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Nonlinear Zeeman behavior of CU?* centers in ZnS and CdS explained by a Jahn-Teller effect
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The copper defect is that transition-metal impurity in 1I-VI compounds for which the most complete set of
information has been compiled so far experimentally and theoretically. This makes it a favored system to study
the mechanisms determining the optical spectra. The interpretation of the obser¥edr&nsitions in ZnS
and CdS crystals is made using a coupling of the electronic states to a local vibrational ntodgrofmetry
and a moderate Jahn-Teller effect with a Huang-Rhys fact&=d9.8 for ZnS andS=1.1 for CdS. We report
on parameter-free calculations of the magnetic-field splitting of'Ceenters in 11-VI compounds, which show
a general agreement with the observed spectra. For ZiS:@e calculatedy factors agree with the observed
values, though a stronger nonlinear behavior with respect to the magnetic field had been found for some of the
calculated energy levels. For CdS:Euthe nonlinear behavior of the magnetic-field splitting is also repro-
duced by the calculation and tlefactors agree for théE excited-state doublets, whereas there are some
differences for they factors of the?T, ground-state doublets, which are due to the neglect offthemode
coupling in the Jahn-Teller calculation.

[. INTRODUCTION lines for different masses of the Ni isotopes is due to the
coupling to a local vibrational mode which must be Bf
The optical spectra, their fine structure, and magneticsymmetry because the other Jahn-Teller acEve@ode does
field splitting of C/** centers in ZnS and CdS have beennot move the impurity and can therefore not cause an isotope
studied since the pioneering work of Weakliémi.Optical ~ shift. The absence of an isotope effect in the case of a Cu
transitions between the localizeldstates of the impurity ion  impurity is therefore a hint that the system is coupled t&an
at the cation site are characterized not only by crystal-fieldnode. Our model is therefore based on the coupling to a
splitting and spin-orbit coupling, but also by electron-phononlocal vibrational mode oE symmetry, for which we were
coupling. Interpretations of these spectra, using simple modable to take up to 14 excited energy levels into account.
els for the Jahn-Teller effect, were discussed controversiallyiowever, for CdS:Ca" this simplification leads to some
up to now, and especially the Zeeman behavior was not urdiscrepancies between the calculated and observed Zeeman
derstood, partly because of insufficient experimental datasplitting of the 2T, ground state, which might be due to the
and partly because of restricted theoretical models. Addineglect of coupling to &, mode. It is interesting to note that
tional high-resolution measurements of the nonlinear Zeean isotope effect has been observed at Cu centers inZ00,
man splitting of the transitions of G centers in 1I-VI  that the local vibrational mode must be B symmetry in
compounds;*? together with theoretical methods based onthis case. Second, the energy spectrum of the optical transi-
more powerful computers, give us the possibility for a bettettions of the C#* ion in CdS and ZnS, having a8 electron
understanding of these transitions in terms of a dynamicabr a one-hole configuration, results from the splitting by the
Jahn-Teller effect. Recently a method has been developed twystal field and spin-orbit coupling only, but not from the
determine the fine-structure parameters using an evolutioBoulomb interaction of tha&l electrons. It is therefore not
strategy, which was successfully applied to Ni centers in Cd®lear whether a coupling of different local vibrational modes
crystals, and which lead to an agreement of the observetb the excited and ground states is appropriate. Such a model
nonlinear Zeeman splitting with the parameter-freehas turned out to be a crucial point for the understanding of
calculation*®>** The basic idea is that the fine-structure fit the transitions at about 1.5 eV at the Ni centers in &US.
has to be confirmed by a calculation of the nonlinear behavThird, the number of observed fine-structure lines, belonging
ior of the transition lines with respect to a magnetic fieldto a particular defect, is smaller for the €ucenter, so that
without any additional parameters, which depends sensit is more difficult to find the correct fine-structure param-
tively on the energy levels and eigenfunctions of the fine-eters, which had to be supplemented, on the other hand, by
structure Hamiltonian. We therefore applied this method tcan additional splitting parameter for tH& multiplet.
the optical and Zeeman spectra of Cucenters in CdS and However, there are several €U centers known in CdS
ZnS. There are, however, a number of differences compareand polytypic ZnS%'2 Their fine structures are quite similar
to the Ni impurity: First of all, an isotope shift has not beenfor the axially distorted centers and the idea of this paper is
observed so far, so that the electron-phonon coupling is prolde give a unique theoretical description of all these centers
ably not due to a local vibrational mode ® symmetry of including crystal-field theory and electron-phonon interac-
the tetrahedral symmetry group. The shift of zero-phononion. Due to all simple electronic structure of the one-hole
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FIG. 1. Optical transitions of the CGii center in CdS. The solid
line of the emission spectrurtiop) is taken at a temperature of
T=2 K, and the broken line at=4.2 K. The solid line of the FIG. 2. Unpolarized optical transitions of €l centers in ZnS.
transmission spectrum refers to a polarization parallel and the brofhe main lines AN, seen in emissidtop) and transmissiortbot-
ken line perpendicular to the axis. tom), are associated with the cubic centers. The other lines AN1,

AN2, AN3, and AS originate from Cii" centers in different poly-

system, the fine structure of the &U center is the ideal types. The em|§S|9n spectrum is shown‘at .dlfferent temperatures
and the transmission spectrum for polarization perpendicular and

model system for the investigation of the Jahn-Teller effect. ;
parallel to thec axis.

Il. EXPERIMENTAL SETUP AND RESULTS higherI'g quartet. The?’E multiplet becomes &g quartet of

The CdS and ZnS single crystals are grown by the Broseithe symmetry double group. A trigonal crystal field ©%,
Warminski rne'[hod-,5 and are Subsequent]y doped in the ppmsymmetry, caused by the wurtzite Crystal structure or stack-
region by diffusion of copper. The CdS crystals are pureind faults, splits thd'g energy levels into &' 4 doublet and a
wurtzite crystals, whereas ZnS crystals are preferably cubi€se=1's,I's Kramers doublet. Thd’; state becomes &,
with a polytypic contribution in the order of 10—20 %. The State.

