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Nature of optical transitions in the charge-transfer region of ZnS:Co and ZnSe:Co
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The cobalt center in ZnS:Co and ZnSe:Co has long been considered as a possible candidate for the obser-
vation of so-called bound-electron levels. The optical transitions in the vicinity of the charge-transfer transition
from thed®/d” charge-transfer level to the conduction band are therefore investigated by their magneto-optical
properties. These clearly reveal the identical origin of the observed transitions in the two materials. With the
aid of the known charge-transfer energies the transitions are identified as irtérad’* excitations. Pos-
sible assignments are discussed within the framework of ligand-field theory, which also delivers an explanation
of why similar internal transitions were not yet observed in other 1I-VI or even 1lI-V compound semiconduc-
tors doped with cobalt. A uniform picture of the cobalt center in these semiconductor host materials is thus
derived.[S0163-182696)04636-X

[. INTRODUCTION The bound-electron and -hole levels described in the last
part of case(c) were only observed in a few cases. Using

Transition-metal impurity centers in I1-VI and 1lI-V com- optical spectroscopy the nickdéPh,, complex in ZnS:Ni and
pound semiconductors exhibit optical and electrical properCdS:Nil? the copperd'’h, complex in ZnS:Cu, ZnO:Cu,
ties which are governed by the more or less localized charand CdS:CuRefs. 3,4 and an irord®h, complex in GaP:Fe,
acter of the impurityd electrons. This subsystem of highly InP:Fe, and GaAs:Fé&Refs. 5,6 were found. In GaP:Co a
correlated electrons gives rise to a manifold of levels in thevery faint transition was interpreted as being due todhg,
electronic structure of the total system which are still diffi- level.” A review on the subject was provided by Sokolov and
cult to cope with from a first-principles point of view. Ap- Kikoin.®
proaching the problem phenomenologically, one distin- When one looks closer to the named host-impurity pairs
guishes between the following types of impurity-relatedand the involved bound charge-carrier levels three questions
levels and transitions: emerge: First, for some host latticéise., ZnS, Cd$ it is

(a) The centers are locally excited, i.e., the electrons remuch more probable to observe these energy levels than for
main localized and their charge densities are only rearrangedthers. Second, for somalZenters no evidence on charge-
These transitions are usually referred to as intedffal dN* carrier levels exist§i.e., Sc, Ti, V, Ci. And third, the settled
transitions and they represent the solid-state analog to thevidence focuses on bound-hole and not on bound-electron
multiplet excitations of free ions from a ground-state to anlevels. It is the third question that plays a key role in this
excited-state multiplet. publication.

(b) The number of active electrons on the center is The only candidate system for bound-electron levels men-
changed by either adding an electron from the valence bantibned in the past was the cobalt impurity center. There has
to the center or removing an electron from the center to thédeen some discussion in the literature on the interpretation of
conduction band. The charge-transfer energies of thessome cobalt related transitions observed in ZnSe:Co and
charge-transfer transitions are strongly reduced comparednS:Co (Refs. 9—-13 [cf. Fig. 1(a)]. For the transitions we
with free ion ionization energies. The charge-transfer levelshall use the nomenclature introduced by Noras, Szawelska,
are denoted by ~1/dN. A transition from a filleddN~"/dN  and Allenl® which denotes the three zero-phonon lines
charge-transfer level to the conduction band changes thepl's) in ZnSe:Co byL, M, andN and the corresponding
charge state from™ to dV~ 2, a transition from the valence absorption lines in ZnS:Co by 1, 11, and 14. To distinguish
band into an emptyd"~Y/dN charge-transfer level from line splittings due to different polytypes in ZnS:Co, we
dN"1 to dN. added a prefix letter €” for labeling the cubic

(c) In solids a third kind of energy levels exists which has modification!®
an analog to free ions only in special cases: bound excitons. Robbinset al. investigated these transitions in ZnSe:Co
A charge-transfer level may provide for a local charge dis-and put forward an explanation in termsdffe, bound elec-
tribution which is able to bind an exciton. Dependent on thetron levels since the transition energies are very close to the
conditions both charge carriers of the exciton can represerxpected charge-transfer energy from t®&d’ charge-
one subsystem and the impurity another subsystem whictransfer level to the conduction bafdf Since an absorption
then couple to produce a total system. In other cases orthreshold rises near tHé-line transition they interpreted the
charge carrier is strongly coupled, i.e., it belongs to ¢he threshold as charge-transfer transition. They supported their
electron subsystem, whereas the remaining charge carrier isodel by magneto-optical transmission spectra oflLthend
only weakly coupled, i.e., it surrounds the impurity in a hy- L’ line transitions.
drogenlike orbit. These levels are denoted d¥" th, for This model was rejected by Noras, Szawelska, and Allen,
bound-hole levels and by"~ e, for bound-electron levels. however, who determined a charge-transfer energy much
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ance of the transitions in ZnS:Co and ZnSe:Co and their

