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In polymorphic ZnS:Mn novel luminescence centers attributed to Mn?" in axial crystal fields
have been detected with use of site-selection spectroscopy. The shift of the zero-photon lines with
respect to the cubic Mn?* center within the three excited levels *T,(G), *T,(G), and *E (G) and the
observed fine structures fit well into the findings of Mn?* centers in stacking-faulted ZnS which
have been reported earlier. The overall picture is completed by the detection of the excitation ener-
gies within the *T,(G) level of all observed Mn?* centers. A general crystallographic scheme is
presented to classify lattice sites with different sequences of stacking layers up to the second next
Zn-S layer with respect to the impurity. Based on the lattice classification, a superposition principle
is proposed which describes the effect of several lattice distortions upon the 3d transitions of Mn?*
on different lattice sites. The structural considerations lead to assignments of all Mn?** lumines-
cence centers to specific lattice sites, which are in good agreement with the findings in the spectra of
other transition-metal impurities in stacking-faulted ZnS.

I. INTRODUCTION

Zinc sulfide can grow in different modifications. Be-
sides the cubic zinc-blende and the hexagonal wurtzite
structures, polymorphic structures occur. Substitutional
impurities as transition metals (TM’s) can thus be incor-
porated at different lattice sites. The energies of transi-
tions within the d shell of TM impurities depend on the
adjacent lattice environment, and thus various axial
centers appear in optical spectra of polymorphic ZnS in
addition to the cubic center.

All modifications of ZnS consist of sequences of hexag-
onal Zn-S layers being stacked along the direction of
growth ([111] for cubic, [00.1] for hexagonal structure).
There exist three equivalent layers (4, B, and C) which
determine the crystal structure by the stacking sequence
(for example, ABC for cubic, AB for wurtzite structure).
TM impurities substituting Zn>" ions are located in a
tetrahedrally coordinated S*~ environment which be-
longs to two Zn-S layers. Thus, four different lattice sites
exist for a substitutional impurity if the Zn-S layers above
and below these two layers are considered. The four sites
are referred to as AN (cubic, zinc blende), AS, PN (axial
distorted), and PS (hexagonal, wurtzite).! (In the nota-
tion of Buch et al.,! “P” and * 4™ refer, respectively, to
prismatic and antiprismatic, while S indicates the pres-
ence of a single-axial third neighbor, and N its absence.)

The Mn?% ion, in particular, is a sensitive probe for
studying the influence of the lattice environment on TM
energy levels, because the five d°> absorption bands in ZnS
which show a pronounced fine structure? are also excita-
tion bands®® of the Mn?" luminescence. Thus, site-
selection spectroscopy can be applied to detect even weak
zero-phonon lines, which, in absorption spectra, often are
hidden by stronger transitions of other centers.

The effect of the stacking order of the Zn-S layers
above and below the two layers containing the Mn?* im-
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purity on the internal d transitions has been reported by
several authors.*”® The theoretical description,* howev-
er, is not yet given in a satisfactory way. Magnitude and
order of the observed energy shifts of zero-phonon lines
(ZPL’s) due to different Mn®" centers are not described
correctly. Also, the prediction that no influence of the
stacking sequence of layers beyond the four layers con-
sidered above exists"* does not hold. In transitions of
Mn’? involving the *T(G) and *E (G) levels the effect of
the sequence of two further stacking layers has been
demonstrated.”?

In the present paper the influence of the stacking se-
quence of these additional layers could also be detected
within the Mn?* excitation spectra to the *T,(G) level.
Completed by the detection of three further axial distort-
ed Mn?* centers, now an almost complete survey of all
luminescence centers which are possible under considera-
tion of six Zn-S layers can be given. The transition ener-
gies of all axial distorted Mn?* centers are shifted to
higher energies with respect to the corresponding transi-
tions of the cubic center. As it turned out, a pattern of
transition-energy shifts induced by stacking faults (SF’s)
could be observed. All energy shifts were found to be
characteristic for different stacking sequences of layers
nearest and, also, second-nearest to the two Zn-S layers
containing the Mn?* impurity.