Cu?* ion substitutes the cation, and is located in a tetrahe- The high-resolution emission and absorption experiments
drally coordinated - environment in first order in both are performed with a 0.75-m double-grating monochromator
materials. In CdS and in noncubic ZnS the tetrahedron i$SPeX and a cooled germanium detectdtorth Coast For
slightly distorted, and a small trigonal distortion has to bethe luminescence experiments the crystals are excited with
taken into account. In the case of CdS the nearest-neighbor
sulfur ion along thec axis is closer, whereas it is farther
away in wurtzite ZnS compared with the other three nearest-
neighbor sulfur ions.

All polytypic modifications of ZnS consist of sequences 8601
of Zn-S layers being stacked along thEL1], direction of
growth. Thus four different lattice sites exist for a substitu-
tional impurity if the possible arrangements of the Zn-S lay-,-
ers above and below the two layers, which contain the img
purity and their ligands, are considered. The four sites ar&
called AN (cubio, (AS, PN (axially distorted, and PS = ~ Al k46
(hexagonal'® The letter P indicates a prismatic, A an anti- 5 8°7] ——=~. = —
prismatic coordination, S the existence of a single third-&
neighbor on the stacking axis, and N its absence. In this 856
contribution we consider six Zn-S layers, which leads to a
classification schemé of 16 different lattice sites for the o ehedd
substitutional C§' impurity. B o129 6 3 0 3 6 9 1215

The tenfold degeneracy of thé multiplet of the Cf™* MAGNETIC  FIELD (T)
ion, having a &° configuration, is lifted by a tetrahedral
crystal field Ty symmetry into a T, ground-state and a FIG. 3. Zeeman pattern of the zero-phonon lines of various
2E excited-state multiplet. The spin-orbit interaction further cu?2* centers in ZnS. The results are compiled from emission and
splits the 2T, ground state into a loweF; doublet and a transmission measurements.
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the blue lines of an Af-ion laser in the charge-transfer band 2E splitting, are shown in Fig. 2. We observe a zero-field
of the CWP" center. A detailed investigation of the €u  splitting of 0.08; 0.20 and 0.51 meV for the AN1, AN2, and
excitation mechanism in 1l-VI compounds is described inAS centers, respectively. In comparison with these axial cen-
Ref. 18. Here we focus our attention on the fine structure ofers the magnitude of the zero-field splittifgith respect to
the intracenter Cti" (2E—2T,) transition. the magnetic fielg for the PN center is increased to 2.45
meV.
cu?* in cds It should_ be mentioned that the sign of tRE splitting
] ] o parameter is the same for the PN, AN1, and AN2 centers,
The zero-phonon line region of the €u emission and  \yhereas for the AS center a reversed sign is observed. The
absorption is shown in Fig. 1. The energy differences begnergetic positions with respect to the ground state are given
tween emission lines 2, 3, and 4 determine the threefolgh Taple 1v.
splitting of the 2T, ground state. The twofold splitting of the  Thus it can be summarized that thE, ground-state split-
excited ?E state is represented through the energy differ1ing of Cu?* is strongly quenched compared to the free-ion
ences between the lines 1 and 2. Thus five Kramers double{gye. This is due to covalent bonding and a Jahn-Teller ef-
of the CU** center in CdS are identified, and their relative fact which is discussed in Sec. IIl. Furthermore, §6%Cu
energies listed in Table IIl. isotope shift has been resolved, giving us an upper limit of
10 weV/nucleon for C4" in the sulfide-host compounds.
Cu?*in ZnS

The region of the zero-phonon lines of the Cuemission Ill. THEORETICAL MODEL

and absorption is shown in Fig. 2. Twelve different®Cu The energy-level scheme of the Euion in a tetrahedral
centers in the polymorphic ZnS crystal have been identifieyng trigonal crystal field is shown in the inset of Fig. 1. In
experimentally,;** but here we concentrate on those for the case of the AN center there is no splitting of the excited

which Zeeman data are available. 2E state and the higher-energy levels of ##& ground state
are also degenerate. This energy-level scheme of the elec-
Cubic center AN tronic states is based on the assumption that the observed

roptical transitions can qualitatively be interpreted in terms of

The unpolarized zero-phonon lines of the cubic AN cente ;
are shown in Fig. 2 with high resolution. The main line, a perturbation of the energy-level scheme of the correspona-

detected in emission and absorption, is attributed to thd'9 free ion. Incorporgting the. ion into the crystal, the ‘Or."c
I'4(2E)-T,(2T,) transition. The unpolarized zero-phonon energy levels are split according to the symmetry of the im-

. . ; 20N T (2 _ purity site.
lslﬂsjr?to?‘iﬁgililn ((-:;antse?ttrlbuted to tH&("E)-T's("T2) tran Using group-theoretical arguments only, this change may

be described by an effective Hamiltonian depending on a
number of crystal-field parametel,
Axial centers AN1, AN2, AS, and PN
The axial C#* centers in ZnS exhibit a twofold splitting Her=V(Ta) +V(Cs0) + Hsoct Hisoc @)
of the excitedE state. The assignment of the different zero-Here V(T4) andV(Cs,) denote the tetrahedral and trigonal
phonon lines to the corresponding defect centers, and therystal field, respectivelyl .. the spin-orbit coupling opera-
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TABLE |. Fitting parameters of the optical transitions of €u  more likely, because it has been shétvthat localizedE
ions in 1I-VI compounds. The second column gives the multipletsmodes with energies in the phonon energy gap between the

involved. acoustical and optical branches may exist in ZnS.

Dq 2D tetrahedral crystal field The assumptipns of two different local vibrationBl

Dy 2p higher-order trigonal spin-orbit coupling modzes cou_pllng mdependently to tHa, ground-state; and

K 21, trigonal crystal field the _E <_ax0|ted—state multiplets has tl_Jrned out to give less

K’ 27, 2 trigonal crystal field convincing resul@s. We_found th_at the mteractlon_ between the
22_|_’ erpendicular spin-orbit counlin 2E and 2T, multiplets is more important, especially for the

gf 27 ZZE Perp dicul P bi pl_ g Zeeman behavior. For CdS:€t a Zeeman splitting of the

i 2 perpendicular spin-orbit coupling 1 2py |eyel is observed foBLc (see Fig. 9 and Table

gl 12 parallel spin-orbit coupling VIIl). This splitting can be explained only if the interaction

g 2T2 'ZE parallel spin-orbit coupling between theE and %T, states is to be taken into accodrit

ho T,,°E energy of local vibrational mode We therefore use the Hamiltonian

Ej=A%ho 2T,,%E Jahn-Teller energy

S=Enlie  2T,,%E Huang-Rhys factor H=Hg+H,+Hir 2

for the first approximation of the perturbation theory. The
Hamiltonian of the local vibrational mode & symmetry

tor, andH . a trigonal spin-orbit coupling operator resultin o
tsoc@ Mg P Png op 9 and of energyiw is given by

from higher-order terms of perturbation thed?y.The
energy-level scheme is then obtained from first-order pertur- 2
bation theory, and the parameters are determined by fitting to Hlvm:ﬁwz (afa+ 1), (3)
the observed spectra. k=1