(a) photon energy (eV) nonvisibility in other 1I-VI or even 1lI-V compounds.
2.55 2.60 2.65 2.70 2.75
1 L] 1 A | !
12t ! ZnS:Co T=10K Il. EXPERIMENT

=10} T cubie sy One sample each of ZnSe:Goation substitution index

< Fa 1T M, o x=2.5x10"% and ZnS:Cdx=1.6x10"*) were prepared for

=8 Nees o a1 the Zeeman-absorption measurements. The ZnSe:Co sample
6 has been grown by iodine transport in the material laboratory

i T T e of our institute, the origin of the ZnS:Co sample was un-
. M T=10K known. For the experiments slices of typically 1 mm thick-
o0F 1 ness were produced by cleaving the crystalglib] planes.

sample #11

"'g sl S / The cobalt concentration was determined by integrating the
- absorption cross section and comparing it with stronger
20} . doped samples which had been measured by electron-
microprobe measuremeritsThe samples were aligned with
V= =55 Y Y R Y the aid of Laue exposures. For the recording of the Zeeman-
(b) photon energy (eV) absorption spectra the samples were mounted in a He-bath

cryostat(T=2...6 K and set up in both the Faraday and

Voigt configurationB=0. .. 5 T). The polarized white light

|ZnS:C0| provided by a halogen tungsten light source was first shone
onto the sample and then dispersed by a grating monochro-

|ZnSe:Co
4t . mator.
Wl LW Absorption spectra covering a larger spectral region and a

s 3F e cu ] certain concentration range, which were required for com-
2 M7 T T a parison with ligand-field calculations, were taken from Refs.
57 L 29V ossey 1 1sand1s.
[
S1f 027¢v .
d6/d7l 0.56 eV
ok 2 1 & ] lll. RESULTS
4 M f Figure 2 displays typical Zeeman-absorption spectra of
i M 1 theL, L’ andC1, C2 doublet lines both in Voigt and Fara-

day configuration foB=3 T and for two different tempera-
tures. The optical transitions leading to the observed Zeeman
FIG. 1. (a) Weak absorption in the charge-transfer region of Pattern are strongly polarized. The polarization properties are
ZnS:Co and ZnSe:Ctfor the nomenclature see text, “?” refers to Similar to those reported by Robbireg al. for ZnSe:Cot
additional lines. (b) The d®/d” charge-transfer levels of the cobalt Different from the latter work, some split components of the
center and the binding energies of theM, N andC1,C11,Cc14 L' line are entangled in Fig. 2. The outstanding result of the
transitions in ZnSe:Co and ZnS:Co, respectively. present work, however, is the striking similarity of the Zee-
man spectra of th€1-, C2-line doublet in ZnS:Co and the
L-, L'-line doublet in ZnSe:Co. This statement holds for the
selection rules, for the absolute splitting energies as well as
for the intensity ratios. To simplify the comparison of the
X = A i spectra in the two materials, the Zeeman transition lines were
charge-carrier transitions were missing in their electroabrapeleq with the same letters, the order of letters being given
sorption spegtré. _ _ _ _ by the descending photon energy and the primes being intro-
The first aim of this paper is to answer the discussion onyyced to distinguish between the Zeeman components aris-
the nature of thd.-, M-, N-line transitions in ZnSe:Co and ing from theL, C1, andL’, C2 lines, respectively.
C1-, C11-, Cl4-line transitions in ZnS:Co once and for all. ~ |n Voigt configuration the spectra were also recorded for
The transition lines being narrowest were therefore investidifferent orientations of the lattice relative to the magnetic
gated by their magneto-optical absorption speéiral’ in  field (not shown. As had been found by Robbire al. for
ZnSe:Co andC1, C2 in ZnS:Cq. Though the measurements ZnSe:Co, we also obtained no indications of anisotropic
were a repetition of the experiments of Robbitsal. for ~ components in the case of ZnS:Co.
ZnSe:Co, they were now performed for ZnS:Co, thus en- In Fig. 3, all our Zeeman spectra are compiled in a split-
abling a direct comparison of the properties of these transiting diagram. The optical polarizations of the transitions are
tions. Since the charge-transfer energies from di&d’ indicated. For ZnSe:Co, the labeling according to Robbins
charge-transfer level to the conduction band are different iret al. (lower case lettejsis included. The transition line
both host materialé [cf. Fig. 1(b)], important conclusions splittings are represented by straight lines as the linear con-
on the participating electronic levels can be drawn. In a sectributions are prevailing. For the' andC2 lines at least four
ond part we present calculations in order to discuss possibleomponents are clearly resolved. The splitting pattern of the
level assignments. It is then possible to explain the appeatwo components being lowest in photon enet@y andD’)

