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Optical absorption and emission measurements 8 Gis a substitutional impurity in cubic ZnS and ZnTe
are analyzed by means of an electron-phonon coupling model?Dherm of C#™* is split by a crystal field
of tetrahedral symmetry into &l's orbital triplet and aT"; orbital doublet. Optical transitions have been
observed between these two multiplets in Zn$:Cand within the®T's ground state in ZnTe:Cii. The
theoretical model is based on crystal-field theory and includes the spin-orbit interaction and a dynamic Jahn-
Teller interaction between the electrorfiE states and a transverse acoustic phondnsafymmetry. Starting
from the ten spin-orbit wave functions appropriate to the orbital triplet and doublet manifolds, the symmetry-
adapted vibronic basis is constructed and used to diagonalize the Hamiltonian matrix. Phonon overtones up to
n=14 are included to ensure convergence of the energy eigenvalues. The measured positions and relative
intensities of the spectral lines are described with good accuracy by the theoretical model, including covalency
effects. In ZnS, comparison between theory and experiment yields the following values of the physical param-
eters: the crystal-field splittingd =5990.6 cm'%, the spin-orbit coupling constanks,=—667 cm > and X,
=—830 cm'1, the phonon energyw=73.5 cm 1, and the Jahn-Teller stabilization eneifgy=474.5 cm L.
The corresponding parameters in ZnTe Are 6000 cm®, A\;=—888 cni'!, \,=—830 cm !, Aw=238.8
cm !, andE;;=468.5 cm *. [S0163-182¢98)03020-3