It has earlier been not_ed that the c_)bse.rved optiqal SPeC@ere a; and a, are creation and annihilation operators
cannot be understood using the Hamiltonian of static crystal:

: . .~ transforming as the two basis functions of the irreducible
field theory[Eq. (1)], but must be interpreted by a dynamical ;
Jahn-TeIIe);[ef(?eEﬁ.)116 This is done by apcoupliné of t)P/1e elec- representatiof: of the tetrahedral symmetry grodfy . The

tronic multiplets to a single local vibrational mode only. This linear Jahn-Teller coupling is described by the Hamiltonian

simplification is possibly justified by two arguments: The 2
probability for an optical transition at a deep impurity be- HJT:AE To(al +ay),
tween vibronic states is largest for vibrational modes local- k=1
ized at the impurity site, and such an assumption was th
basis for a successful interpretation for the fine structure o
the optical transitions of Ni* impurities in CdS and the
isotope shift of the line$®

In our calculation we used a local vibrational modetof
symmetry ofT4. The reason for this is that we were able to
take up toN=14 excited energy levels of the local vibra-
tional mode into account. Due to the degeneracy of the e
cited levels, this sums toN+1)(N+2)/2 oscillator func-
tions in case of aft mode and to N+ 1)(N+2)(N+3)/6
oscillator functions in case of &, mode, leading to larger
matrices to be diagonalized. The coupling to Bnmode is

4

hereT, is a dimensionless electronic tensor operator trans-
orming asay, andA the coupling-strength parameter. The
tenfold-degeneratéD multiplet is split by the tetrahedral
crystal fieldV(Tg) in a ground-statéT, and an excited-state
2E multiplet. The corresponding wave functions, however,
may hybridize differently with crystasp-bonding orbitals,
so that different spin-orbit coupling parameters result for the
Xatrix elements of theéT, ground state and for matrix ele-
ments involving both multiplet$* The energy-level scheme
of the Hamiltonian Eq(2) in the case of trigonal symmetry
is calculated by using the parameters compiled in Table I. In
the case of cubic symmetry in ZnS, we have

— — | —_ r__ ! H
TABLE 1. Fitted parameters for the G centers in ZnS poly- Do=K=K"=0, {, ={, and{, ={j . It is therefore conve-
types and CdS. AN denote the cubic and AN1, AN2, AS, and p\hient to discuss the results in terms of tetrahedral and trigo-
trigonal centers in ZnS. All parameters are given in¢m nal spin-orbit coupling parameters, defined by

Cu?* AN ANI  AN2 AS PN CdS {r,=50+30, Lo, =—3(0-Q),
N 8 8 8 8 8 9 e i ap ®
Dq 609 612 608 609 597 522 fry=slivaly Lo, =5l =)
D 1 2 -17 12 1 L. .

0 0 5 0 8 8 The fitting of the parameters to the observed optical tran-
K 0 80 81 81 80 —-201 . . .
K’ 0 1 1 1 1 50 sitions is complicated by the fact that the number of ob-

served fine-structure transitions is smaller than the number of

g-:—d —593  —589  —593  ~-593 593 —559 parameters shown in Table I. It is therefore difficult to find
¢, —782 -—7s2 —738 —733 -—732 -—618 an unambiguous fit which leads to controversial
bcy, 0 65 50 —-25 58  —26  nterpretations:®® There are, however, a number of reason-
Le,, 0 65 50 -2 74 -14 able physical limitations for the values of the parameters
hao 262 261 263 264 260 272 pased on ionic properties, static crystal-field theory, and co-
Eor 213 201 203 211 211 294 valent bonding effects. A comparison of €u centers in
S 0.81 0.77 0.77 080 081 11 different crystallographic environments in ZnS gives addi-

tional information about the parameters. The tetrahedral
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TABLE lll. Comparison of the energy levels obtained from the fitted parameters with the observed lines.
The calculation tookN=9 excited energy levels of the local vibrational mode into account. Energies are

given in meV.

cds:cue* T4(%T)) T4(%T)) Iso(°T,) I'4(’E) I's6(°E)
experiment 0.00 0.41 0.56 772.88 774.40
theory 0.00 0.39 0.47 772.88 774.41

crystal-field parameteDq is mainly determined by static crystal-field theory. Thus, in Ref. 2, it has been estimated that
crystal-field splitting, and is expected to be the same for albq=624 cm ! for ZnS andDq=556 cm™ ! for CdS, and

the Ci?™ centers. The spin-orbit coupling parameters can bg = —593 cm ! for ZnS and¢= —565 cm™* for CdS. The
estimated from the free-ion values and covalent bondingvalues in Ref. 21, obtained from optical spectra, are
The trigonal crystal-field parameters should be similar for;= —545 ¢cm! for CdS and¢=—585 cm ! for ZnS. We
different transition-metal ions in the same crystal, unlesg;sed these values f@q and ;. as the basis of our search.
there is a considerable static Jahn-Teller displacement of th@stimates for the trigonal crystdal-field paramefehave also
impurity, which had not been seen with these iBrisow- been given in Ref. 21 byK/{|=0.1. Here we use the ap-
ever, some differences of the trigonal crystal-field parameterBroximate relatior] K/§Td|*0-1 for ZnS. This relation does

are expected for the transition-metal impurities in different i
polytypic environments, i.e., for the PN, PS, and AS centers©t hold, however, for CdS because of the approximate rela-

The local vibrational mode energy must lie in regions of lowtON |K(CAS/K(ZnS)|~2, reflecting the different deviations
densities of phonon states to allow for a localization at thd™m the ideal wurtzite ’Iatt|ces for CdS and Zﬁ‘_SThe _
impurity. Modes with energies in regions with large densitiesS€arch for the values afy was based on the estimates in
of phonon states hybridize with crystal phonons and thufRRef. 20, where |{'/¢{|=1.44, and in Ref. 26 where
become delocalized. This can be deduced from Raman scat’/{|=1.22. Thus  the  approximate  relations
tering and also from model calculations of the interatomic]| Gd /gTd|=1.2 and 1.1 for ZnS and CdS, respectively, were

forces. Using the valence-force model of Keating it can bg,seq here. We further adopted the relatjéri/K|=0.1 for
shown from calculations of a large cluster of vibrating atomsy,o trigonal crystal-field parametet§’ for both ZnS and
argund thle iméJurity that copper cer?terf] in ZnS form IocaICdS, unlike in Ref. 20, wheré'/K|=1.4. The trigonal
vibrational modes oE symmetry in the phonon-energy gap, <n:in_nrh . / :
whereas in CdS there aile modes, which are slightly split spin Orbl,t coupling parametez%&;, c,, are introduced by
into A; andE modes unde€;, symmetry?? the relation|{c_ /¢t |=0.1and|{c, /{c, |=1.