lower than the excitation energy of the, M-, and N-line
transitions by photocapacitance measuremgh eV (Ref.
10)]. Sokolov et al. added that the fingerprints of bound
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Though in this case solid-state symmetry selection rules can-

(a) Faraday, BI1[110), B=3T not be exploited as no anisotropies are noticed in the spectra,
- —T T T 25 the observed polarizations nevertheless reflect the similarity
sample #15d ” sample #39 of the involved wave functions.
i s X =16x10" | A x=2.5x10° | 2 Using the*A,(F) g_round—stateg factors_ as known from
ﬁl‘ P .l electron paramagnetic resonartehe splitting pattern of
' T=20K Y1=20K Fig. 3 is transferred into the energy-level diagram shown in
115 Fig. 4. As can be seen directly from Fig. 2 only the A’,
'-'g lep "é and B’ transitions correspond to “cold” transitions depart-
S T=58K ] < ing from theM =—3/2 sublevel of théA,(F) ground state,
8 3 whereas the other transitions originate from the thermalized
Toa0K T2 20K sublevels. The observed splittings for thé and C2 lines
B . & turn out to be partly due to a splitting of the final states. Two
e rep components are certain, at least a third one is very probable.
Do 1=50kK Do “1=58K For theL line, Fig. 4 is similar to the level diagram found by
0 . T - . 10 Robbinset al?
2580 2545 2550 2.360 2,365 For odd-electron statethere, eitherd’ or d°e,) the T%
(b) Voigt, B=3T double point group yields onl¥, F7_ (Kramgrs doublebs
— i — 25 andI'g (fourfold de_:generac)ysymmetrlc_zerﬁ-fleld Ievgls., As
, sample #15d ”A sample 439 ¥yas already previously found for theline,™ the C1-line’s _
= 1.6x10* A =250 inal state turns out to be a Kramers doublet level, too. Since
10} A T 120 the final states of these two transitions have just been shown
- ELB ELB to be very similar, they either have balfly or I'; symmetry.
' T=21K FT=20K Robbinset al. excludedT'; symmetry for the final state’s
- [ '15A symmetry of thel-line transition. We do not follow their
& cf o~ -ELB MB % conclusion since this restriction would require the applica-
5 Mm S K T=55K] § . . ;
35 1 {103 tion of solid-state selection rules. As was shown above, such
‘ 5 EIB 8 EIB properties cannot be exploited here.
T=21K A T=20K As far as theL’ and C2 lines are concerned, we found
. ] B 15 evidence for more than two components for the correspond-
£/ o EilB MB ing final states. Even when the evidence for the third com-
0 ) T= 5'7'<__ LA J=55 K_ 0 ponent is weak one has to take into account that the splitting
e | . ! of the two certain components strongly suggests two more
2540 2.545 2550 2.360 2.365 components at higher energies. Tlhe and C2-line’s final
photon energy (eV) photon energy (eV)

states therefore have to represent levels Wiglrsymmetry.
o ) This is consistent with the results of Robbtsal., who had

FIG. 2. Polarization of the Zeeman-absorption components oharformed uniaxial stress measurements which can only pro-
the C1, C2 and thelL, L' absorption line doublets in ZnS:Co and duce splittings ofs levels but not off; and T, levels
ZnSe:Co forB=3 T and two different temperaturet) Faraday As we already mentioned in the introduction, the charge-
configuration,(b) Voigt configuration. The spectra are shifted ver- transfer energies for a transition from ﬂlﬂg/df charge-
tically for clarity. “cp” refers to left-circular-polarized and "rep” transfer level to the conduction band are much more different
to right-circular-polarized incident light. . . .
© right-eireular-potarized incident 1ig than the photon energies of the, M, N transitions in