[. INTRODUCTION conductivity in cuprate$.In a tetrahedrally coordinated ma-
terial, the lowest term of the (§° configuration of C&",
The optical and magnetic properties of iron group impu-namely, 2D, is split by the crystal field of symmet¥, into
rities in semiconductors have been of interest for more tha® I's orbital triplet and &I"; orbital doublet} the energy of
30 years. The first optical experiments in the 1960s werdhe former lying below that of the lattdsee, for example,
restricted by relatively low resolutiofby modern standarils Ref. 4. The spin-orbit interaction further splits tHé's level
and most data were explained by simple crystal-field modeldnto aI'; doublet and d'g quadruplet. The’I'; level be-
Advances in instrumentation and progress in crystal growttfomes al's state, which we label's to distinguish it from
technology have improved the resolution by two orders ofthat arising from*I's.
magnitude leading to the observation of additional fine struc- The near-infrared absorption and emission spectra of
tures in the absorption and emission spectra of these crystalG " in ZnS were first measured by Broser, Maier, and
This has necessitated the development of more refined the§chulZ in 1965 with a resolution of 17 ciit. A year later,
retical models. One major theoretical improvement consist8roser and Maiér repeated the experiment with improved
of the inclusion of a dynamical Jahn-TellgIT) interaction  resolution. Their absorption spectrum consisted, as before, of
between the electronic states of the magnetic impurity an@ harrow line at 6927 cht corresponding to a zero-phonon
either its local vibrational modes or the phonons of the hostransition between thé'; ground state and thEg excited
crystal. This requires the simultaneous diagonalization of thetate and a sequence of phonon-assisted transitions. The
lattice and electronic problems. In the extreme limits of weaksame line was also observed in the emission spectrum but an
or strong coupling this can be done using perturbatioradditional line at 6913 cm' could now be resolved. Broser
theory! However, an exact treatment in the intermediateand Maier speculated that this second line was the signature
coupling regime is only possible numerically and has onlyof a JT interaction in the ground state of the magnetic impu-
become feasible due to the recent advances in computer tectity. Shortly after these measurements, de Wfivestigated
nology. the Zeeman effect in copper-doped ZnS and determined the
In this paper, we investigate the optical properties ofg factors of the ground stateg(I';)=0.71+0.02] and the
CU" in cubic 11-VI semiconductors and provide an in-depth highest excited stateg(I'g) =1.71+0.02]. The g factor of
investigation of the optical properties of cubic ZnS?Cu  the ground state is much smaller than the value of 2 expected
and ZnTe:Céa". Divalent copper has a single hole in itd 3 from a simple crystal-field theo/Even when the effects of
shell and has the simplest electronic structure of all the irothybridization of thed electrons of the impurity with thep
group ions. Therefore, it appears to be an ideal impurity tcstates of the ligands are includédthe calculatedy factor
investigate theoretically. Interest in €uhas also been re- remains far too large~1.7). This discrepancy was again
kindled due to the important role it plays fdrwave super- tentatively attributed to the effect of a JT interaction.
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An electron-phonon interaction with the states of the Cw?*. Second, the existing theories are somewhat incom-
impurity is indeed possible and to investigate this interactiorplete as they try to explain at most three lines in the spectrum
it is best to classify the vibrational modes of the crystal actogether with theg factor of the ground state.
cording to the site symmetry of the magnetic ion rather than |n this paper, we attempt to clarify the situation. We show
according to the space group of the host. From symmetryhat a JT interaction with a phonon B symmetry leads to
considerations, it then follows that the matrix elements of they consistent interpretation of a large number of electric-
electron-phonon interaction between states in #ig mul-  dipole transitions associated with the Cu impurity in cubic
tiplet vanish for a phonon mode of symmetry while ma-  znS and zZnTe. The model used is similar to the one we
trix elements in the’I's multiplet need not vanish for successfully employed to explain the positions and intensi-
phonons of symmetrieB; andI's. The first theoreticalbut  ties of the infrared absorption and emission lines ot'Fim
unsucessfilattempt to explain the experimental data by in-CdTe (Ref. 20 and several other II-VI semiconductdrs.
troducing a dynamic JT coupling was provided by Bates andrhe plan of the paper is as follows. In Sec. Il we describe the
Chandlet’ who used a phenomenological approach to introtheoretical model used to treat the JT interaction of th&'Cu
duce a coupling with either B3 or I's phonon in the lowest  impurity with a phonon ofl's symmetry. In Sec. lll, we
multiplet of Cu*. Subsequently, Yamaguchi and calculate the energies and intensities of the allowed transi-
Kamimura! investigated the JT interaction with a local vi- tions for cubic ZnS:C%" and ZnTe:C&* and compare our
brational mode of Ci" but only examined the optical spec- results with the experimental data. We also give a critical
tra andg factors of centers with axial symmetry. Further discussion of the various existing theories. Finally, our con-
information on the absorption and emission spectra was prazlusions are given in Sec. IV.
vided by Maier and ScherZ,who were able to better resolve
the phonon sidebands of ZnS:Zuand who investigated the
JT interaction of the Cu states with a phononlafsymme-
try. Neither model could account for all the experimental We consider a dynamic Jahn-Teller coupling between the
data. An attempt was also mddéo investigate the coupling 2I's multiplet of C#* and a phonon of's symmetry. The
with a I's phonon but this was also unsucessful for reasongffective Hamiltonian describing the problem is
that will be discussed later. Finally, Clerjaud and Geliftéau

Il. THEORETICAL FORMALISM

tried to explain the additional line at 6910 chas being due H=Hg+V(Tg)+AL-S+Hjr, (1)
to the spin-orbit interaction within the ground state, strongly
reduced by the JT effect. where H, is the Hamiltonian of the free ion omitting the

In 1984, Weinert and Schérzcalculated the JT coupling spin-orbit interaction\L-S and Hy is the JT interaction.
forces for ZnS:Céi" using a self-consistent LCAO calcula- The tetrahedral crystal potentiglL(T4) gives the separation
tion of a cluster of 17 atoms with the impurity in the center. A between the’T'; and I's multiplets.