To start our fitting procedure we used rough estimates of The additional splitting parameté, for the °E multi-
the parameters as obtained from earlier fittings of statigplet also determines the piezoelectric behavior of this mul-

TABLE V. Comparison between the observed and calculdfiettd) energy-level differences of Cii
centers in ZnS. Energy levels;g denote the Kramers doubl&tI'g. In case of the cubic AN center, two
calculated one-phonon lind%;(°E) andI';(T,) are included. Energies are given in meV.

AN (Tq) I7(°T,) Tg(°T,) [7(°T2) T'g(°E) T'6(°E)
experiment 0.00 1.68 25.9 858.46

theory 0.00 1.67 26.91 858.46 874.81
AN1 (Cs,) T,(%T,) se(*T2) L4(%T2) I',(%E) T'ss(E)
experiment 0.00 859.77 859.85
theory 0.00 1.94 2.26 859.77 859.87
AN2 (Cjz,) T4(°Ty) Ts(°T2) T4(°T2) T4(°E) Ts¢(°E)
experiment 0.00 856.07 856.27
theory 0.00 1.96 2.25 856.04 856.25
AS (C3,) [4(%T,) se(*T2) [4(°T2) ['se(’E) I 4(%E)
experiment 0.00 1.88 859.10 859.61
theory 0.00 1.88 2.00 859.07 859.62
PN (Cs,) T,(%T,) Tse(*T2) T4(%T2) I,(%E) T'ss(’E)
experiment 0.00 1.82 844.08 846.56

theory

0.00

1.82

1.88

844.00

846.66
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TABLE V. Possible splittings of the energy levels of the symme-fitted. The calculations were then repeated, using up to
try double groupsT for cubic centers an@;, for trigonal centers  N=14 excited energy levels of the local vibrational mode,
with respect to symmetry reduction for a magnetic fiBlgherpen-  around the predetermined values. We obtained a convergence
dicular or parallel to th¢111] or ¢ axis. The numbers in brackets of the parameters with respect kbfor N=822 This means
give the dimension of the irreducible representation. The irreduciblgnat vibronic energy levels about 0.3 eV above the zero-
representations of the symmetry groups and Cs are all one di-  hh510n Jine could be neglected. It must be emphasized, how-
mensional. The representatiéiy andI's of C5, form a Kramers — gyer that we do not claim that our fitting procedure alone

doublet. leads to an unambiguous fit of the fine structure. The set of
B||[ - 110] B=0 Bl[111] parameters must be tested by the calculation of the magnetic-
field splitting without introducing additional parameters.
Cs Tq Cs Our results for Cd" centers in CdS and in different poly-
I3+l I's(2) I'y+T5 types of ZnS are summarized in Table II. The values of the
a+Ty I'7(2) Fy+Ts crystal-field parameteDq are not far fromDq=624 (Ref.
2l3+2l [g(4) [,+Ts+26 2) and 600 cm® (Ref. 6 in the case of ZnS, and
Dqg=555 cm ! (Ref. 2 in the case of CdS reported above.
BlLc B=0 Bllc The smaller values for CdS result from the larger interatomic
. c, C, distance in CdS compared yvith the ZnS_ crystal. It can be
roiT, r'u2) I+l seen that the tetrahedral spin-orbit coupling parame}edrs

I,+T, Ts(1)+Te(1) 2T and g}d are nearly the same for all centers in ZnS, and are

close to earlier fittings:{=—-593 (Ref. 2 and —580
cm % The comparison with the free-ion value of
tiplet of the CU#* centers in 1I-VI compounds. It can be ¢=-830 cm ! (Ref. 20 gives an estimate of the covalent
deduced from the splitting of théE level, and is introduced bonding effect. The various centers differ in their trigonal
into such a Jahn-Teller calculation for the first time, to ourspin-orbit coupling parametelg, andg’CSU. The energy of
knowledge. _ the local vibrational mode is practically the same for all the

Starting with these approximate values of the parametergifferent centers in ZnS.

Da, {r, {1, K, andK’ we assumed a region of variation A comparison of the observed transitions in g8e Fig.

for any of them, and tried to reproduce the energetic posid) with the calculated energy-level scheme obtained from the
tions of the observed transitions. To reduce computer timditting procedure is given in Table Ill. The comparison be-
this research was done with smaller matrices taking onlyween the experimentally observed lines and the energy lev-
N=6 excited energy levels of the local vibrational mode intoels obtained from the fitting in case of the €ucenters in
account. This led to Huang-Rhys factors of the order of 1ZnS polytypes is given in Table IV. In the case of the cubic
corresponding to a moderate Jahn-Teller coupling. This is iAN center, we added the lowest calculated one-phonon line
agreement with the details of the phonon sidebands of the so the other so-called zero-phonon lines, deduced from the
called zero-phonon lines analyzed in Ref. 6. This set of paspin-orbit interaction of théT, and ?E multiplets.

rameters was then used to start the following fitting proce-

QUre taking more excited energy levels of the local vibra- IV. ZEEMAN BEHAVIOR

tional mode into account.