, ) , ) ZnSe:Co and th€1, C11, C14 transitions in ZnS:CoFig.
is, however, far from being certain. The tentative character ob' The binding energy of the-line final-state relative to the
the corresponding lines is expressed by the dotted lines.

conduction-band minimum is 190 meV. Though this is larger
than the typical binding energies of 100 meV of bound-hole
complexes in ZnS and ZnS@efs. 2,4,8 it is not large
enough to serve as an argument against the model of a
Zeeman spectroscopy is a very sensitive tool to probdound-electron system. For ZnS:Co however, the binding en-
initial- and final-state wave functions. Even without knowing ergy of 680 meV of theC1-line final state is far too large for
the exact level assignments yet our results plainly reveal theuch an electronic state. We, therefore, conclude that both
identical character of the participating Zeeman componenttheC1, C2 andL, L’ absorption line doublets and thus very
of the*A,(F) ground state and the excited states oflthé ’ probably the other transitions shown in FigbjLhave to be
andC1, C2 transitions in ZnSe:Co and ZnS:Co. This is par-attributed to internall’—d’* transitions of the cobalt center.
ticularly underlined by the fact that the observed optical po- It is worth noting that the isotropic splittings of the inves-
larizations cannot be ascribed to solid-state selection rulesigated transition lines seem to indicate that the final states
for Faraday configuration no distinct circular-polarized tran-are pure spin states. Two arguments against this hypothesis
sitions are expected according to tBg point symmetry for  exist however. First, the clos@2 andL’ lines are very prob-
BI[110] orientation'’ For Voigt configuration the situation is ably of vibronic origin, i.e., they result from a Jahn-Teller
the same: the observed Zeeman splittings and transitioooupling regime. Pure spin states either hayer A, orbital
probabilities are isotropic within the experimental accuracy symmetry, and these states are not Jahn-Teller active. Sec-

IV. DISCUSSION
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FIG. 3. Zeeman splittings and polarizations of the Zeeman components Gflth@2 transitions in ZnS:Co and the L' transitions in
ZnSe:Co. Dashed lines denote uncertain Zeeman components. The lowercasénditackets refer to the nomenclature used in Ref. 11.
Note that the scale on the photon energy axis is the same for ZnS:Co and ZnSe:Co.

ond, the effectivay factors of theL - andC1-line final states, Since thel -, M-, N- andC1-, C11-, C14-line transitions
g=-1.4+x0.4 andg=—1.1+0.3, are far from the value ex- are now considered to be due to internal transitions, it is
pected for a pure spin level, i.gg=2.1° As a conclusion of necessary to carry out ligand-field calculations to make more
this paragraph we can limit the possible final-state orbitakexact level assignments. A complete approach would have to
symmetries t&e, T4, or T, symmetry. include both electronic and vibronic contributions. For the
As far as theg value of thel -line final state is concerned description of the level fine structure of tH&,(F) and
Robbinset al. obtainedg=—0.7. We attribute this deviation, “T,(F) excited states, a dynamical Jahn-Teller effect was
which does not affect our arguments, to the different proceshown to be necessary in ZnS:(Refs. 20,21 and for the
dure the two values were derived. In the former work only*T,(F) level in ZnSe:C&? Hence it is to be expected that
specific Zeeman branches were considered, whereas here lenel calculations have to take into account the electron-
average according to all branches was taken. phonon interaction also for the higher excited states. In the

|ZnSe:CoI

25462 e \ U , :
- "k y- ! Tt E
T S - T 12.364
2.545F ! 3 - ;
. i alelcion 3 alslcion 42363
S I I =
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FIG. 4. Final- and initial-state Zeeman level diagram for @, C2 transitions in ZnS:Co and the, L' transitions in ZnSe:Co. The
transitions are labeled according to Fig. 3. The dashed lines refer to uncertain assignments. Note that the scale on the photon energy axis is
the same for ZnS:Co and ZnSe:Co. The ground-gatalues were taken from Ref. 18.
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regipn of 2.5-eV excitation_ energy there are a lot of elec- . pholon energy (6V)

tronic excited states as will become apparent below. Theré 05 15 2.0 2 0
resulting term interaction renders a Jahn-Teller approach al-> R '