They found that there is only a weak coupling to the optical Symmetry arguments show that there are, in principle,
and localized modes but that a strong coupling is possibléwo different effective spin-orbit coupling constanks: cor-

with the acoustic modes. More recently, high-resolutionresponding to matrix elements within tB& 5 orbital ground
spectroscopy and Zeeman measuremé&nts were per- state of the impurity andl, for elements mixing thél's and
formed on polytypic copper-doped ZnS and, in contradiction?I'; orbital states. In practice, these two constants are taken
to the conclusions of Ref. 15, an interpretation in terms of aas phenomenological parameters whose values are to be ex-
JT coupling to a local vibrational mode bf; symmetry was tracted from the experimental data. Physically, they reflect
attempted. Finally, Volzt al!® have measured the infrared the fact that the bonds between the impurity and the anions
absorption spectrum of ZnTe:&u between 800 cm! and  are partially covalent. This is because thelectrons of the
2000 cm®. They interpreted their data in terms of a JT CU?" impurity are not completely localized and spend part
interaction with al'5 phonon in the?I’; multiplet. of their time in the vicinity of the anions. There results a

There does not seem to be a consensus on the interpretaybridization between the Cu electrons andgipeorbitals of
tion of the optical data in ZnS:Cii and ZnTe:Ca". First, it  the anions which delocalizes tlieelectrons.
is not at all clear which phonon mod€& { or I'5) contributes We use the following symmetry-adapted wave functions
the most to the JT interaction in the orbital ground state ofo describe the electronic states.

. 1 H .1 .1 H . 1 1 H 1 1 H 1
ry: X—llzzﬁ(_”ﬁi)_|€215>+'|53-_§>), X+1/2:ﬁ(—'|61i—5>+|62;—§>_'|€3;E>)-
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where|+ ;) are the spin states. TH&; orbital state vectors functions that are linear combinations of products of the
€,, €, and e; transform asyz, zx, and xy, respectively, electronic[Eq. (2)] and vibrational states with coefficients
under the operations of4 and are given in terms of the given by the Clebsch-Gordan coefficients for the grayp®
orbital wave functions of the free iofM,) (M, =2,1,0, Use of the multiplication tabfefor the groupT4 shows that
-1,-2) by e=i27Yq|1)+]|-1)), e,=2"Y(—|1) all vibronic states belong to thEg, I';, or I'g irreducible
+]|—1)), eg=i2" Y —|2)+|—-2)). The state vectorsy;  representations. To save space, we do not display the vi-
=|0) and y,=2"Y4|2)+|—2)) belong tol'; and behave bronic states but merely show a few examples. The state
as 22— x2—y? and+/3(x2—y?), respectively. Diagonalizing |x—-12;A(0)) is the lowest vibronic state transforming under
the HamiltonianH —H; in the electronic basi$2) yields the operations of 4 as the first row ofl’;. The first excited
analytic expressions for the energies of fhg I'y, andI'y  State belonging also to the first row B is given by

states in the absence of JT interactisee also Ref. 22

E(I'7)=\q, 1 .
() =hs 5 51 1BI0 i Ea(1)+ 316 5o Eo()
A (o] (ox] 2 2-
E(FS):E 1—7— 1+? +60’2 y (3)
’ +ild12:E1(1))+ |12 Ex(1)) —2i|p_112;E3(1))). (6)
, A 01 g1 2 2
E(T'g)= 5 1- -+ 1+ > +605], To fix ideas, we also note that the matrix element of the
: Jahn-Teller interactioH ;7 between these states is simply
whereo; ,=\j 5/A. equal to—K.