At first we determined a volume in the parameter space The dependence of the energy levels on an external mag-
from the approximate values, discussed above, together withetic field B is determined by supplementing the Hamil-
a region of variation, which was typically taken to be be-tonian Eq.(2) with the Zeeman operator, which in the sim-
tween =10% and £20%. The search was started usingplest case and for tetrahedral symmetry has the form
equidistant points in this volume and a weighted mean-
square measure to estimate the fit of differently narrow lines. H,= ug(kl+2s)-B. (6)

The fitting was then improved with the help of an evolution
strategy'® This led in all cases to one definite set of param-Herel ands denote the orbital angular momentum and spin
eters with which the observed optical transitions could beoperators, respectivelyg the Bohr magneton, anl the

TABLE VI. Comparison of the observed factors of the cubic AN center of Gii in ZnS with the
calculated values. The magnetic-field-dependgfactors are calculated using Ed.2) and the two limiting
values forB=0 T andB=20 T are given. The zero-field energies are obtained from the fitting procedure and
are given in meV.

Center Multiplet Energy gEh_eﬂo] 9% g}'ﬁ‘ﬁ ody
AN FS(ZE) 858.46 1.68 1.680.01 1.57 1.6%0.01
1.45 1.54
T'o(2T,) 1.68 082-158  0960.15  0.83-159  0.960.15
2.28 2.25

T,(T,) 0.00 0.79-0.43 0.6%0.02 0.79-0.44 0.620.02
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TABLE VII. Comparison of the observed factors of the axial centers AN1, AN2, AS, and PN of
Cu?" in ZnS with the calculated values. Energy levélg, denote the Kramers doubl&sI's. The two
theoreticalg factors in brackets refer to the smallest and largest difference between the four energy levels of
the 2E quartet. The magnetic-field-dependentactors are given with respect to two limiting valuBs=0
and 20 T orB=9 and 20 T. For other explanations, see Table VI.
Multiplet Energy glheer g g ap®
AN1
I'o(E) 859.87 {1.34,1.60% 1.49+0.082 1.68 1.53:0.08
I'4(’E) 859.77 1.65 1.530.08
[4(3T,) 2.26 0.94-0.58 0.9-0.6°
[se(%T>) 1.94 0.88-1.4% 2.13
[4(3T,) 0.00 0.75-0.49 0.56+0.05 1.0-0.7 0.79+0.05
AN2
I'ss(%E) 856.25 {1.34,1.632 1.67+0.022 1.65 1.51+0.04
I',(’E) 856.04 1.61 1.510.04
[ 4(%T5) 2.25 0.93-0.57 1.0-0.7
[ss(?T,) 1.96 0.91-1.48 2.18
['4(%T,) 0.00 0.7-0.4 0.41+0.05 1.1-0.8 0.97+0.09
AS
I',(%E) 859.62 {1.53,1.632 1.64+0.022 1.52 1.45-0.02
I's(’E) 859.07 1.47 1.4%0.02
T 4(3T,) 2.00 0.82-0.53 1.55-0.9
I'ss(%T5) 1.88 1.09-1.50 2.45
[ 4(%T,) 0.00 0.4-0.2% 0.29+0.02 1.65-1.0 1.45+0.02
PN
['s(%E) 846.66 {1.11,1.732 1.68
I',(%E) 844.00 0.06:0.02 1.66 1.7£0.02
[4(3T,) 1.88 0.71-0.48 1.6-0.%
Te(3T5) 1.82 1.20-1.5? 2.38
T4(%T>) 0.00 0.4-0.2 0.28+0.03 1.65-1.6 1.35+0.05
#Derived by taking the zero-field splitting and term interaction into account; seélEx.
bLimiting values with respect t8=9 and 20 T.
‘Limiting values with respect t8=0 and 20 T.
orbital reduction factor. In general the covalent bonding, deand
scribed by the orbital reduction factor, may be different for
different electronic wave functions of the excited quartet C=1.B=1,Bs+I1,B,+1,B,
|2Ev) and for the ground-state sextgf,u) of the CuP* (9)

ion. Taking trigonal symmetry into account, the most general
Zeeman matrix in the electronic subspace is made up of the

matrice$®

AL A

with

AlszMB<2T2M|§C_ %D|2T2M'>

+2ug(yls Bly'),

+kyup(?Tou|3C+35D[2Tou’),

AzzkiMB<2T2,U«|%C_ %D|2EV>

)

+Kj ug(*Tou|3C+3D|%Ev),

@)

D=1,B,+1,B,+1,B,+1,B,+I,B,+1,B,.

The orbital reduction factork, andk; may be different de-
pending on whether the Zeeman matrix is calculated using
T, wave functions K, ,kj) or a combination of*T, and

2E wave functions k| k(). In our description of Jahn-
Teller active systems the orbital reduction factors describe
covalent bonding effects with the impurity electrodi¢unc-
tions, and they are practically independent of an external
magnetic field. We therefore introduced the following ap-
proximations, based on the values of the spin-orbit coupling

parameters

Ky

_4
&’

¢
kuj—l‘i-

o g
G i &

- (10
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| I3 5 ting of the I',(°T,) ground state
) L " and the 1“56(2T2)_ and T'4(?T,)
iy i doublets of the trigonal AS center
s | | calculated withN=8; see text.
g The magnetic field is shown par-
14 - allel to thec axis (right), and per-
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3 . Is ergies are given with respect to
0 : I the zero-field ground state
I I';(?T,). Energy levels are as-
. L - signed according to the irreducible
1. | B} | representations of the correspond-
: i P ing symmetry double groups; see
- 5 Table V.
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magnetic field (Tesla)
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where ;= —830 cm ! is the value of the spin-orbit cou- splitting AE(B) of two lines of the same symmetry, well
pling parameter of the free Gii ion.?° Thus the orbital re- separated from other lines of this symmetry, may be inter-
duction factorsk, , kj, ki , andk| are not taken as fitting preted in terms of a zero-field splittingE(0) and ag factor
parameters, but are considered to be determined entirefccording 18’
from the zero-field spectra. The orbital reduction factors then
range from 0.55 to 0.97 for the different centers discussed.
The use of Eq(10) gives us the possibility of a parameter-
free calculation of the magnetic-field splitting. which approximately describes the term interaction of the
The experimentally observed magnetic-field splitting istwo levels. This has been used in particular to interpret the
often reported in terms af factors’>~1?2even in cases where observed nonlinear splitting E(B) of the excited?E mul-
the splitting at low magnetic field8 could not be resolved. tiplet for B.L c.® Our calculation of the magnetic-field depen-
However, due to the repulsion of energy levels having thelence of the lines, based on the fine-structure fit, may then
same symmetry, a nonlinear behavior of the lines is observedlso be used to derive the correspondinéactors from Eq.
in many cases. To overcome this difficulty the nonlinear(11) to be compared with experiment. In the other cases the