30

most impossible to carry out, however. We, therefore, focus (a) J\M
i

5 3
C1,C11, C14
on the electronic part of the level scheme and try to find . }K
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x 100
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K
8
arguments in favor of possible level assignments at this level 10
of calculation. 3 x50 ”
For the electronic part of the total Hamiltonian, several © > —
approaches have been proposed to explain the overall muls,
tiplet manifold of 31 impurity centers. The classical Tanabe- &
Sugano approaéfprovides for a good empirical description “ ‘ \
of the multiplet spectra. Yet it lacks a more microscopic ‘,f S "
insight into the interaction between the impurity and the Tezs i IR LR
ligand electrons. All relevant parameters, the Racah paramzser | | || ||| " | | | | |
etersB, C and the crystal-field splittind\;s, are determined
by obtaining a good fit to experimental transition energies. In
the past, modifications to this so-call&CA scheme in
terms of a molecular-orbital point of view were proposed
which have in common the employing of different scaling
parameters to consider a different radial expansioth eliec-
trons withe andt, orbital symmetry?*~*°Recently a detailed
discussion of semiconductors doped with cobalt has however —
shown that there is not much justification for the approxima-
tions made in these approach&dhe Heitler-London analog
to the present problem, the so-called configuration interac- " W
tion approach, represents a totally different way of describ- !j 0o ' o
ing the multiplet problen®31=33Though it offers a better ~ Tezs Y N O
insight into the hybridization mechanism taking place it yet 21 | | || ||| " | | | | |
suffers from a worse quantitative description of the observed g, AT AT, T, AT, B A
transition energies. For the present purpose we therefore con- L L L L .
sider the utilization of thd8 CA; scheme to be appropriate. 05 10 hotor%'esner y(e\2/)0 25
To include at least the electronic fine structure the spin-orbit P J
interaction matrices as published by Eis_ens?‘f’emere im- FIG. 5. Collection of internad’—d’* absorption spectra of
posed onto the Coulomb Interactl.on matrices. . obalt in ZnS:Co and ZnSe:Co and tBEA  level scheme includ-
We proceeded as follows: In Fig. 5 absorption s_pectra 0fng spin-orbit interaction. The individual spectra are scaled relative
ZnS:Co and ZnSe:Co are shown which were obtained frong,” e 4p,(F)—*T,(P) transition. The calculations were per-
different samples with varying cobalt content. It was there-omeq with theBCA . parameters listed in Table II, the spin-orbit
fore possible to cover a large dynamic range of many ordergoypling parameter was set £6-50 meV. The intensities are esti-
of magnitude. Absorption scaling factors are used to enable gated by the squaretl; character of the eigenfunctions.
comparison between the various transitions among which the
4A,(F)—*T,(P) transition has the strongest oscillator energy difference between the two doublet levels is correctly
strength. The estimated centers-of-gravity energies of thdescribed by the values f@& and A;.
three transitions due to the quartet final stafd@s(F), The results of our calculations for ZnS:Co and ZnSe:Co
“T,(F), and*T,(P) together with the lowest two transitions are shown in Table Il and included in Fig. 5 as indicated by
due to doublet final level€E(G), 2T,(G)) were fitted to the  the 25" levels. To include spin-orbit interaction we re-
BCA level scheme(cf. Table ). The latter two doublet frained from varying this parameter in the fit procedure. Al-
level assignments were chosen because of the following reaeady for the free ion value of the spin-orbit coupling param-
sons: eter one notices some scatter in the literature, producing an
(i) Absorption measurements even in strongly dopedaverage off=(67+3) meV3 The quenching of is neither
samples(x~0.01) did not reveal any cobalt correlated tran- very strong in ZnS:Co as was shown by Koidl, Schirmer, and
sitions between th#A,(F)—*T,(F) transition and~1.4-eV  Kaufmann for the first two excited statdg=46.5 meV,
photon energy. {'=56.5 meV (Ref. 20 nor in ZnSe:Co as obtained by Uba
(i) We performed calculations according to the formal-and Baranowski for théT,(F) level ({=53.9 me\j. We
isms described in Refs. 28 and 30, and we derived the cortherefore used an average valueZef50 meV. The result is
figuration interaction perturbation matrices for interaction ofshown in Fig. 5 together with the squar&d, character of
|d”) with single-hole|d®L) configurations. All calculations the spin-orbit levels. ThéA,—“T; transition is the only
led to the same two doublet levels being the lowest doubleallowed electric-dipole transition according to spin- and
excited state&® symmetry-selection rules, and this property already served in
(iii) Though the overall energy of the doublet levels cansome previous works as estimate for the electric-dipole os-
be adjusted by the Racah paramegewithout changing the cillator strengtt?>6
quartet energiegthese do solely depend d@ andAy), the The four spin-orbit components of the lowest two quartet
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TABLE I. Estimated energies of interndl —d”* absorption transition&centers-of-gravityof cobalt in
semiconductorén eV). The emission energies for th&,(F) —*A,(F) transition are also included to aid as
an estimate for the reverse absorption transition in cases where the latter transition is not observed. Values in
brackets represent tentative assignments. The # denotes absorption band position estimated from emission
band position. The denotesA;(G).