The theoretical formalism used to treat the JT interaction With the set of basis vectors obtained in this fashion we
is similar to that described in detail in Ref. 20, where a studycan diagonalize the full Hamiltonian matrix. To obtain con-
was made of the vibronic states of #ein a tetrahedral vergence on the energy values of the vibronic states involved
environment taking into account a weak JT coupling of thein the transitions investigated in Sec. Ill, it was necessary to
ground orbital doublet with a phonon d%; symmetry and a include overtones up to order=14. The use of symmetry-
strong interaction of the excited orbital triplet witl'a pho-  adapted vibronic wave functions has two advantages. As all
non. It will be shown in Sec. Il that, to explain the experi- vibronic states belong td'g, I';, or I'g, the Hamiltonian
mental data, it is sufficient to consider an interaction with amatrix becomes block diagonal, with submatrices corre-
I's phonon in the orbital ground state of €u Therefore, we  sponding to these symmetries. In the basis of the symmetry-
neglect the weak coupling with a phonon 6§ symmetry.  adapted vibronic states, it is also easy to use selection rules
For a triply degenerate mode of symmelty, the JT Hamil- and to evaluate the transition probabilities, thereby greatly
tonian takes the form simplifying the identification of the absorption and emission
lines. Finally, we note that the produtt,®I's=Tg®I;

3 f .
®2I'g contains twol'g states that must both be included

A
HJT:ZJl om FaMe™Q +V021 QiM; (4) explicitly in the vibronic basis. The same holds #¢®I'g
=I'g@dl';®2I'g. A Jahn-Teller interaction between these
3 1 3 two I'g states will occur whenevekn=*+1. If 14 phonon
= holala+ > +K2Y, (af+a)M;. (5  overtones are included tH&;, I';, andI'g submatrices have
<1 =

dimensions 565, 565, and 1135, respectively.

HereQ; is the normal coordinate of the vibrational mode of
massM and frequencyw, P; is the momentum variable ca-
nonically conjugated withQ;, V, is the electron-phonon
coupling constant, andi(aiT) is a destructior(creation) op- A. ZnS:Cu?*
erator for a phonon mode belonging to iie row ofI's. The As discussed in the introduction, the optical properties of
matnce_sM 1 My, an(J!M3 are given in Eqs(19) of Savona, CW?* in ZnS have been investigated extensivisly216-18
Bassani, a{]/(zj Rodriguez and the parameteK equals  The most detailed optical data have been provided by Maier
Vo(Al2Mw) ™% In Q space, the potential energy reaches amyng Scher? and we begin our discussion with an in-depth
absolute minimum along the directionsl11], [111],  investigation of their spectra. We first recall the main char-
[111], and [111] and the quantity V3/3Mw?)  acteristics of the absorption and emission spectra. The ab-
= (2K%/3h w) =E,ris called the Jahn-Teller stabilization en- sorption spectrum consists of a narrow line at 6924 tm
ergy. corresponding to a zero-phonon transition from the

The phonon states and their overtones are classified aground state to the excitedd; multiplet. Several sequences
cording to the irreducible representations of the groyand  of phonon replicas are also observed. From our point of
were obtained using the method of Ref. 23. We denote byiew, the emission spectrum is much more interesting. In
A(n), B(n), Cij(n), Dj(n), andE;(n) (i=1,2;j=1,2,3) the addition to the zero-phonon transition at 6924 Cnrthere
overtones of orden of aI's phonon that belong to thE,, appears another narrow line at 6910 crmand a series of
I',, I'3, I'y, andI'5 irreducible representations af;. additional transitions that cannot be interpreted as phonon

To find the eigenvalues of the total Hamiltonian operatorreplicas. Several attempts have been made to explain these
(1) we start with a set of symmetry-adapted vibronic wavelines but none of the available theories reproduce the entire

Ill. APPLICATIONS AND DISCUSSION
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electronic spectrum. We show here that it is possible to ex- TABLE I. Comparison between the calculated and experimental

plain all the emission lines using the model described in Secenergiesreferred to the energy, 6924 crhof the lowestl'3—T';

I. zero-phonon lingin ZnS:C#*. The last column gives the calcu-
We base our choice of phonon mode on the model Wéated relative intensities, taking as unity the intensity of the refer-