The energy-shift pattern leads to a superposition prin-
ciple which describes the influence of SF’s on the TM en-
ergy levels as a sum of crystal fields induced by the stack-
ing layers. Therefore, a classification scheme of all 16 lat-
tice sites that are possible within the range of six Zn-S
layers will be given. This classification leads to assign-
ments of all lines in the optical spectra to specific lattice
sites with different stacking orders. These assignments
are in accordance with the fine structures of the zero-
phonon lines and supported by the effects of SF’s on the
energy levels of other TM impurities.

5751 ©1990 The American Physical Society



5752

II. CRYSTALLOGRAPHIC CLASSIFICATION

Our motivation to look for further, as yet unobserved
axial centers arises from considerations of possible
stacking-layer sequences. Five axial distorted Mn?™"
centers have been reported earlier in addition to the four
centers AN, AS, PN and PS.” Three of these centers ap-
pear only slightly shifted with respect to the cubic center
AN and an additional center next to each of both centers
AS and PN. From the assignments of these supplementa-
ry axial distorted centers to Mn?" ions at lattice sites
which differ in the stacking sequence beyond the four lay-
ers next to the impurity, we conclude that a certain num-
ber of additional centers are expected to exist, since, as
from crystallographic aspects, a total number of 16 lat-
tice sites is possible if one considers a lattice range includ-
ing two layers in addition to the four layers containing
the impurity.

A survey of all 16 inequivalent lattice sites that are
possible within the range of six Zn-S layers is given in
Fig. 1. The stacking sequences are drawn in the (101)
plane of the cubic lattice [which corresponds to the (11.0)
plane of the wurtzite lattice]. They are arranged accord-
ing to the four main lattice sites AN, AS, PN, and PS,
which differ only in the lattice environment next to the
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FIG. 1. Lattice-classification scheme of all 16 possible stack-
ing sequences within a range of six Zn-S layers, drawn in the
(11.0) plane. Zn>" and S?~ ions are represented by points and
circles, respectively; the position of the impurity is marked by
an arrow. The letters ABC on the left-hand side denote Zn-S
layers. The lattice structures in each of the figures are those
which contain the displayed stacking sequences. Inequivalent
structures are marked by quotation marks: 6H:(3,3),
6H':(2,2,1,1), 8H:(4,4), 8H':(3,3,1,1), 8H":(2,1,1),, 9R:(2,1);, and
12R:(3,1)s.
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impurity. If above and below the four Zn-S layers con-
taining the impurity one further layer is taken into ac-
count, each of the four main lattice sites has four possible
“subsites.” The number of SF’s increases going from AN
(the stable cubic phase of ZnS) to PS. In this arrange-
ment the hexagonal wurtzite phase corresponds to the
site PS3 consisting completely of SF’s.

The assignments of the cubic center to the AN site and
the hexagonal center to the PS3 site is reliable because
purely cubic and purely hexagonal samples, checked by
x-ray analysis, only show the corresponding ZPL’s both
in the emission and excitation spectra.*® The assign-
ments of the two additionally observed main centers to
the axial sites AS and PN, however, are not unequivocal.
Both sites have axial symmetry and should occur in equal
abundance because one SF creates both an AS and a PN
site; see Fig. 1. By use of optically detected magnetic res-
onance (ODMR) a correspondence of the two axial Mn?*
centers observed in optical spectra to the two axial Mn®*”"
centers observed in EPR (Ref. 1) has been established.!”
A safe assignment of the two centers, each to a definite
site of either AS or PN, however, could not be given.]’lo
A similar problem arises in the attribution of the centers
which differ in the stacking order of the two outer layers
of the six Zn-S layers. Therefore, in the present paper the
observed centers are labeled ax1, ax1,1, etc., and a possi-
ble attribution of these labels to lattice sites as AS, ASI,
etc. will be discussed in Sec. IV.