AE(B)=[AE*(0)+(uggB)?]™, (11)

861‘0 I 1 I 1 1 1 1 L ] 1 1 Il L 1 1 L 1 1

Cs C3
860.5 G L
] L L
860.0 4 ’ I :
> ] ' I FIG. 6. Magnetic-field
5859.5- splitting of the excited loweF>®
) (°E) and highet ,(>E) doublets
£ - of the trigonal AS center. Further
explanations as in Fig. 5.
859.0
) 1"5 L
858.5 4 I X
I .
i " K
B 5 1w ~ 3§ 0 " 3 T 0 15 2 %5

B | ¢ magnetic field (Tesla) Bllc
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FIG. 7. Calculated angular magnetic-field
splitting of the T',(?T,) (lowesh, T'sg(?T,)
(middle), andT"4(%T,) (highes} energy levels of
the AS center in ZnS. The magnetic field is
shown perpendicular to the axis (left) and par-
allel to the ¢ axis (right) as a function of the
magnetic-field strength. The middle part shows
the energy levels @8=10 T as a function of the
angle betweerB and thec axis, varying from
zero to 90°.

energy (meV)

1.0 fr——r— T T T T T T
0 5 1010 30 60 90 g 5
magnetic field (Tesla) angle (degree) magnetic field (Tesla)

nonlinear magnetic-field dependence of the splittixig(B) The reason for this is the small energetic difference between
may be described by a magnetic-field-dependgefaictor de-  both multiplets forB=0, leading to a repulsion of energy

fined by levels having the same symmetry. The nonlinear behavior of
the energy levels originating from tH&,(T,) ground state
|AE(B)| may be described by a shift of the center of gravity for the
(B)= " ugB (12) I', andI's components, which is 0.42 meV downwards at

B=15T. This has to be compared with the observed shift of
and a shift of the center of gravity of the two components. the two nonlinear components of the AN quartet of 0.21 meV
The energy levels split because of the symmetry reductioin Fig. 3. The calculated energetic splitting of the(*T),)
from T4 to Cs or Cz symmetry for B|[—110] and ground state, using Eq(12), leads to a magnetic-field-
B|[111], respectively. In the case &;, the symmetry re- dependeng factor. Therefore, in Table VI we give the two
duces toCg or C3 for BL[111] and B|[111], respectively. limiting values forB=0 and 20 T. The experimentally ob-
The energy levels are assigned according to one-dimensionsérvedg factors lie within this region, and agree with theory
irreducible representatiords,, I's, andI'g of the symmetry for B=11T.
double groupC; or I'3, T', of C4. The qualitative splitting is The transition between thEg(?E) and I'g(?T,) multip-
given in Table V. lets at 856.78 meV, which is observed in emission only, was
The observed magnetic-field splitting of the optical tran-discussed controversially in the literatdfé. According to
sitions of various C&" centers in ZnS are shown in Fig. 3. Ref. 9 the observed splitting of this Jahn-Teller emission
The assignments to the cubic AN center and the trigonalvith g=0.96 (see Table VI is assigned in agreement with
centers AN1, AN2, and AS are also given. The assignment€lerjaud and Gelineduto the splitting of theI'g(?T),)
AS jrand AN refer to the so-called Jahn-Teller transition at ground state. It must be emphasized, however, that our fitting
the AS and AN centers, respectively. procedure yields a moderate Jahn-Teller coupling with a
We start our discussion with the tetrahedral AN center ofHuang-Rhys factor 08=0.81, in contrast to Ref. 5, where a
Cu?*’ in ZnS. The observed splitting of the quartet AN in rather strong Jahn-Teller coupling wi=3 was used. Our
Fig. 3 is due to a twofold splitting of the excitdt(°E) and  calculations give an unambiguous fourfold splitting of the
of the I'7(?T,) ground state. The nonlinear behavior can bel'g(%T,) quartet; see Fig. 4. The splitting of the tdig com-
described by a linear splitting with g factor and a shift of ponents result in g factor of 2.25, and the splitting of the
the center of gravity. The correspondigfactors for the T', andI's components give g factor between 0.8 and 0.4
magnetic-field parallel to the—110] and[111] directions for B=0 and 20 T, respectively. This has to be compared
are given in Table VI together with the theoretical values.with the observed value aj=0.96; see Table VI. It might
The calculated splitting of th&4(E) quartet confirms the therefore be possible that the observed splitting of the
splitting into two doublets, a higheF,I's and a lower T'4(%T,) quartet is due to the energetic difference between
I'sI'g of C4 in the case oB||[111] and twol';I', doublets of  the lowestl's and thel', level for which theg factor vary
Cs in case ofB||[ —110]; see Table V. The calculategifac-  betweeng=0.82 atB=0 T andg=1.58 atB=20 T; see
tors are compatible with the observation; see Table VI. Table VI. Our calculations reproduce the obsergethctor
The theoretical splittings of thé& ,(>T,) ground-state approximately at a magnetic field &=6 T. We therefore
doublet and thd g(?T,) quartet are shown in Fig. 4. The conclude that our results are in agreement with the measure-
assignments of the energy levels are according to the diffements (see Fig. 3, and support this interpretation of the
ent irreducible representations of the symmetry doublelahn-Teller emission.
groupsC, andCj;; see Table V. The splitting is clearly non-  The trigonal centers AN1, AN2, AS, and PN in ZnS crys-
linear except for the twd'g levels of thel'g(?T,) quartet. tals exemplify the symmetry lowering of the &l environ-
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FIG. 8. Calculated angular magnetic-field splitting of the excited FIG. 10. Calculated magnetic-field splitting of tHe,("T,)

2 i 2 i _
2E energy levels of the AS center in ZnS. Explanations are th%ground state ind the,(*T;) (middie) andI's¢("T;) (highes} quar-
same as in Fig. 7 ets of the C@" center in CdS. Explanations are the same as in Fig.