: . . ence line at 6924 cm. ParametersA=5990.6 cm?, ;=
have developed to investigate the infrared spectrum &f Fe 667.4 omt, hy——830 cm, hw—73.5 cml E,~474.5

in various 11-VI semiconductoré®?! In Refs. 20 and 21, we )

had found that the near- and far-infrared spectra could be

explained well by considering a strong JT interaction begyperimental Relative Calculated Relative
tween the®T's orbital multiplet of Fé* and a TA phonon of  gnergy experimental relative intensity
average energy corresponding to the various TA modes and@ny-1) energy (cm?)  energy (cm?Y)

weak coupling of the®I'; orbital ground state with d'5

TA(L) phonon. In this paper we extend this model to the6924 0 0 1
case of C&'. Since the orbital ground state is now the 6910 14 14 0.27
triplet, we introduce a strong JT coupling between this stat®881 43 43 0.7
and a TAL) phonon ofl's symmetry. The weak interaction 52.1 0.16
with a5 phonon is neglected because the optical measuré846 8 77.3 0.15
ments on copper-based 1I-VI semiconductors do not clearl$824 100 93.8 0.24
reveal the coupling with those modes, contrary to the more 128.5 0.06
complete data for iron-based compounds. Our choice of colff761 163 154.4 0.06
pling to a TALL) phonon is in agreement with the results of 6715 209 211.7 0.01
Weinert and ScherZ Also the TA(L) phonon, observed in 6114 810 810 14.75
the ZnS host at an enerdyw=70 cm * Refs. 12 and 24, 6024 900 886.8 .03
appears to be the only transverse acoustic mode not involved 971 167

in phonon-assisted transitions. 5804 1120 1133 1.24

The parameters needed in our calculation have been aé=
justed self-consistently as follows. An approximate value of
the crystal-field splittingA, is obtained by fitting the energy column 3 of Table I. For simplicity, the energies are referred
of the zero-phonon line corresponding to fhg—T; transi-  to the energy(6924 cm'!) of the lowestI'y—T; zero-
tion at an energy of 6924 cnt. In accord with energies of phonon line. For comparison, we give the corresponding ex-
the stated’; andI'g in the absence of JT interaction, the perimental energies in column 2 of Table I. Column 1 gives
spin-orbit coupling constant; within the I's multiplet is  the raw experimental dat@mission lines For information
chosen, in a first approximation, to reproduce fHe-TI's ~ we display in Fig. 1 the behavior of the lowest-energy levels
transition observed at 6114 crh Finally, the JT energf,;  (referred to the energy of the lowekt, vibronic statg as a
is taken so as to explain the second narrow line observed ifsinction of the JT energy and indicate by a vertical line the
the emission spectrum at 6910 ¢ The introduction of the  value of E;r for which agreement with the experimental data
JT interaction of course requires a slight readjustement of this obtained. In addition, we have evaluated ghiactor of the
values ofA and\,. The phonon energfw is taken close to lowestI'; state and foungy=1.48. This is smaller than the
70 cm ! and adjusted to reproduce the emission line at 688¥alue obtained from Eq$7-51 of Ref. 8, which takes into
cm 1. The spin-orbit coupling constait, between the’T's account the modification of thg factor due to covalency
and 21"3 multiplets was kept equal to the free Tuion effects. Indeed, an orbital reduction factkr=0.83 taken
value,\q= —830 cm *,?° as the experimental information is
not sufficient to allow for a finer determination of its value.
The final set of parameters, after convergence of the self- 200 |
consistent fitting procedure, iA=5990.6 cm?, \;= [
—667.4 cm?, E;r=4745 cm!, Aw=73.5 cm!. These [
parameters correspond to a Huang-Rhys fa8erE ;1/f w 150
=6.5. Before proceeding further, it is important to comment [
on the value of\; obtained from our fit. The ratia,/\5 is
a measure of the degree of covalency in the Cu-S bonds. Our
fit leads to a ratio\;/A;=0.83, close to the ratio 0.79 ob-
tained experimentally by Dietet al® for ZnO:C#". It is
also not very different from the values 0.70 given by
Yamaguchi and Kamimuta and Maier and SchetZz and
0.71 obtained by Brosest al® Following the theory of Val-
lin and Watkins?’ the ratio 0.83 means that tlieelectrons
of the Cu ion spend 83% of their time in the vicinity of the
magnetic impurity and only 17% of the time in the vicinity  F|G. 1. Dependence of the lowest-energy levels on the Jahn-
of the sulfur atoms. Teller energy. All energies have been referred to the energy of the