The crystal structures given in the classification
scheme depicted in Fig. 1, which contains the displayed
stacking sequences, each evoke only specific lattice sites
for a substitutional impurity. From these considerations,
some centers are always expected to appear simultane-
ously. Thus, in the case of a hexagonal 4H structure,
only centers connected to the sites PN1 and AS2 should
appear.

III. EXPERIMENTAL RESULTS

Polymorphic Zn,_ Mn,S crystals doped with low
amounts of Mn (x,, is typically of order 10™%) which
have narrow ZPL’s have been investigated. The
stacking-faulted structures were found to vary along the
direction of growth. We thus selected —spatially—the
interesting areas within the samples. The luminescence
was excited by an excimer-laser-pumped dye laser
(Av=0.6 cm ™ !) at temperatures between 1.9 and 15 K.

For the search of as yet unobserved centers, a careful
selection of suitable ZnS:Mn samples was evident. The
appearance of centers connected to the PS site which nor-
mally have little abundance in polymorphic samples has
been taken as a criterion. In many cases the search for
weak centers could be facilitated by recording the spectra
at T<2 K due to the suppression of thermalized-
emission ZPL’s. As a helpful tool, Voigt-curve analysis
by x? fits assuming square-root error of the intensity was
applied for the determination of energy, intensity, and
full width at half maximum (FWHM) of weak ZPL’s on
which are superimposed stronger lines of other centers.
For all ZPL’s the Voigt profile!! turned out to be the only
suitable analytic representation. The technique of
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contour-line plotting described earlier’ was used to
resolve weak transitions. The typical fine-structure pat-
tern of the ZPL’s allows the recognition of coherent
groups even if they are superimposed on more intensive
structures.

A. Search for axial centers

On the basis of the crystallographic classification of
impurity sites presented in Sec. II, the experimental tools
have been applied to detect further, as yet unobserved
centers. In the case of the cubic center AN, three supple-
mentary centers have already been reported.” Therefore,
our main interest was the search of additional lumines-
cence centers near the two axial centers and the hexago-
nal center. In order to achieve good site selection, we fo-
cused our attention on the pronounced zero-phonon lines
of the Mn?" transitions involving the *T,(G), *T,(G),
and *E(G) states. The origin of the observed fine struc-
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FIG. 2. Energy-level scheme of the Mn?* ion. In cubic ZnS
the optical fine structure is described by the interaction of the
free-ion levels given by H,+ H¢,, with the crystal-field interac-
tion HTd and the spin-orbit interaction H,, reduced by the

Jahn-Teller interaction H;;. Stacking faults evoke additional
crystal fields of axial C;, point-group symmetry. The displayed
distorted-term scheme refers to ax2 and hex centers. The ar-
rows denote transitions of excitation and emission spectra.
Transitions to dashed levels marked by an asterisk are forbid-
den.

5753

ture is well known for the Mn?™ in a cubic environment.

The energy scheme of these levels and the selected transi-
tions are shown in Fig. 2. The energy levels observed for
an axial distorted center which is created by stacking
faults has been added.

Groups of ZPL’s near the center axial 1 (ax1), which is
referred to as AS in Refs. 4 and 7, are shown in Fig. 3.
The spectra are given in form of a contour-line diagram
of a series of 22 excitation spectra of the *E(G) level.
The emission energies were varied in steps of 1 cm™!. In
this diagram coherent groups of ZPL’s referring to one
center, e.g., two ZPL’s in emission and three ZPL’s in ex-
citation, are connected by lines. Two distinct centers,
axl and axl,1, can be recognized. The positions of two
further weak centers, ax1,2 and ax1,3, can be be deter-
mined by Voigt-curve analysis. The corresponding ener-
gies of the x? fits are marked in Fig. 3. Besides the center
axl, only the center ax1,2 has been reported until now
(AS2 in Ref. 7) within the spectral range shown in Fig. 3.