5.

ment due to different crys_talline polytypes. The devia_tionrse(zE) Kramers doublet and thE 4(2E) doublet for the
from tetrahedral symmetry is described by the comparativelgame center. These Zeeman patterns show a clearly aniso-
small parameter, K', {c_, and{c . The Zeeman pat- tropic behavior, and are representative of all axial centers
terns are characterized by the zero-field splitting of the tranebserved in ZnS, except for the reversed fine-structure split-
sition lines at 0.86 eV which is due to the splitting of the ting of the excited’E quartet; see the negative value of the
I's(?E) quartet under th€,, symmetry double group into a parameteD, in Table II. In the case oB||c the splitting of
doubletI"4,(?E) and a Kramers doubldt-«%E); see Table theI',(’E) andI's¢(’E) excited states is linear with respect
VII. The Jahn-Teller emission of the cubic AN center atto the magnetic field; see Fig. 6. This is a consequence of the
856.78 meV splits into a lowel's4(°T,) and a higher different symmetries of the nearby components of the trigo-
r,(*T,), and the emission from thd's¢(°E) to the nal crystal-field splitting, which do not allow for a term in-
I's¢(?T,) level has been established for the AS and PN centeraction.

ters, but nog factors or zero-field splittings have been re- The calculated magnetic-field splittings of the axial cen-
ported so far. In connection with this splitting of tifd,  ters AN1, AN2, AS, and PN in terms af factors are com-
ground state, it could be shown that the so called Jahn-Tellgrared with the experimental values in Table VII. The nonlin-
emission zero-phonon lines, which are observed in emissiogar splittings of the4(?T,) ground state and thEsg(*T5)

only, are a general phenomenon of the?Ccenter in sulfide and T'4(°T,) doublets are described by magnetic-field-
compounds. dependeny factors using Eq(12), and Table VIl gives the

As an example of the trigonal centers of €uin ZnS, two limiting values forB=0 or 9 T, andB=20 T. The °E
Fig. 5 shows the calculated Zeeman splitting of the lowesexcited quartet is split by the magnetic field into four lines
I',(T,) doublet, the Kramers doubl&ts4(%T,), and of the showing a small zero-field splitting; however, in the case of
highestI'4(°T,) doublet of the ground statéT, for the AS  BLc only two lines are observed. We evaluated ghiactors
center. Figure 6 shows the Zeeman splitting of the excitedising Eq.(11), and the mean value of the two calculated ones
may be compared with the single measured value.

In the case ofB||c the calculatedg factors of the
I'4(?T,) ground state vary with respect to the magnetic field,
whereas the observed splitting is linear. The magnitudes of
the splitting, however, are quite compatible. There are slight
differences between the observed and calculgtittors for
the excitedI",(°E) and I's¢(E) doublets, but the general
feature of the Zeeman pattern is explained. In the cases of
I's(?T,) andT,4(?T,) higher doublets, the splitting is simi-
lar to the splitting of thel'g(*T,) quartet of the cubic AN
center. In Table VIl we give the largg factor of the two
I's components, which are split linearly, and the varying
factor with respect to th&', andI's components according

to Table V. The situation is different, however, f&L c,
1‘5' 12 9 63 0 3 6 9 12 15 . where two energy levels df; or I'y symmetry come close
MAGNETIC FIELD (T} together. This leads to a strong nonlinear behavior for small
magnetic fields below 5 T. Therefore, in Table VII we give

FIG. 9. Magnetic-field splitting of the fine-structure optical tran- two limiting values of they factors atB=9 and 20 T for the
sitions of the CG* center in CdS for magnetic fields perpendicular nearby multipletd”s¢(?T,) andT",(?T,) using Eq.(12). The
(left) and parallelright) to thec axis. reason for this is that the calculation shows that the observed

1600

—

[

o

N
t

-
o
<
T

—

(=

<

o
)

WAVELENGTH (nm)
PHOTON ENERGY (meV)




1284 T. TELAHUN et al. 53

TABLE VIII. Comparison of the observed factors of C#* in CdS with the calculated values. The
experimentalg factors have been deduced for magnetic fields betwgery and 15 T. The theoretical
magnetic-field-dependengt factors are given for the two limiting valuds=7 and 20 T. Energies are given

in meV.

Multiplet Energy gtheor g™ g gf®™
I's¢(’E) 774.40 0.01-0.03 0.200.05 1.56 1.5%0.02
T'4(%E) 772.88 0.16-0.15 0.290.03 1.55 1.5%0.02
Tse(%T>) 0.56 0.1-0.0 2.23 1.700.10
[ 4(?T,) 0.41 1.4-1.95 1.150.05 2.43-2.26 1.870.02
[4(?T,) 0.00 0.6-0.3 0.120.03 2.43-2.26 1.980.02

