
MAGNETO-OPTICAL STUDY OF A CHARGE- TRANSFER BAND. . . 863

The MCD implies a symmetry assignment for the
excited state of the transition. The symmetry as-
signment of Ta„for this charge-transfer state and
the implied placement of the mt, „ligand orbital at
higher energy than the mt'„would be surprising ex-
cept that the ordering of these orbitals has also
been reversed by similar MCD studies of some of
the 5d hexahalides. There is the possibility that
this reversal in the order of the ligand levels may
be general. It is hoped that such MCD symmetry
classifications will stimulate a theoretical consid-
eration of these ligand orbitals.

It appears that MCD originating from a Jahn-
Teller active ground state can be analyzed with
reasonable success. The analysis presented is
more complicated than that required for orbitally
nondegenerate ground states, but it is hardly pro-

hibitive. It might be possible to add second-order
terms to the rotatory strength and the Zeeman in-
teraction and to more precisely treat the data.
However, the analysis presented appears to en-
compass the essentials of the problem.
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Optical Properties of Mn'+ in Pure and Faulted Cubic ZnS Single Crystals
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It is shown that a number of lines in the excitation and emission spectra of Mn++ in ZnS single
crystals are associated with the presence of stacking faults in predominantly cubic crystals. The position
of these lines is interpreted in terms of the modification of the cubic crystal field at the faulted sites.

I. INTRODUCTION

The optical properties of Mn" and other impuri-
ties in Zn8 host crystals have been studied rather

extensively, especially due to the great interest
in variously doped ZnS as synthetic phosphors, where
Mn" plays the role of an efficient activator. ~ The
essential aspects of the absorption and emission
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spectra of this ion have thus been well studied and
understood, especially since independent studies
of the phonon spectrum of the crystals have con-
firmed the interpretation of most of the observed
fine structure of the bands as phonon-assisted
transitions. '

However, the features of these spectra asso-
ciated with the crystallographic varieties of ZnS
are less well understood. This is partially due to
an incomplete understanding of the crystal struc-
ture of the varieties of the so-called hexagonal"
ZnS. Thus, it has been recognized only recently
that most crystals thought to be wurtzite are in
fact mixed polytypes with no wurtzite at all, and
that most crystals thought to be purely cubic con-
tain in reality relatively important densities of
stacking faults and are thus partly 'hexagonal. "

Axial" centers have been optically detected for
various D-state ions Fe", 3d 'D'; Cu ', 3d DB'7;
and Cr ', 3d D and their relations to stacking
faults have been clearly recognized in the case of
the F-state ions Co ' M 'E and Ni

' 3d 'F. ' For
example, for Co" the transitions are 'A2-'T&,
'T2 in absorption, and the features associated with
hexagonality are comparable to those we observe
for Mn ', 3d S. These authors suggest that a
diminution in the cubic field' is responsible for the
line shifts in their case but they do not interpret
their spectra quantitatively, and their crystallo-
graphic model for the environment of an impurity
ion located at a stacking fault neglects some impor-
tant aspects of this environment.

The detection of two axial sites of Mn
'

in ZnS
with stacking faults by electron paramagnetic reso-
nance"' has led us to a detailed model for the
impurity sites located at these stacking faults, and
at the same time provoked in us healthy doubts
about all affirmations of structural purity in ZnS.
We therefore decided to reexamine the optical
spectra of Mn" in ZnS as a function of structure.

We were, in fact, able to detect in these spectra
lines which are due to Mn" in the two sites char-
acteristic of the stacking faults. Using the results
of a lattice-sum calculation of the crystal field pa-
rameters for these two sites, together with mo-
lecular-orbital theory, we are able to account for
most of the supplementary lines which we observe
in the faulty samples and which we can show to be
absent in truly cubic crystals.

II. E~.PERIMENTAL RESULTS

Excitation and emission spectra of our crystals
have been obtained by means of a Jobin- Yvon HRS
monochromator at liquid-helium temperatures.

Samples were synthetic single crystals doped
during their growth. The cubic crystals were
prepared by transport at relatively low tempera-
tures. ' The crystals containing stacking faults

were extracted from a melt at high temperature
and high pressure. ' All crystals contained about
10 '-10 ' at. /p Mn per mole ZnS.