Within the spatially selected crystal range used in the
spectra of Fig. 3, the center axl1,1 is dominating. Simul-
taneously, in the spectral range of the center ax2 (referred
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FIG. 3. Countour-line diagram of isointensities of combined
‘T (G)—°A4,(S) emission and ®4,(S)—*E (G) excitation spec-
tra of the axl centers in stacking-faulted ZnS:Mn at 7=35 K.
The intensities are given on a logarithmic scale, i.e., the intensi-
ties change by a constant factor going from one contour line to
the next. Coherent groups of ZPL’s are connected by
lines: ---,axl; —-—-—. , ax1,1; — — —, ax1,2; for ax1,3 only
the energies of fit positions are marked. The separate excitation
spectrum shown at the top is recorded at an emission energy of
18006 cm ™. At this emission energy the weak center ax1,2 can
be recognized, as can the dominating centers ax1,1 and ax1.
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to as PN in Ref. 4 and 7) a strong center denoted ax2,2
appears: see Fig. 4. Both novel centers ax1,1 and ax2,2
are more intensive than the centers ax1 and ax2, which
usually dominate in stacking-faulted ZnS:Mn. They are
also much stronger than the already known centers ax1,2
(AS2 in Ref. 7) and ax2,1 (PN1 in Ref. 7, SF4 in Ref. 8).
The spectra have been recorded at T=2 K to avoid over-
lapping with thermalized lines (see Sec. III C). Neverthe-
less, some weak thermalized-emission ZPL’s are ob-
served. The search for a fourth center in the case of ax2
centers was not successful.

The ZPL’s due to hexagonal centers have been found
to be very weak within most of the polymorphic samples.
No safe detection of supplementary hexagonal centers
has been achieved so far.

B. Excitation levels within the *T, ( G) state

While the excitation levels of the four main centers
cub, ax1, ax2, and hex within the 4TZ(G) are known,’ no
data exist in the case of the supplementary centers. In
order to provide this valuable information on the effect of
SF’s on TM energy levels, the corresponding excitation
ZPL’s have been recorded for all observed centers. The
results of the excitation measurements on the *T,(G) lev-
el are summarized in Fig. 5, including the results de-
scribed in the preceding subsection. For clarity, only the
energy shifts of the strongest ZPL’s corresponding to the
selected centers with respect to the main centers have
been drawn.

The energy shifts of all optical centers observed within
the *T,(G) excitation spectra exhibit a symmetry with
respect to an average energy. The symmetric pattern is
also observed within the *T',(G) and *E(G) levels.

C. Zero-phonon-line fine structure

In the preceding subsection only the energy shift of
each ZPL group with respect to the ZPL’s of the cubic
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FIG. 4. Contour-line diagram of the *T,(G)—°4,(S) emis-
sion and °4,(S)—*E(G) excitation of the ax2 centers recorded
at T=2 K on a logarithmic intensity scale. Line types: ‘- -,
ax2; —-—-—- ,ax2,2; — — —, ax2,l.
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FIG. 5. Relative energy shifts of the centers of gravity of the
ZPL’s connected to different Mn2* centers in stacking-faulted
ZnS. The energies of the following transitions have been taken
as references: I';+ 53,5, (*T(G)) for cub and ax1, T¢(*T,(G))
for ax2 and hex, and [gs,,)(*T,(G)) and [g(*E (G))—which
corresponds to 'y, ['s+ ['o(*E (G))—for axial distorted centers.

center has been considered. The effect of the SF’s on the
TM d-electron spin-orbit splitting provides further infor-
mation on the type of interaction.

The emission ZPL fine structure of the four main
centers is shown in Fig. 6. The energies of all lines have
been determined by Voigt-curve analysis and are listed in
Table I. The fine structure of the emission ZPL’s con-
nected to the main centers cub, axl, and ax2 are well
known>® and understood within the framework of the
Jahn-Teller effect.'®!*> Owing to good site selection, the
fine structure of the center hex can now be presented al-
most without interfering with emissions of other eventual
hex centers. This allows the recognition of the lowest ex-
cited state and the correction of the fine-structure split-
tings reported earlier.’