The diagonalization of the Hamiltoniad with the pa-  lowestI'; vibronic state. The vertical line indicates the valueEgf
rameters given above leads to the transition energies listed fior which agreement to the experimental data is obtained.

100 [
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TABLE Il. Comparison between the calculated and experimen-of phonon energies in ZnS but were unable to explain quan-
tal energies in ZnTe:Cu. The last column gives the calculated titatively all the observed transitions. A close examination of
relative intensities, taking as unity the intensity of the lowest line attheir results also shows that they neglected the JT coupling
1069.9 cm*. ParametersA=6000 cm *, \;=—888.1 cm™, X\, petween the twal'y states arising froml ;@ T'g and T's
=-830cm !, Aw=38.8 cm !, E;;=468.5 cm'? o ian i iy ;

' BT . ®I'g. We recall that this interaction is explicitly included in

our calculation. Maier and Schéfzhave investigated the

Eexp (CM ™) By (cm ™) Relative intensity possibility of interaction with one or two phonons &%
1069.9 1069.9 1 symmetry. First they took a strong JT coupling withl'a
1101.2 1101.2 05 phonon of energy 200 cit chosen to be a representative
1105.1 1107.5 0.05 average of all interacting lattice modes. In a second ap-
1130.9 1118.8 0.05 proach, they then investigated a JT coupling with up to six
1145.1 1140.9 0.1 overtones of twd'; phonons with energies, 100 crhand
1155.7 1151.8 0.04 300 cmi'!, corresponding to the two maxima in the phonon

density of states of the ZnS lattice. We have been able to
reproduce these results but found that, to achieve conver-
gence on the energy levels, it is necessary to include up to 12
from the ratioh; /Ny leads tog=2/3(2k+1)=1.77. Thus, overtones of thd'; phonon. Even so, both models proposed
we find that the JT interaction further reduces the valug of by Maier and Schet? lead to energies that are incompatible
by about 20%. This reduction is smaller than that generallyyith the experimental data. In addition, we have attempted a
predicted using Ham’s theohand is not sufficient to obtain fit to the emission spectrum using a A phonon ofI'5
agreement with the measured valy@ ;) =0.71’ symmetry ¢w~70 cm 1) but this attempt was unsuccess-