4A2(F)—’ 4T2(F) 4T1(F) 4T1(P) ZE(G) 2T1(G) 4T2(F)—’4A2(F)
ZnoO 0.5% 0.89 (2.032 1.9 0.48
zZns 0.46 0.8%F 175 15F 1.6 0.43F
ZnSe 0.48 0.7¢ 1.66° 1.4€ 15% 0.4
ZnTe 0.46 0.73 1.3¢ 0.37
cds 0.34 0.68 1.73 0.36
CdSe 0.3 0.7 1.62 0.35'
CdTe 0.38 0.66 1.37 (1.16 (1.29' 0.3£
GaP 0.58 1.0% 1.5 (1.40% (1.19¢ 0.5%
GaAs 0.51 0.95 1.42 0.48"
InP 0.49 0.92" (1.40" 0.46

8Reference 40T=78 K.
bReference 41T=4.2 K.
‘References 15 and 16=10 K.
dreference 42T =4.2 K.
®Reference 43T=10 K.
Reference 44T=4.2 K.
9Reference 45T=77 K.
hReference 467=4 K.
iReference 47T=4.5 K.
IReference 36T=4 K?
KReference 48T =5 K.
IReference 49T =6 K.
MReference 50T=1.7 K.
"Reference 51T=6 K.
°Reference 51T=4.2 K.

levels correlate well with the observed energy splittings. Thespectral region of 24....2.4-eV photon energy in ZnS:Co
spin-orbit components of th&,(P) level are strongly com- and 1.9 .. 2.2-eV photon energy in ZnSe:Co correspond to
pressed, however. The lowest two spin-orbit compon@fys a mixture of theT';(*T,(H)), Tg(®*To(H)), Tg®*T1(H,P)),
andT) are hardly resolved in Fig. 5. Their splitting is en- T's(>T,(H,P)), and maybe thd@s(?’E(H)) levels. When we
tirely due to term-term interactiosometimes referred to as further proceed to the range of the M, N, transitions in
second-order splitting In the calculation it amounts to 1 ZnSe:Co and the correspondent transitions in ZnS:Co the
meV, which is not far off the experimental value of 2 meV. situation becomes more sophisticated. Most possibly the
In CdTe:Co Babilet al. had observed a similar splitting of lines represent a mixture of the spin-orbit components of two
1.4 meV, and Zeeman spectroscopy had been used to cofiF,(H,P) multiplets and théT,(D) multiplet. Since the. -
firm the I'y andI'; character of the two zero-phonon absorp-and C1-line final state represent a Kramers doublet, they
tion lines®” Hence the observed splitting is satisfactorily ex- most possibly represent a final state withsymmetry. This
plained by electronic parts of the Hamiltonian, i.e., it is notis also in agreement with our conclusion made above that the
necessary to include vibronic contributions. source multiplet ha&, T,, or T, orbital symmetry. Yet a
We assign the lines at 1.861-d¥nS:Co and 1.772-eV  closel’s component is predicted by the spin-orbit calculation
(ZnSe:Co photon energy, respectively, to tig(?A,(G))  at lower photon energies which is not observed. Though the
final state, which has strory; character admixed thereto. L’'- and C2-lines final state ha¥g symmetry, the order of
The level repulsion between this level and g*T;(P))  the levels is reversed and much narrower than suggested by
component eventually explains the above-mentioned levahe spin-orbit calculation. As was discussed above, it is very
compression. The weak transitions on the higher-energy siderobable that a Jahn-Teller regime has to be used here to
of the A, line are described by thE; andI'; components of  explain the observed fine structure in detail.
the 2T,(G) multiplet. On the lower-energy side of the spin-  The relative intensities are not very well represented by
orbit components of the’T;(P) level, the I'y(’E(G)), our calculation for this region of higher excitation energies.
I's(*T1(G)), andTy(°T,(G)) levels also follow well the in-  This is due to the fact that tH&; character of these levels in
tensity pattern. the framework of the basis states of our calculation is very
For higher excitation energies definite assignments araeak. Instead one would have to take into account additional
rendered difficult, however. The transitions observed in théasis states from the close charge-transfer level continuum.
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TABLE 1l. BCA fit parameter sets for the transition energies of Table | and lowest charge-transfer
energiesE, (absolute and scaled ) of the cobaltd” charge state in various II-VI and 1ll-V compound
semiconductors. A donor charge-trang(fety type denotes a transition from thé/d” charge-transfer level to
the conduction band and an acceptor ct-type a transition from the valence bandifédheharge-transfer
level. The fundamental band-gap eneifyyis given for comparisorifrom Ref. 52 for 0 K.