In the case of center ax2, Voigt-curve analysis revealed
for the first time a slight splitting of the two lines starting
from I'y states (Table I), which have been shown earlier
to split in two under uniaxial pressure.’!3

The intensity ratios of the emission lines observed at
very low temperatures to their corresponding thermal-
ized emissions (Fig. 6) are well described by Boltzmann
weighting factors if the degree of degeneracy (I'¢ and I'4
twofold, I'y fourfold) and the transition probabilities [tak-
en from *T,(G) excitation spectra'*] of the involved
states are taken into account. For centers cub and axl
the experimental results agree well with the calculations
of the relative dipole strength (RDS).® Some discrepan-
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FIG. 6. Emission zero-phonon-line fine structure due to the transition *T,(G)—°A4,(S) of the four main Mn?* centers in
stacking-faulted ZnS recorded at T=8 K. Dotted line, experimental values; dashed, Voigt-analysis curves; solid, sum of Voigt
curves.

TABLE 1. Energies of zero-phonon lines, W, due to different Mn?* centers in stacking-faulted ZnS. The strongest line within each
electronic level is taken as a reference for other lines of the same level. The temperature-dependent fine-structure splittings of the
*T\(G) level are given for T=8 K. The relative shifts of the strongest ZPL’s of the stacking-faulted centers, dW, refer to the energy
of the cubic center “cub” at the AN site.

¢4,(S)—>*E(G) $A4,(S)—>*T,(G) ‘TH(G)—%4,(S)
(cm™) (cm™Y (cm™)
aw w dw w dw w
(£02) Iy T, T, (£0.2) Tys  Te (£0.5)  T3+Tys ) To+Cais o)
cub 0 21235 —43 +49 0 19680 +4.0 0 17 889 +9.5
cubl +1.3 21236 —44 +49 +4.6 19685 +40 +6.0 17 895 a
cub2 +2.8 21238 —43 +49 +3 19683 +4 +2.3 17 891 a
cub3 +3.7 21239 —44 +438 +8 19688 +4 +7.5 17 896
axl +13.8 21249 —43 +49 +84 19764 +3(7) +116.0 18005 +9.5
axl,1 +153 21250 —42 +4.38 +118.8 18008 a
ax1,2 +164 21251 —4.3 449 +118 18 007 a
ax1,3 +17.2 21252 —43 +49 +120 18 009
w
T Cs3/2) r, Cais2n
ax2 +86.5 21319 —4.2 +49 +94.8 19775 +5.9 +88.9 17978 +3.1 +9.2 +13.7
ax2,1 +884 21321 —4.2 +49 +99.4 19780 +4.8 +98.4 17988 a a a
ax2,2 +88.2 21321 —42 +49 +959 19776 +6.8 +91.0 17980 a a a
ax2,x b +98.6 19779 +4.1 +91.0 17980 b b b
hex +98 21331 —4.2 +438 +175 19 855 +205 18098 +3.3 +9.0 +13.2

2 Identical emission ZPL fine structure within the limit of error.
b Center ax2,x (see text).
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cies, however, must be mentioned in the case of the ax2
emission lines. The observed splittings of the I'y lines
which (in contrast to I'y and I'; lines) can be induced by
axial fields show that the four emission lines of the center
ax2 have to be attributed to the terms I'¢, ['g(3,,), I'7, and
I'g(5,2), respectively, with increasing energy. This order
of the terms is described by a Huang-Rhys factor S of the
order of 0.5, rather than the value S~ 1.4 given earlier.®
Also, the RDS ratios of the four lines, found to be ap-
proximately 1:(1+1):1:(0.5+0.5), deviate from the com-
puted values.?

The ZPL structures of the cub- and axl-center emis-
sions are identical. Within the limits of accuracy, our
measurements also revealed that the emission fine struc-
ture of centers ax2 and hex are essentially identical. Be-
tween a main center and the corresponding supplementa-
ry centers only negligible differences of the emission ZPL
fine structures have been observed.