The density of stacking faults is measured by the
degree of hexagonality e which has been estimated
from measurements of birefringence. ' The n co-
efficient may be defined as the percentage of planes
which have hexagonal (prismatic) second-neighbor
environment. It is to be noted that in Refs. 11 and
12 we talked about "mixed polytype" crystals. A

polytype consists of a regular sequence of stacking
faults. We do not have evidence that our crystals
are true polytypes, and prefer, therefore, to speak
about stacking faults. The distinction is complete-
ly irrelevant, as far as our results are concerned.

Figures 1-5 show the optical spectra obtained.
In all the bands we studied, the effect of the stacking
faults (SF) is clearly visible. This is inoppositionto
the results of Langer and Ibuki. It is now doubtful
that these authors ever experimented with a truly
cubic crystal. In what follows wediscuss the dif-
ference between cubic and faulty crystals in detail.

a. Absorption band at 21 500 cm ' (4650 X) (Fig
1). This band corresponds to the transition 6A,
—E. The transition A, —A& is not observed in
this region of the spectrum. Calculations show' '
that the effect of covalency is sufficiently impor-
tant to lift the degeneracy between E and A, by
at least 1000 cm ', and the transition probability is
probably smaller to A, than to E. The band at
21 500 cm '= 21.5k K presents a well-resolved
triplet of narrow lines, centered about 21237 cm ',
which is seen in all crystals (Fig. 2). The fine
structure of this triplet is due to spin-orbit and
spin-spin coupling. The triplet comes from a
pure electronic transition [zero-phonon line (ZPL)j.
At the characteristic distance of 301 cm ' corre-
sponding to a local mode of the Mn

'
ion, we find

the phonon-assisted transition at 21 538 cm
In the cubic crystals between these structures,
there are only several wide bands which probably
correspond to transitions associated with one or
two acoustic phonons, TA, LA, and 2TA, whereas
in the faulted crystals (Fig. 2), there appear two
repetitions of the ZPL triplets, 14.9 and 86. 5 cm
from the cubic ZPL. The intensity of these supple-
mentary lines grows linearly with e. The relative
intensity of the 14.9-cm line is equal to n, where-
as that of the 86. 5-cm ' line is somewhat larger.
These "satellites" have already been described by
Langer and Ibuki. It is their absence in truly cu-
bic crystals which is to be noted (Fig. 2).

b. Absorption band at 20100 cm ' (4980 A).
This band is assigned to the transition A& - T~.
The general appearance of this band in our crystals
is like that of 6A, - E. In the cubic crystals one
sees a ZPL at 19 684 cm ~ (5080 A) split into a
doublet 3 cm ' apart (Fig. 3), a one-phonon sharp
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FIG. 1. Excitation spectrum of the
absorption band A~ E in a pure cubic
ZnS single crystal.
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satellite at 300 cm ', and the wide acoustic-phonon
bands between these lines. In the crystals with SF
there is at 97 cm ' a supplementary doublet whose
splitting is 18 cm ' (Fig. 8) and whose intensity
grows with a. At higher resolution (Fig. 4) this
doublet allows a third line to be seen. Measure-
ments under polarized light show the components
of this triplet to be polarized as shown (Fig. 4).

c. Emission band at 17100 cm ' (5860 A). In
cubic crystals this band shows a zero-phonon line
at 17 899.3 cm ' and a large band towards lower
energy, on which several phonon lines 300 cm '
apart from each other are visible, as well as the
acoustic-phonon lines corresponding to the modes
TA, LA, and 2TA. In the spectra of crystals con-
taining stacking faults, there appear supplementary
lines, displaced towards shorter wavelengths,
whose relative intensity grows with e. This sup-
plementary structure consists of a ZPL at 301.6
cm ' from the cubic ZPL with its acoustic-phonon
bands, which are, as always, rather broad, and
of a second ZPL at g'1. 5 cm ' (Fig. 5). Lines in
this region were also reported by Lander and
Ibuki, who saw them in some of their crystals.

We have made no measurements on the other ab-
sorption bands, which were always either too weak.
or too ill resolved.