Host B/meV C/meV C/B Ag/meV Ey/eV Eq/eV ct type E/B

ZnO 91.1 446 4.90 520 3.2 <2.88 ? <31.6
Zns 75.8 351 4.63 477 3.78 3%2  donor 425
ZnSe 72.4 331 457 448 2.82 2%55  donor 35.2
ZnTe 55.2 423 2.39 1.83 acceptor 27.7
Cds 82.5 391 259 <248 ? <30.1
CdSe 74.2 400 1.84 1.91  donor 23.0
CdTe 58.5 276 4.72 384 1.61 1142 acceptor 24.3
GaP 52.7 234 4.43 572 2.35 191  donor 36.2
GaAs 43.0 561 1.52 1.86 donor 31.6
InP 43.8 541 142 1.12 donor 25.6
acf. text.

bReference 14.
‘Reference 53.
dreference 54.
®Reference 46.
fReference 55.
9Reference 56.
"Reference 57.
iReference 58.

This is closer in energy in the case of ZnSe:Co than ofThis is however not true. Instead the spectral window is
ZnS:Co/cf. Fig. 1(b)], which might explain the enhanced much better described by the smallest charge-transfer energy
oscillator strength of the., M, N transitions in ZnSe:Co for changing the observed charge state. Though it cannot be
compared with theC1, C11, C14 transitions in ZnS:Co. In generally excluded that internal transitions overlap with
the latter material, on the other hand, the same kind of mixeharge-transfer contini these cases have to be considered
ing could be responsible for an increased oscillator strengths being rather exceptional. For cobalt one therefore has to
of an internal transition observed at abou8 2..3.0 eV  look for the smallest charge-transfer enefigy among the
where thel'3(*E(H)) level is predicted. charge-transfer transitions from th#f/d’ charge-transfer
Though we have not yet been able to obtain an unambiguevel to the conduction band or from the valence band to the
ous level assignment of the transitions shown in Fig) 1 d’/d® charge-transfer level. The results of such a survey are
with the aid of theBCA ; approach, we shall now neverthe- also compiled in Table Il together with values scaled by the
less try to provide an explanation of why these transitiondRacah parameteB. Since for ZnO:Co and CdS:Co no firm
have not been observed in other 1I-VI or even IlI-V com- data on charge-transfer energies exist, we estimated the
pound semiconductors doped with cobalt. The numerical reeharge-transfer energ; by the photon energy where the
sults for theB CA  parameters using the cobalt internal tran-rising absorption at higher photon energies reaches the
sition energies for other host semiconduct@fs Table ) are  strength of the strongest interrdi—d’* transition, i.e., the
also compiled in Table II. As an average ratio of the RacalfA,(F)—“T,(P) transition. For this purpose spectra of
parameter€ andB, a value ofC/B=4.6 is obtained. Figure ZnO:Co and CdS:Co from Ref. 39 were analyzed.
6(a) displays a Tanabe-Sugano diagram for tHeconfigu- The derived spectral windows eventually explain why the
ration having thisC/B ratio, and Fig. €) shows an enlarge- L, M, N andC1, C11, C14 transitions have not been ob-
ment of Fig. &a) including the results of Table Il. The agree- served in other II-VI compound semiconductors than in
ment between the observed and the calculated quartet levEhS:Co and ZnSe:Co. Whereas for the other host semicon-
energies is excellent for the 11-VI compound semiconductorductors the charge-transfer enetgy is lower than the nec-
and is still fair for the IlI-V semiconductors. Similar state- essary excitation energies, in ZnS:Co and ZnSe:Co the
ments can be made for tRE(G) and?T,(G) doublet levels 2T,(D) multiplet and two’T,(H,P) multiplets lie within the
in those cases where data for the transitions were availableccessible spectral window. It is worth noting that in
The position of the vertical bars on tixeaxis in Fig. §b)  ZnS:Co &’E(D) multiplet is expected at even higher photon
represents the /B ratio for the various host semiconduc- energies, and in fact a further transition was recognized in
tors. The height of these bars reflects the spectral “window”the spectral region of &.. .. 3.0 eV[cf. Fig. 5a)].
which is available for the observation of interréf—d’* According to Fig. 6, the lowest of these four multiplet
transitions. One might suppose that these spectral windowsvels should also be expected to be observable in CdS:Co
are represented by the fundamental energy-gap energiesnd ZnO:Co. As we just mentioned the charge-transfer ener-
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thus explaining why the transitions have not been observed
in these semiconductor host materials.