Within the excitation ZPL fine structure of the *T,(G)
level, some differences have been found for the ax2
centers. Based on the calculation of the relative dipole
strength of the transitions to the two states I'¢(*T,) and
Tgs,2)(*T,) and their Jahn-Teller reduced spin-orbit split-
ting,8 a safe attribution of ZPL’s to the centers ax2,
ax2,1, and a likely assignment to ax2,2 can be given. In
the case of ax2,2, the interference with another center,
denoted as2,x, which has the same emission energy as
center ax2,2, complicates the interpretation of the spec-
tra. Center ax2,x is assumed to belong to the ax2 Mn?*
centers because the same thermalization of the emission
of this center with respect to the other ax2 centers has
been found.

For the ax1 center some indications for the existence of
supplementary centers within the *T,(G) excitation spec-
tra have been found. Owing to the small spin-orbit split-
ting and a poor spectral resolution, however, no success-
ful discrimination has been achieved within the *T,(G)
level.

In the case of the hex center, only one center could be
observed.

The *E(G) excitation ZPL fine structure is almost iden-
tical for all observed centers. Some interesting
differences, however, have been found within the FWHM
of the central ['4(*E(G)) excitation line. A splitting of
this line has been reported only in the case of a crystal ex-
hibiting a perfect wurtzite structure. The splitting into a
[, and a ['s+ T state was found to be 1.2 cm ™!, 15 a little
less than calculated (3 cm™! Ref. 6). In all excitation
spectra of the axl, ax2, and hex centers the I'; line was
found to have greater FWHM than the I'¢ and I'; lines.
If the identical FWHM of I'q and I'; is taken as a refer-
ence, Voigt-curve analysis gives a splitting of the I'y line
in these cases. Within a standard deviation of 0.1
cm™ !, splittings of 0.4 cm™! for the axl centers, 0.2
cm ™! for the ax2 and ax2,2 centers, 0.5 cm ! for the
ax2,1 center, and 0.7 cm ™! for the hex center have been
obtained. In Table I an average energy has been taken
for the [4(*E (G)) line. Only the cub centers do not show
any ['4(*E (G)) broadening with respect to the 'y and T,
lines.
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IV. DISCUSSION

A. Assignments of the Mn’* centers
in polymorphic ZnS

The symmetrical energy-shift pattern of the stacking-
faulted Mn>"* centers as shown in Fig. 5 is a striking
feature for all observed centers in all excited levels. This
means the energy of the most strongly shifted center can
be described by the sum of the energy of the two corre-
sponding centers with medium energy shifts. As an ex-
ample, the energy shifts of the center cub3 with respect to
cub is approximately given by the sum of the shifts of the
centers cubl and cub2. In principle, this behavior can be
understood within the framework of the stacking-layer-
sequence classification presented in Sec. II.

As an example, the cubic sites AN and AN3 are con-
sidered. The energy of the center cub referring to the
AN site is taken as a reference. Site AN1 occurs if one
SF below the impurity is present. This SF induces an axi-
al distortion of the cubic potential V,y, say AV N In
the same way, one SF above the impurity induces AV ;.
As shown in Fig. 1, AN3 can essentially be regarded as a
combination of the two SF’s, AN1 and AN2, being
present simultaneously. Thus the relation

AVans=AVani TAV AN »

i.e., a superposition of the two axial distortions, is expect-
ed to be a good approximation. This kind of superposi-
tion can be built for all centers summarized in Fig. 5.

Axial terms in the crystal-field potential exclusively
cannot explain the energy shifts because, for instance,
neither the ®4,(S) nor the *E(G) state depend on the
crystal-field potential V. The reason is a balance of the
effect of the three ¢, and the two e orbitals of the d° ener-
gy levels with 4 and E symmetry. Therefore, a splitting
parameter A describing deviations from this balance has
been proposed* which should depend on ¥V and on a co-
valency parameter x. This electronic model has to be
completed by a vibronic model as proposed in Ref. 8. Al-
though no complete theoretical description could be
given, the findings of the present work show the validity
of a superposition model.