III. DISCUSSION OF EXPERIMENTAL RESULTS
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Before we proceed to an explanation of the sup-
plementary spectral lines associated with SF's in
ZnS, we shall briefly discuss the crystallographic
nature of these SF's. In opposition to some ideas
frequently encountered, most "partially hexagonal"
crystals of ZnS are not at all a sequence of zinc-
blende and wurtzite regions, the latter hexagonal-
close-packed structure being altogether absent
from such crystals. Instead, a SF consists of a

ZnS + IO' at%Mn
m =22+
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FIG. 2. Excitation spectra of the absorption band
6A~ 4E in a pure cubic ZnS single cxystal and in cubic
crystals with stacking faults ("hexagonalitJJ" coefficients
&=8 and 22@.
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simultaneously modifies the cubic field. The crys-
tal field relevant to our spectra is thus written

V= V,„b+V„=r4o~t+r434 &(Y4 Y4 )
3 3

V«b= V«&(AN)+ v4[Y4+ Q~ (Y4 —Y4 )j

= Jk r4o(Y'4+ J'v'(Y4 —Y4~)t

V~= (y4o —j~y4o) Y4 ——y4 Y4 .

I
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It is seen in Table I that A sites (AN and AS) have
slightly different cubic fields (2'), whereas the P
sites clearly have stronger cubic fields. There
are also modifications in the odd field (third pow-
er) which might affect the transition probabilities.
Thus the third-order term is about 50'%%uo stronger
for PN than for AS.

If we now look at the position of the extra spec-
tral lines associated with SF's (oAt - E transition),
we see that it is very tempting to assign the triplet
at 14.9 cm ' from the cubic (AN) line to AS and
that at 86. 5 cm to PN. This leads us to postulate
that the displacement is proportional to the cubic-
field variation. As a matter of fact, this linear
relationship is remarkably well satisfied for both
tr.'.olets. An extrapolation of this procedure would
allow one to predict the true wurtzite ZPL at
21 330 cm '. In fact, we did observe this line in
wurtzite needles at 21 335.6 cm '.'

Theoretically this shift is not obvious. In fact,

I t I ) I t l
5 080 5070 5 060
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FIG. 3. Excitation spectra of the absorption band

A~ T2 in a pure cubic ZnS single crystal and in cubic
crystal with stacking faults ("hexagonality" coefficients
o'=8 and 22%).
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sequence of two crystallographic planes possessing
an axial structure different from wurtzite. In a
previous publication ' we have called these centers
PN and AS, the wurtzite site being PS and the cu-
bic one AN. In these double symbols, the couples
P/A and S/N refer to the two outstanding features
of the ionic distribution out to the third-nearest
neighbors. The first neighbors of a given atom
always form a tetrahedron, six of the second neigh-
bors may form a trigonal prism (P) or antiprism

(A), and a single third neighbor may be present (S)
or absent (N). How these sites arise by different
stacking schemes of the crystal planes has been
explained in detail elsewhere. "

These crystallographic features determine the
axial crystalline field parameters at any site. An

S site possesses an axial field of the second power
(which is absent in an N site) and an axial field of
the fourth power. A P character is related to the
appearance of an axial field of fourth power, and
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FIG. 4. Excitation spectra of the absorption band 6A&

T2 in a ZnS single crystal with stacked. ng faults (0,' = 22%).
Excitation light is polarized E II C and E LV.
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FIG. 5. Emission spectra of
the band Ti A~ in a pure cubic
ZnS single crystal and in cubic
crystal with stacking faults
("hexagonality" coefficient + =2N. )
ZPL of axial centers are at 91.5
and 301.6 cm i towards the higher
energies.
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in the framework of a crystal field model, the E
level is completely independent of the cubic field;
furthermore, a similar difficulty arises in the in-
terpretation of the supplementary lines in the T2
and T& bands. These lines are always shifted to-
wards higher energies, whereas the levels should
shift in the opposite direction when the crystal field
increases.

We see thus that a simple crystal field model is
unable to explain our effect. This is not surpris-
ing, since it has been shown that this theory fails
to explain many details of the properties of transi-
tion-metal ions in partly covalent crystals. We
propose therefore an explanation based on the idea
that a change in the cubic crystal field produces a
redistribution of the charge density between the
impurity ion and the neighboring sulphur atoms
(ligands). This redistribution can be calculated by
molecular-orbital theory, and it will be seen that
there are indirect effects on the position of the
atomic levels of the impurity via covalency. We
shall develop this idea in Sec. IV, and we shall
see that it allows one to understand the spectra
quite well.