To confirm our assignment of the transitions, we alsoful. Clerjaud and Gelinedfi have also considered an inter-
evaluated Table |) the relative intensities of the transitiof’s.  action with al’3 phonon but, in contrast to other calculations
Electric-dipole transitions between the levels originatingand in contradiction with the subsequent conclusions of
from the 3° configuration in the free ion are, of course, Weinert and Scher?, they assumed that the coupling occurs
forbidden because the states all have even parity. Howeveyiith optical phonons whose frequencies are about 300cm
the tetrahedral potential lacks inversion symmetry andfor ZnS. In their theory the low value aj(I';) is well re-
hence, mixes odd and even parity states so that electrigroduced but difficulties remain in explaining the higher vi-
dipole transitions become allowed. Group theory shows tharonic states. Finally, we mention the interpretation proposed
the transition probability depends on a single matrix elemenpy Telahunet al,'® who consider a coupling with a local
denoted by e3|=,2,| v1), where the states; andy; are the  vibrational mode ofl'; symmetry and energy: w= 262
orbital states defined in Sec. Il aad is thez component of c¢cm™! to explain the lines at 6924, 6910, and 6114 ¢m
the position vector,. The sum oven includes all electrons  Using their model and the parameters given in their paper we
in the ion. For a transition between states belonging to thevere unable to reproduce their results. We also note that the
rows «; and «; of the irreducible representatiohs andl';, Huang-Rhys facto8=0.81 used by Telahuet al*® is much
respectively, we calculate the matrix elementsmaller than that obtained in our modeke Table)l
(Tj,&j|=azalTi k)| The constantes|S,z,|y1) can, in
principle, be determined from the ratio of electric-dipole to
magnetic-dipole intensities. However, lack of detailed ex-
perimental information on these intensities precludes the de- To the best of our knowledge, the optical properties of
termination of the constant, and to avoid this difficulty we ZnTe:Cif* have only been investigated by Vot al,°
list, in Table I, the intensities relative to the intensity of the who measured the absorption spectrum of this crystal in the
I'g—TI; zero-phonon line. Only transitions with non- range 800—2000 cnt. They observe a zero-phonon line at
negligible intensities are displayed in Table I. 1069.9 cm * accompanied by additional sharp lines between

The results of Table | show that our model accounts forl100 and 1200 cm' as well as several phonon-assisted tran-
all the observed electronic transitions with good accuracysitions at lower and higher energies. They attribute the line at
We remark that there is no JT coupling withl'a phonon  1069.9 cm?® to a transition betwee’; and I'; and the
mode in the?I';(T'g) electronic statelapart from a weak additional lines to a JT interaction betweei aphonon and
contribution arising from the spin-orbit mixing betwedh;  the °I'; excited orbital state. This leads to values &f
and °I'3). Therefore, one could expect an evenly spaced pro= 1024 cmi * and\;=\,= —45 cn 1. This interpretation is
gression of absorption lines in tid s— 2" spectrum. Our in striking contrast with the models used to explain the ab-
calculations show indeed such a sequence of absorptiosprption and emission spectra of ZnS?CuThe value ofA
peaks, separated by approximately 73.5 ¢mAs far as we used by Volzet all® is typically five to six times smaller
know, these lines have not been observed experimeritdlly. than the values of the crystal-field splitting observed for
This is in agreement with our calculated intensities, whichCW?* in ZnS, CdS, and ZnO. The value ®f =X\, is almost
are much weaker than that of the zero-phonon line. 20 times smaller than the free-iory value leading to a ratio

It is, at this stage, interesting to compare our results withh; /A;=0.05. This is physically unreasonable as this would
the different theories that have been proposed in the pasimply that thed electrons in C&' are so delocalized as to
The only previous attempt to treat a JT coupling witlfa  spend only 5% of their time in the vicinity of the €l ion.
phonon is that of Sauer, Scherz, and MaieThey consid- A reexamination of the spectrum therefore appears to be
ered a phonon of energy 200 chrepresenting an average needed.

