T

C. T2 states

The vibronic structure of the T2 states for the cu-
bic centers consists of two lines separated by 4 cm '

and one broad and we ik line at high energy. Figure
7 shows that the structure of the SFI and SFq centers
differs from th;it of the cubic centers only by the en-
ergy separ ition of the two lines at lower energy.

In order to interpret the vibronic structure of;ixi;il
centers, we diagonalized 3Cqo+3CqT by taking into ic-
count six phonons (168 x 168 matrix) and varying
the Huang-Rhys parameter 5 from 0 to 2. Theoreti-
cal structures in agreement with those observed in

axial sites were obtained by neglecting the second-
order spin-orbit. interaction and taking 5 in the r inge
0.4«S «0.8 in order to account for the strong-
intensity transfer which, as for the centers c, is ob-
served in SFI and SF2 centers. The vibronic shifts
and structures are given in Fig. 12 and Table III ('i
good fitting with the observed fine-structure pattern
is obtained with S —0.4 for the centers SFI and
S —0.5 for the centers SF2, the energy of the effec-
tive phonon heing l00 cm '). (For the centers w we

took S =0.6. )

The electronic levels of the "T2 states are
represented in Fig. 13.

ENERGY

(cmtl

O.S

Tz

1 l(j. 12. Theoretic il splittings ind shifts of the fund I-

mental vibronic lines of a T2 state of Mn++ in the c;ise of;i
Jahn-Teller coupling to E vibr;ition il modes. S = E&T/t~L-
= 100 cm '. The points correspond to the energy levels
given in 1 ig. 7.

'l99DD.
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47

C p C p

SF2 -24
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1"l(j. 13. Slsift» (in cm ') of the T2 stites of the centers
Sl:~, Sl"2, and w.

VI. DISCUSSION AND CONCLUSION

Coming back to an overall view of the fund;imentil
vibronic st ites of the 'F. , 'TI, ind 'Tq st ites of Mn++

in cubic and axial centers, sever;il remarks ind com-
ments must be made.

First, all the observed fine-structure p;itterns have
been interpreted in detail, Not only the rel itive posi-
tions of the fine-structure lines but also the relative
dipole strengths of the lines are in excellent;igree-
ment with experiments.

Second, the vibronic shifts b, W„bh ive been de-
duced from an analysis of the fine-structure patterns,
ind the gravity centers of the electronic stites 'E,
TI, 'ind "T2 for the cubic and axial centers have

been obt iined by simply adding 5 N „;bto the gr ivity
centers of the observed energy levels. These elec-
tronic states are given in Figs. 9, 1 1, ind 13 for the
"F., 'T, , and 'T2 states, respectively.

Third, it is important to remark that having inter-
preted the fine-structure patterns in terms of the
Jahn-Teller effect and determined the electronic
states of the cubic and axial centers, the main pur-
pose of this p iper has been achieved.

Finally, for completeness, we wil) briefly examine
the origin of the electronic interactions of 3 I sym-
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TABLE III. T~ states for the centers c, SF~, SF2, and ~.

Energy of
the I=VL's

(cm ') N ~ture of the I VL's
Ilu &ng-Rhys

factor S

Vibronic
shifts
b, W„;b

(cm-')'
S W„,.(W, )

cm ' (cm ')

C

(&ubic
centers)

17 897

17 887

I r, ): '
I r, (-', » —

I r, (-', ) &v'10 v'10

Ir, &: Ir, (-, )}+ Ir, (-, ))410 v'10
1.9 190

SI t

(stacking
tau]t)

18 017

18 006

lr, ); lrg( —', ) &
— lrs(-', ) &410 410

(r, ); )r, ( —,)) + Ir, ( —, ))
410 410

1.9 190 27

SF2

W

(wurtzite)

17 978

17 980

17 987

17 991

18 102'

r,
"s( )

I7
1 (—)b

—1.4

—1.9

140

-190

157

188

-115

=22

'Vibronic shifts of the center of gravity of the fine-structure lines with respect to the T~ electronic states.
A splitting of these states is observed in uniaxial stress experiments for an applied pressure P parallel to the [110]axis.

'From Ref. 16.

metry which govern the shifts of the electronic states
of the axial centers with respect to the electronic
states of the cubic centers. This problem has already
been considered in Sec. V in the case of the E states.
We have shown that the shifts of the E states can be
described in terms of slight dilatations of the MnS4
clusters associated with the axial centers, (The di)a-
tation of each cluster is given in the last column of
Table I.) This description is in agreement with co-
valent models which predict that the E states are
sensitive to dilatations of the MnS4 clusters" "and
with uniaxial stress experiments which show that
these states are sensitive to strains e(A ~),

This study of the E states suggests that the pertur-
bation of the cubic field AX,.(A ~) associated with
each axial center can be decomposed into a local per-
turbation hg„.(A ~) due to slight dilatations of the
MnS4 clusters and a nonlocal perturbation bX„„.(A

~ )
due to the crystal field [hK,.(A ~)]y', the F. states be-
ing primariiy sensitive to hX~„(At) and the triplet
states being sensitive to both hQ„.(A ~ ) and
AX„,.(A ~). Therefore, for each axial center, the con-
tribution of rQC~„,.(A ~) to the E, T~, and T2 states
will be calculated from the dilatation of the MnS4
clusters and the OLCC's to A

~
strains. Then, we will

deduce the contribution of bX„,.(A ~), It must be
noted that no fitting parameter will be used in the
following when we will separate the contributions of
53C~„(A~) and 53C„,.(A ~).

Following this procedure the shifts 5 8'~„,.(A ~) for
the T~ states are equal to 1.8 times the shifts
hW~„.(A ~) of the E states as deduced from the ratio
of the OLCC's to A

~
strains in the T~ and E states.

The shifts 5 H „,.(A ~) due to distant neighbors are
simply obtained by subtracting those due to local
strains from the overall electronic shifts (see Fig. 11
and Table III). For the 'T2 states, the shifts attribut-
ed to local strains were obtained by comparing the
OLCC's to A

~
strains in the T2 states

(18000 cm '/unit strain) and in the 'T~ states
(24500 cm '/unit strain) (see Fig. 13 and Table 11).

It must be emphasized that the validity of the
model can be checked by analyzing the consistency of
the shifts associated with distant interactions A

~
in

the LR approximation (this approximation is present-
ed in Sec. V A). From the shifts 5 W„,.(A ~) obtained
in the 4T~ and T2 states, we see that the LR approxi-
mation is in fact roughly satisfied for all centers.

Although further refinements of our treatment of
electronic interactions are undoubtedly necessary, the
chosen basic Hamiltonian and the method proposed
to measure all relevant interactions give for the first
time a unified description of several optical states of
a d ion in a polymorph. A development of the rigid-
ion model" for analyzing the local strains in the vi-

cinity of a SF and in wurtzite as well as a detailed
crystal-field model for distant interactions would be
very helpful for building a complete physical model.
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