IV. THEORY OF CUBIC-FIELD EFFECT

The total change in the energy E of a given level
of the impurity center upon a change iraq of the cu-
bic crystal field q is expressedbymeansof the total
derivative dE/dq. We take q to represent the pure-
ly ionic crystalline potential. 5q has complex ef-
fects on the energy levels because it acts on the
charge-density distribution over the pseudomole-
cule or cluster formed by the impurity ion and its
neighbors. This distribution is measured by a co-

TABLE I. Axial- and cubic-field parameters defined '
in Eq. (1). Units are atomic units x R ' . The cubic field
for AN is 1.10 in the same units.

AN (cubic)
AS
PN
PS (wurtzite)

—0.0043
—0.0563
—0.0041
—0.0553

0
—0.0534
+ 0.0891
+0.0367

V4

0
+0.02
+0.09
+ 0.10

1.10
1.12
1.19
1.20

valency parameter x which describes the net rela-
tive electronic charge on the Mn ion. We make
here the fairly rough approximation that a single
covalency parameter is sufficient. We take x to be
that of the antibonding 4tz orbital, which has mainly
Mn sd character, with admixture of a few percent
ligand a function.

The splitting between the monoelectronic states
4' and 2e (respectively, antibonding 0 and z func-
tions) under the combined effect of the crystal field
and charge transfer is defined to be the parameter
b. In the presence of charge transfer, b is no
longer necessarily proportional to q. The total
derivative of & with respect to the crystal field is
now

d& &~ 8& dx
+

dq sq sx dq

whereas the simple crystal field theory gives only
d&/dq = S&/Sq = const. We shall calculate Eq. (2)
by molecular-orbital theory, which yields directly
the total derivative. One finds, however, that d&/
dq is considerably smaller than sb/sq.

The energy eigenvalues of the different quartet
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TABLE II. Calculated displacements (in cm ) of spec-
tral lines of the "axial" centers relative to the cubic-cen-
ter line. This displacement is due to cubic-field effect.

AS
PN
PS

4p

+4+ 20
+10+ 60
+30 + 80

4T

20+ 15
70+ 40
90+55

4E

35+ 10
130+ 30
160+ 40

levels, T~, T2, E, A„which are the lowest ex-
cited states of our nominally M Az system, can
be obtained through diagonalization of the corre-
sponding electrostatic plus crystal field matrices,
either in the weak-field or in the strong-field
scheme. ' In each case, the matrices depend on
Racah's parameters B and C and on the splitting
parameters 4. Thus, E=E(B, C, 4) for each lev-
el. But, as we have seen above, & depends on q
and on the covalency x =x(q), and both B and C de-
pend on covalency through electron delocalization
which modifies the electrostatic repulsion inte-
grals. Therefore, the total derivative of E with
respect to q is, for each level, given by

dE 8E (&& && dx dx (8E dB 8E dC
Isa 4, 8q 8x dq dq (8B dx 8C dxi

(3)

In this equation one simplification is implicit in
the fact that only one x is used instead of at least
two (x, and x, ) and another is contained in the use
of a single B, C, whereas here too several differ-
ent parameters should be used, the general elec-
trostatic parameters' a, b, ... , j being the most
general set. We take B=B~, and thus dB/dx = Bo,
which is the simplest choice, and a similar ex-
pression for C.

In order to obtain the partial derivatives 8E/86,
8E/8B, and 8E/8C, we have performed numerical
diagonalizations of the matrices of Tanabe and
Sugano' (thus working in the strong-field scheme),
after correcting these matrices for covalency ef-
fects in the simplified manner mentioned above.
8E/8B and 8E/8C are about equal for all three lev-
els. This reflects the fact that the three levels
have a very strong G component common to all of
them.