g, factor for theI',(°T,) ground state is reproduced in the part shows the energy levels as a function of the angle be-
region between 9 and 20 T. In the case of the AS center thaveen the magnetic field and teeaxis at a magnetic field of
nonlinear splitting of thd™,(?T,) ground state foBLcre- B=10 T. The calculation has been done takitig 8 excited
sults in a calculated factor atB=15 T ofg, =0.31, which  energy levels of the local vibrational mode into account. Fig-
is close to the observed behavior; see Table VII. The calcuare 8 shows the corresponding splittings of the lower
lated splitting of the excitef 55(2E) andI',(’E) doublets in  T's(°E) Kramers doublet and the high&y(?E) doublet of
the case oBL c (see Fig. §is evaluated using Eq11), thus  the excited?E multiplet. The figure illustrates the different
giving two closeg factors, referring to the smallest and larg- splittings of the two doublets d€5, symmetry for different
est differences between the four energy levels of e  directions of the magnetic field with respect to theaxis.
quartet. This is done because only ogedactor has been One can see that the definitions ofdactor from the split-
resolved in the experiment, which has been deduced with thiing of a degenerate energy level is different fr ¢ and
help of Eqg.(11) and may be compared with the mean valueB||c in the sense that one and the same energy level may
of the calculatedy factors, which is 1.57 in the case of the belong to different zero-field states when the direction of the
AS center. The sequence of energy levels ofdfig multip-  magnetic field changes. The same may be seen from Fig. 7
let with respect to their symmetry of th@, double group for the I'sg(?T,) Kramers doublet and the high&r,(?T,)
cannot completely be determined from the observed polardoublet.
izations and selection rules, but are given from the calculated We now turn to the C&" center in CdS crystals. The
splittings. Therefore, we find agreement between the obexperimentally observed fine-structure splittings are shown
served and calculated Zeeman splittings in the case of the Aia Fig. 9 after Ref. 10. It shows the experimentally observed
center; see Table VII. emission lines emerging from the allowed transitions be-
The situation is not very different for the other trigonal tween the excitedE states and théT, ground states. The
Cu?* centers in ZnS. The calculated splittings of the threetransitions at zero magnetic field are assigned to lines 1
doubletsT',(°T,) (ground statg TI'sg(’T,), and I'4(?T,) (highes}, 5, 2, 3, and 4; see Fig. 1. The magnetic-field split-
show a nonlinear behavior in tH&L ¢ configuration for all  ting is approximately linear abovB=7 T, and the corre-
trigonal centers in ZnS. The experimentally obsergefdic-  spondingg factors, taken from the region 7<IB<15 T, are
tors are in all cases within the region of the variation of thecompiled in Table VIII for magnetic fields parallel and per-
calculatedg factors betweeiB=9 and 20 T; see Table VII. pendicular to thes axis. The calculated Zeeman splittings of
There are no reported, values for thel's¢(°T,) Kramers the 2T, ground state and th8E excited state are shown in
doublet, though the emission lines were observed for the A%igs. 10 and 11. The calculations were done takig9
and PN centers at 1.88 and 1.82 meV above the ground statexcited states of the local vibrational mode into account.
respectively. There are no observed transitions to the nearbyComparing with Fig. 9, it can be seen that the observed
I',(*T,) doublet of the four centers, and the calculatedgeneral nonlinear behavior of the splittings is reproduced by
magnetic-field-dependerg factors for BLc are given for the calculation. In order to compare the theoretical results
both doublets in Table VII in the region betweBr=9 and  with the observed splittings it is hecessary to determine the
20 T for the same reason as before. The calculation showssymmetry of the initial and final states of the various transi-
strong nonlinear behavior for small magnetic fields belowtions from the polarization of the observed lines and the
B=5 T as a consequence of the term interaction of the twaelection rules. This had been done with the help of the cal-
I'; states or the twd’, states. In the case d&|c the split-  culated splittings, and the comparison between the observed
tings of thel'4(°T,) ground state and of the oth&;(°T,) and calculatedy factors is shown in Table VIII.
state are nonlinear, and the magnetic-field-dependdat- The experimentay factors are deduced from the region
tors are given in Table VII in terms of the two limiting values 7 T<B=<15 T. In order to compare with the observation, in
for B=0 and 20 T. Thd 54(%T,) Kramers doublets show a Table VIII we give the two limiting values of the calculated
linear splitting forB||c, as can be seen from Fig. 5 in the casemagnetic-field-dependegtfactors for the two limiting fields
of the AS center, but ng factors are observed for the trigo- B=7 and 20 T. The splitting of the excited-state doublets
nal centers. I'4(’E) and I'sg(%E) is reproduced by the calculation. In
The angular dependence of the magnetic-field splitting oparticular, the calculated splitting of the lowEy(%E) dou-
the 2T, energy levels of the AS center is shown in Fig. 7 asblet for BLc confirms the small observed splitting, tle
an example of the trigonal Ci centers in ZnS. The middle factor of which was difficult to deduce from the experiments.
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There are, however, some discrepancies between the obalculation of a two-mode coupling, where a local vibra-
served and calculategl factors of the three doublets of the tional mode ofT, symmetry together with the coupling to an
2T, ground state, since the calculatgdactors forB|c and  E mode is taken into account. However, for a perfect under-
for BLc are generally larger than the observed ones; sestanding of the observed optical transitions, more informa-
Table VIII. This is a striking difference from the situation in tion is necessary on the Jahn-Teller effect, and especially on
ZnS, where a general agreement between the experimentdle local vibrational modes involved. It must be noted that
data and the calculation was achieved. This may be due tthe very indirect way of determining the energy and symme-
the neglect of the Jahn-Teller coupling to a local vibrationaltry of the local vibrational mode from the observed optical
mode of T, symmetry. A local vibrational mode df, sym-  fine-structure transitions leads to an uncertainty, which de-
metry is at about 20.8 meV in the phonon-energy gap ofends on the number of lines observed. An independent and
CdS, whereas a hybridization with the acoustic band occurgnambiguous determination of the local vibrational mode at
in ZnS. the copper defect in different crystalline environments would
remove this uncertainty, and would help to find the correct
interpretation of the spectra. The energy and symmetry of the
V. DISCUSSION local vibrational modes can in principle be determined from

The correct interpretation of the fine structure, i.e., theRaman—scargte(;lr:jg expendmﬁnts. ead ftai g
correctness of the fitted parameters, is demonstrated by the Ou'r metho | |scfushse P ere leads tofahqua |t§1t|v|e under-
parameter-free calculations of the magnetic-field splittings irptanding not only of the fine structure of the optical transi-

case of the various G’ centers in ZnS. The magnetic-field tions b_ut also of the magnetic-field splittings. In addition, a
splitting depends sensitively on the wave functions, whicttumerical agreement between observed and calcuipted
are calculated from the fitting procedure of the fine structure!©rs has been_achleved fqr most of the energy levels. The
In addition, the nonlinear behavior of the transition |inesqbserved nonlinear behavior with respect .to the ”.”agne“c
with respect to the magnetic field is due to the term interacli€ld could be understood frof“ the calculations, which "?"50
tion between states of the same symmetry. This term inte92ve th_e symmetry of the various energy levels. For a direct
action depends on the wave functions and the relative enef2mParson between the observed and calculated Zeeman
getic differences of the corresponding energy levels. Th nes, see Ref. 28 o . .
nonlinear behavior is therefore decisive for an understanding In summary, it ISa str|k|'ng fact that the simple coupling to
of the observed spectra. n E mode explains the fine structure and the general Zee-

. > :
The agreement between calculated and observeffian behavior of the CU centers in ZnS and CdS.

magnetic-field-dependent transitions is not so striking for the
Cu?* center in CdS as it is for ZnS. The reason for this is the
stronger nonlinear behavior of the energy levels of the The authors are grateful to J. Sgpoand C. Schrepel for
ground state€T, compared with experiment. We believe that valuable discussions and a critical reading of the manuscript.
this is due to the fact that copper centers in CdS for a localWe thank the Zentraleinrichtung Rechenzentrum of the Tech-
vibrational mode ofT, symmetry at 20.8 meV in the nische UniversitaBerlin and the Konrad-Zuse-Zentrumrfu
phonon-energy gaf,so that the Jahn-Teller coupling to this Informationstechnik Berlin for their support and the provi-
mode should not be neglected. This could be clarified by aion of computing facilities.
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