On this basis, the center cub3 is assigned to an AN3
site. For any further assignment, an answer to the ques-
tion of whether center ax1 is connected to an AS site and
ax2 to PN or vice versa must be given. From the
classification scheme depicted in Fig. 1, the identity of
the nearest neighborhood of the impurity site of all AN
and AS sites, on one hand, and of all PN and PS sites on
the other, can be established. Evidently, the influence of
the stacking order of the layers nearest the impurity is
stronger than the influence of the layers next nearest the
impurity. The emission ZPL fine structures shown in
Fig. 6 demonstrate similar spin-orbit splittings for the
cub and axl centers on one hand and for ax2 centers and
the hex center on the other. Also, a drastic fine-structure
change upon going from ax1 to ax2 is noticed.

At a PN and a PS site the distortion caused by a SF
occurs within the first Zn shell surrounding the central
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impurity—this means the deviation from the regular
stacking order occurs at the second neighbor along the
Zn-S-Zn chain displayed in Fig. 1. Thereby, the regular
antiprismatic structure of this shell is changed to a
prismatic structure, and thus the center of symmetry in-
version is removed. In the case of the AS site, the center
of inversion is not removed from the first Zn shell. Here
the distortion occurs at the third neighbor within a S
shell. These structural considerations lead us to the con-
clusion that the distortion at a PN site should have a
stronger influence on the symmetry of the substitutional
Mn ion as at a AS site, but with a comparable influence
with respect to a PS site. If the Jahn-Teller effect is
weakened due to a lower site symmetry, a stronger split-
ting of the *T, state is expected.'>!3 This is in accor-
dance with the observed emission fine structures, Fig. 6.
The detection of the hex-center emission ZPL structure
shown in Fig. 6 therefore provides a proof of the tentative
assignments of ax1 centers to AS sites and ax2 centers to
PN sites used by other authors.*’

A similar problem arises in the attribution of the corre-
sponding two supplementary centers with medium energy
shift. In this case, however, the spin-orbit splitting of the
corresponding pairs of centers is quite similar. We there-
fore tentatively take the distance of the Mn impurity to
the layer with deviating stacking order with respect to
the corresponding main center and the observed energy-
shift pattern (Fig. 5) as a criterion for the strength of the
effect of the SF on the TM energy. This criterion yields
the same assignments of the centers ax1 to AS and ax2 to
PN as the symmetry considerations discussed in the
preceding paragraph.

In the case of the AN sites AN1 and AN2, the devia-
tion from perfect stacking order with respect to the AN
site occurs at the AN site at the fifth neighbor with
respect to the impurity. At the AN2 site the deviation is
already encountered within the preceding Zn
neighbor—this means the fourth neighbor in the chain.
Therefore, the less-shifted center within the “E (G) level
cubl is attributed to an impurity at the AN1 site and
cub2 to an impurity at the AN2 site. In the same way,
the assignments of ax1,1 and ax1,2 to sites AS1 and AS2,
respectively, are given. Owing to the deviating energy-
shift pattern of the medium-shifted ax2 centers, this cri-
terion cannot be applied for further attributions.

A consequence of the lattice-classification scheme (Fig.
1) is the simultaneous appearance of specific sites within a
given lattice structure. In Figs. 3 and 4 a crystal spatial
range has been selected in which the centers ax1,1 and
ax2,2 dominate. In this crystal range the hex center is
also observed—with considerable intensity. Considering
the lattice classification, this is expected if the crystal
contains sequences of two successive SF’s which create
the sites AS1, PN2, and PS.

The sequence of two SF’s seems to be much more likely
with an additional layer of normal stacking order be-
tween them. This sequence creates 4H-structured crystal
ranges where solely the sites AS2 and PN1 occur simul-
taneously. ZnS:Mn samples showing strong 3C (cubic)
and 4H reflexes in Laue-diffraction diagrams, in fact, ex-
hibit dominating ax1,2 and ax2,1 centers. This confirms
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the attribution of centers ax2,1 and ax1,2 to the lattice
sites AS2 and PN, respectively.