Varying Bo, Co, &, and x systematically, we
looked for the best fit between the calculated en-
ergies with those observed, viz. , 17.89k K ( T&),
19.88k K ('T2), and 21.24k K ('E). A fair agree-
ment is obtained for Bo= (0.78+0.02)k K Cp
= (3.0 + 0. 2)k K, & = (5.0 + 0. 2)k K, and x = 0.95
+0.01. The agreement is not very good. The best
energies are 17.79& K, 20. 114 K, and 21.12k K,
respectively. Similar agreement can be reached
for several sets of parameters. This explains the
relatively large error margin on these.

The molecular-orbital calculation has been de-
scribed before. It yields the values d4/dq = 2. 8k
K and dx/dq = 0. 12; dq is here expressed in units of
the value q (AN) of the cubic center. In these units
then 6q = 0.02 for AS, 0.08 for PN, and 0.09 for
PS. On the other hand, 8E/8n = —0.8+0.1 for
4T„—0. 3+0.05 for Ta, and zero for E; (8E/
8B) (dB/dx) + (8E/8 C)(dC/dx) = (17 + 5)k K for all
three levels. We obtain the line displacements
displayed in Table II for the three axial sites and
the three l.evels.

The error margins shown in Table II are very
large; this is due to the fact that following Eq.
(3) the displacements are obtained as an (algebraic)
sum of two contributions of opposite signs, each of
which is affected by a large error.

V. COMPARISON WITH EXPERIMENT

A. Displacement Relative to Cubic Lines

If we now compare the results of our calculation
with experimental results, we see that the agree-
ment is quite satisfactory for both absorption
bands. The theory renders the general appearance
of both spectra in a semiquantitative manner. The
displacements calculated for A, - 'E are somewhat
larger than those observed, but the proportionality
to the cubic field is well reproduced, thus confirm-
ing our interpretation of these lines as being re-
lated to stacking faults.

The displacements calculated for A, —T2 are
somewhat smaller than those observed, if we as-
sign the structure at about 90 cm ' to the PN site.
The displacement calculated for AS is about 20
cm ', but it might be only a few cm '. No line
appears in this region when the hexagonality in-
creases. However, it does not seem altogether
impossible that this line might be hidden by the
cubic line.

There is no agreement for the emission band
'T, - A, . The extra lines seen in this band show
displacements much too large when compared to
theory, which predicts that the 'axial" lines
should be quite close to the cubic one, or even
displaced towards longer wavelengths. This dis-
agreement is not well understood at present. The
largest displacement of 301.6 cm ' is curiously
close to the dominant phonon frequency of 297 cm '.
This is surely just a coincidence.

B. Sphthng of Lmes

We must recognize the fact that the behavior of
T& and T2 is only partially understood at present

both for cubic and axial lines. Particularly, the
orbitally triply degenerate levels T, and T2 should
be split by the axial field of the axial sites, but the
cubic lines of the same levels should likewise be
split by spin-orbit coupling. A straightforward
calculation gives for the spin-orbit splitting of T&
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a total splitting between the extr emes of the four
lines I'6, I'8, I'8, I'~ of about 50 cm . The corre-
sponding splitting is still larger for T&. Nothing
resembling such a splitting is observed on the
cubic" lines. On the other hand, similar values

are calculated for the axial splittings of second and
fourth power.

The symmetry of the orbital part of the spin-or-
bit coupling is Tj and that of the axial field is T2.
Both could be quenched by a strong Jahn- Teller
coupling to an E~ mode of vibration. If this hypo-
thesis is correct, the effect of an uniaxial stress
along the [111]axis of the crystals should be
small, but that of an E, symmetry stress, notice-
able when stress is applied along [100]or [110],
should not be quenched and therefore noticeable.
Experimental results seem to point in this di-

rection and thus tend to confirm the hypothesis of
a strong Jahn-Teller coupling to a tetragonal
mode.

VI. CONCLUSION

As a consequence of the foregoing discussion we
estimate that the main conclusions of the work pre-
sented here are (i) the positive experimental iden-
tification of the lines associated with the presence
of stacking faults and polytypism in ZnS —this
identification adds to the understanding of the op-
tical spectra of Mn" in these crystals; (ii) a con-
firmation of our model of the different impurity
centers associated with these stacking faults and
(at least semiquantitative) the vabdity of our cal-
culation of the crystal field components of these
centers.
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