B. ZnTe:Cu?*
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We propose here to attempt an interpretation of the abkins to derive expressions far; and\, for C** in GaAs,
sorption spectrum of ZnTe: €l based on exactly the same \jithin the framework of ligand-field theory. In contrast to
model as that used to interpret the optical data in Zn8!Cu  vajlin and Watkins, they include the hybridization with tae
Thus, we consider a JT interaction between fig ground  orpitals of the ligands. They also take into account “nonlo-
multiplet of the magnetic impurity and Bs phonon of the  ¢a1” terms that involve both the wave functions of the cen-
ZnTe host. As in the case of ZnS we assume that the phonagg] ions and the wave functions of the ligaridee Eq(13)
participating in the JT coupling is the TB) phonon, which,  of Ref, 2§. Again this equation is for & but can easily be
in ZnTe, has energfi =42 cm *. In complete contrast to rewritten for C3*. The nonlocal terms are usually consid-
1069.9 cm * to al';—I'g transition and the other sharp lines correction to the free-ion value depends on the relative signs
as arising from vibronic states in the lowest multiplet of of the last three terms in E(L3) of Ref. 28, i.e., on the signs
Cw*. The fitting procedure for the parameters is slightly of the admixture coefficients. An evaluation of these coeffi-
different in this case as the experimental information avail-cients as well as a detailed investigation of the the nonlocal
able is different. Since we assume that the observed zer@erms for C4* in ZnTe and ZnS is under way but is beyond
phonon line correspond to a transition frai to I's, we  the scope of this paper. Finally, we note that more detailed
have no information on thEy state. Thus, we cannot deter- experimental results would be needed to refine the values of
mine A from a fit to a transition with this level as the final the parametergincluding \;) determined from a fit to ex-
state. We fixA = 6000 cm ! to be of the order of magnitude periment.
of the crystal-field splitting of Cti" in various II-VI com-
pounds. The spin-orbit coupling constant which is known IV. CONCLUSIONS
to be much less affected by covalency then?’ is kept
equal to the free-ion value as for ZnS. We choaseto
reproduce the energy of the line at 1069.9 ¢mThe JT
stabilization energy is fitted to the first excited line at 1101.

71. . . . . g .
m . : : .
gf thé :)hr:(s)naglio requires a slight modification of the energyhost crystal and an intermediate dynamic Jahn-Teller inter-

: : tion between the electronic states of #ig ground mul-
The following values of the physical parameters are therft b
obtained:\,=—888.0 cm' !, E;;=468.5 cm !, #0=38.8 tiplet of C.LF and a TAL) phonon ofl' symmetry. Further
confirmation of our model would be given by absorption

Jheasurements within thél's ground multiplet. We have

with the experimental data and the results for the calculate roposed +an interpretation of the abso_rption measurements in
transitions and their relative intensities are listed in Table II. nTe:Cif " based on the same theoretical model as that used

To explain the available experimental data we had to usé? explain the expenm(_antal data In ZnS?Cu However,
a value|\, | larger than the free-ion value. This canpriori, more complete absorption and emission measurements are

appear surprising. To attempt to explain this value we hav@?.eded in order to draw more precise conclusions on an ad-
looked at calculations of; that take into account the mixing ditional Jahn-Teller coupling with phonons B symmetry
of the one-electron orbitals of the magnetic ion with theand covalency effects.
ligand orbitals. Vallin and Watkirté have carried out such a
calculation for C#* in 11-VI compounds. Taking into ac-
count the hybridization with thp orbitals of the ligands only One of ug(M.V.) wishes to thank the Nuffield Foundation
and using a number of approximations to reduce the problerU.K.) for financial support. This work was supported by the
to a one-parameter model, they obtained an expressioryfor Fonds National de la Recherche Scientifiq(®elgium,
[see Eq(51) of Ref. 27 that always leads to a reduction in Grant No. 9.456.96F Academic Research Collaboration be-
magnitude ofx, for Cr?*. The same conclusion would also tween Fonds National de la Recherche Scientifique, the
hold in the case we are considering as &) of Ref. 27 can  Commissariat Geeral aux Relations Internationales, and the
readily be transformed for Gti by replacing the factor of British Council, 1997-98BEL-0366-3, and by the North
(1/4) by (—1). However, this result is purely a consequenceAtlantic Treaty OrganizatiofNATO Research Grant No.
of the approximations used by Vallin and Watkins. 960666. D.C. and E.M. are grateful to the Fonds pour la
More recently, Viccaro et al?® have also used a formation ala Recherche dans I'Industrie et I'Agriculture
molecular-orbital theory similar to that of Vallin and Wat- (FRIA Belgium) for research grants.

We have shown that the absorption and emission spectra
observed in ZnS:CGi and ZnTe:Cé" can be explained
5consistently within the framework of crystal-field theory, in-
cluding hybridization with the orbitals of the ligands of the
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