zw)' At the end of this section we want to come back to the
D) three questions raised in Sec. | on the nature of bound
iTz‘“ , 1 charge-carrier levels. With the results of this paper we cannot
i e answer the first and the second question, i.e., why the obser-
] vation of these levels is restricted to certain host semicon-
WHP; ductors and to certaindBimpurities. Studies on these sub-
;TT;gg))in(HH’yp)- jects have to focus on both the electronic structure of the
2,(G) impurity and the host band scheme. Presumably the first
746 . question is linked to the host semiconductor band structure,
TyF) whereas the second problem is obviously connected to the
g TG | impurity itself. For explaining the occurrence of the levels
THF) for a specific impurity, the position of the corresponding

charge-transfer level relative to the band edges should play a
major role. As far as the third question is concerned, we did
not find evidence for an electron-bound level. We therefore

0 " | 1 N " ] " L

0 5 10 15 attribute the general missing of these levels in optical spectra
(b) B¢ (in units of B) TEY to the fundamental difference that bound—elgctron levels will
5 be constructed from perturbed conduction-band states,
' ' ' = ' whereas bound-hole levels will be derived from valence-
//// % band states. We conclude that a theoretical approach which
of —— 7 xo | - A e TP claims to describe the bound qharge—carrier levels unavoid-
= y% /// ably has to meet these properties.
r THA
3 /:é ’é/__//
B e e I | . | 555 T V. CONCLUSIONS
c I T 1 1
z ;//,_55;;?”/1 T The Zeeman-absorption spectra of @&-, C2- andL-,
5,20 — z - I — ] L'-line _doub_let in ZnS:Co and ZnSe:Co were shown_ to _be
5 0) @ 0 @ S L—1 _al_rnost |denf[|cal. We therefore co_nclude that_the participating
© O] O|INf N HVU//)V /// initial and final states are also identical. Since the charge-
10 '/o/""'/“ 1 - transfer energy from the®/d’ charge-transfer level to the
_’__‘,,_,‘r_o——ﬂnr(;*”’"";; o 2 conduction band is far larger in ZnS:Co than the excitation
] S S 5 e energy of theCl, C2 lines, these and the correspondent
0 5 6 7 ' 14 transitions in ZnSe:Co are assignedifo—~d’* internal tran-

12
A (inunits of B) A (in units of B) sitions of the cobalt impurity and not to a bound-electron
final state. Ligand-field theory in the framework of the

FIG. 6. Tanabe-Sugano diagram for the coltlltcharge state  Tanabe-Sugano approach support this interpretation and ex-
[ground state®A,(F)]: (a) complete diagramb) enlargement with  plain why similar internal transitions have not been observed
A1 /B values for various host semiconductédata from Table Il. iy other host semiconductors. In the latter materials the low-
The height of the bars gives the region of the spectral windowgst charge-transfer energies turned out to be lower than the
which is available for the observation df —d’* internal transi- necessary excitation energies. The absorption transitions
tions. The full circlgs deno_te the quartet level and the hollow Cirdesknown as theL, M, N and C1, C11, C14 transitions in
the doublet level fit energies of Table |. ZnSe:Co and ZnS:Co, respectively, are tentatively assigned
to a mixture of two?T;(H,P) multiplets and thé*T,(D)

] ) ) multiplet. Optical evidence for dNeb bound-electron level
giesE for these semiconductors had to be estimated, howss, 5 34 transition-metal impurity in a semiconductor is

ever. Due to the estimation procedure the obtained values afgnce still missing.

likely to be overestimated. Hence the missing of this multip-

let Ieyel does not represent direct evidence against our inter- ACKNOWLEDGMENTS
pretation.
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