B. Centers of other transition-metal impurities
in polymorphic ZnS

Besides Mn?", several other TM impurity centers have
been investigated in polymorphic or polytypic ZnS by
other authors. Similar energy-shift patterns as observed
in the case of the Mn?* centers (Fig. 5) can be found for
other TM centers. A brief summary of these measure-
ments will be given in order to support the assignments
discussed in the preceding subsection and the validity of
the application of the lattice-classification scheme (Fig. 1)
presented in Sec. II.

Fe’t  (d°). Recently, a structured near-infrared
luminescence was attributed to the *T,(G)—%4,(S)
emission of substitutional Fe*" ions.!” Besides the ZPL
at 8177.3 cm ™! assigned to a cubic Fe>* center at an AN
site, some ZPL’s shifted slightly to higher energies and
some more strongly shifted lines have been observed. As
in the case of Mn2" centers, three centers with small en-
ergy shifts of +3.7, +9.2, and +12.7 cm ! have been at-
tributed to supplementary centers at impurity sites AN1,
AN2, and AN3, respectively. (Among the other lines,
only assignments to the sites PN, AS, and AS2 have been
given.)

Co** (d7). Within the absorption spectra due to the
transition * 4,(F)—*T,(F), in addition to the ZPL of the
cubic center at 3523 cm ™!, additional ZPL’s shifted to
lower energy have been recorded.'® Only the main
centers connected to the sites AS, PN, and PS have been
resolved, shifted by —18, —118, and —130 cm™!. The
authors presented a spectrum of a 4H-polytype crystal
showing only the absorption due to Co’>* at an AS and a
PN site with nearly equal absorption strength. This is in
agreement with the expectation derived from the lattice
classification.

The authors also determined the zero-field-splitting pa-
rameter D by EPR measurements and found the relation
D(AS) + D(PN) =D(PS). The same relation has been re-
ported for Mn?" EPR centers.'°

Ni?* (d®). The absorption spectra connected to the
transition *T(F)—>T,(F) show the ZPL of the cubic
center at 4383 cm ™~ !. Within a 6H-polytype crystal all
main centers with nearly equal absorption have been ob-
served.!” The two axial centers were found to be shifted
by —11 and —102 cm ™! and the hexagonal center by
—113 cm~!. From the lattice classification, the appear-
ance of centers of the four different main sites are expect-
ed in the case of a 6H-polytype crystal, which contains
ranges with different kinds of 6H structures.

Within transmission and emission spectra due to the
transition *T(F)«> 4,(F), three polytype centers could
be detected with comparable energy shifts.?

The examples summarized above provide strong sup-
port for the superposition principle and the validity of
applying the lattice-classification scheme for the assign-
ment of TM centers in stacking-faulted ZnS. Positive
shifts of the SF centers with respect to the cubic center
are found to appear if dE/dA <0, A being the crystal-
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field parameter. Otherwise, negative shifts are observed.
This is, of course, only a rough rule because, for example,
the shifts observed within the Mn?" *E (G) level cannot
be described solely by the crystal-field model; see Sec.
IIIA.

V. CONCLUSIONS

The optical transitions within the Mn?" impurity in
polymorphic ZnS have been used as a sensitive probe for
the testing of the sequence of stacking layers within the
microscopic range of six Zn-S double layers. Thus, a
counterpart to the macroscopic Rontgen measurements
has been presented. The energy shifts of the internal d°
transitions induced by lattice distortions could be de-
scribed by a superposition of the effects of specific faults
within the lattice stacking order. A crystallographic
classifiction scheme of the 16 impurity sites which are
possible under consideration of the nearest and second-
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nearest neighborhood of the impurity has been given. On
this bases, three new and nine known Mn2" centers
within excitation spectra to the *T,(G) and *E (G) levels
and the emission from the *T,(G) level have been as-
signed to well-defined lattice sites. The validity of the su-
perposition principle and of the application of the lattice
classification for the assignments of stacking-faulted
centers could also be demonstrated for other TM impuri-
ties in polymorphic or polytypic ZnS.
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