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A transition-metal impurity in a semiconductor can be shifted from its high symmetry substitutional position
due to the Jahn-Teller interaction. An interplay of the spin-orbit and Jahn-Teller interactions may lead to a
double-well potential for such an impurity in the configuration coordinates. One of these new states can be
metastable and characterized by extremely long relaxation time especially at low temperatures. This allows us
to explain the observation of the line complementing the intracenter transition line to the forbidden energy gap
both in the luminescence and in the photoluminescence excitaton spectra. Various other puzzling experimental
observations are discussed and explained on the basis of this mechanism.@S0163-1829~96!07919-2#

I. INTRODUCTION

It was originally shown by Landau1 that states of elec-
trons trapped by a lattice may be more favorable energeti-
cally than the Bloch band states, provided the electron-
phonon interaction is strong enough. The concept of a self-
trapped state actually deals with the autolocalization of free
and weakly bound particles. Such states were investigated in
detail by Rashba2 for electronic excitons coupled to lattice
vibrations in molecular crystals~for a review see Ref. 3!.

There is a potential barrier that usually separates the free
and self-trapped excitons. The barrier appears due to a short-
range electron-phonon interaction provided that the coupling
constant of the latter exceeds a critical value. A detailed
analysis of the potential barrier created due to the interaction
with the continuum of phonon modes was carried out by
Toyozawa4 who minimized the total energy by using a prop-
erly chosen variational wave function. Another way to char-
acterize the potential barrier for excitons was proposed by
Sumi.5 The problem was treated in a linear approximation
separately for two cases, with and without electron-phonon
interaction. Then the results of both considerations were pre-
sented in configurational coordinates, and the intersection
surface was used to obtain the potential barrier and its loca-
tion in real space.

All these models deal with periodic systems and consider
a possible localization of otherwise extended particles. A
strong enough electron-phonon interaction may also influ-
ence the state of a defect in a crystal and may lead to creating
additional minima in the configuration coordinates of the im-
purity and as a result to anomalously long relaxation times.
This type of approach was pursued by several authors in
lead-tin chalcogenides doped by normal-metal impurities.6–8

Here we are going to consider the behavior of a transition-
metal impurity atom that occupies a substitutional position in
the semiconductor lattice and study how the electron-phonon
interaction can influence the location of this atom. Normally,
a substitutional impurity atom resides in the highly symmet-
ric position of the substituted host atom. However, the de-
generacy of thed electron state typical for transition metals
can cause a Jahn-Teller distortion and shift the atom to a
lower symmetry position. As will be shown below a strong

enough Jahn-Teller interaction together with the spin-orbit
coupling may result not only in a simple shift, but also in a
situation when the original high symmetry position is sepa-
rated by a potential barrier from the lower symmetry posi-
tion. Hence, the configurational potential for the impurity
atom may have more than one minimum, meaning an ap-
pearance of metastable states.

Standard solutions of problems involving both Jahn-Teller
and spin-orbit interactions are usually found assuming one of
these perturbations to be small as compared to the other.
Such approximations enable one to diagonalize the system
with respect to the larger interaction and to account for the
smaller one as a perturbation. We, however, are going to
consider both interactions on an equal footing while diago-
nalizing the problem.

There is a lot of discussion in the literature concerning the
roles of these two interactions and the mechanisms that can
change their magnitudes. Two mechanisms can be respon-
sible for orbital reduction factors in matrix elements of the
spin-orbit interaction.9 The Ham effect10 appearing in the
case of a strong electron-vibron interaction is one of these
mechanisms. It may result in an exponentially strong reduc-
tion of the linear spin-orbit contribution, whereas the second-
order term may remain finite and in some times even larger
than the first-order term. The case of the Cu(d9) impurities is
discussed in Ref. 11~for a more general review see Ref. 12!.
The second mechanism is the covalency effect resulting from
the electron delocalization due to a spread of the electron
wave function over the neighboring atoms.9,13–17

It is usually assumed that the magnitude of the2T2
ground-state splitting, caused by the spin-orbit interaction, is
strongly reduced due to the electron-vibron interaction.
However, the authors of Ref. 14 consider an intermediate
Jahn-Teller interaction and introduce also a covalency re-
duction in order to explain the smallg value observed for the
Cu(2T2) ground state. In order to explain simultaneously the
2T2 splitting and the value ofg(G7) Ref. 11 had to consider
a strong Jahn-Teller interaction and an admixture of the ex-
cited state2E. Reference 18 claims that, in contrast to what
has been assumed above, the quenching of theg factor of the
Cu21 doped ZnS can be understood only if a weak Jahn-
Teller coupling is assumed and if the interaction is with lo-
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calized vibrational modes. A special emphasis on the role of
the hybridization of the impurityd electron with ligand states
was discussed in Ref. 19, which showed that this mechanism
leads to an increase of the Jahn-Teller coupling.

All this actually means that the question of what is the
ratio of the magnitudes of the two mechanisms is still open
and that various possibilities exist. There is not enough ex-
perimental and theoretical information to allow one to make
a specific choice. That is why we are not going to make such
a choice either. Our aim is to consider what happens if dif-
ferent ratios of the Jahn-Teller and spin-orbit couplings take
place, and what is the role of the covalency in this effect.

This paper presents a mechanism that may possibly lead
to a creation of a metastable state for the transition-metal
impurity. This results from a competition between the Jahn-
Teller and spin-orbit interactions enhanced by the covalent
hybridization of the impurityd electrons with the band elec-
trons. The mechanism will be considered in detail at the
example of the Cu impurity in ZnS. This system presents a
special interest for us because the possibility that an2E ex-
cited Cu impurity is in a metastable state~in the configura-
tion coordinates! may imply anomalously long relaxation
times at low temperatures, which seem to be necessary for a
proper interpretation of various experimental observations.

Some of these are mentioned below. The decay time of
the infrared luminescence in ZnS:Cu~Ref. 20! decreases
with decreasing temperature instead of reaching a plateau at
temperatures below 80 K as is expected according to the
configuration mixing mechanism for the electronic transition
probabilities of 3d ions.21 This may be understood if relax-
ation proceeds from a long living metastable state.

The assumption of a long relaxation time from the meta-
stable state of the impurity allows one also to solve the prob-
lem of the sum rule found in the spectra of ZnS:Cu and
CdS:Cu.22,23These authors observed a line in the blue part of
the spectrum that complements the red line, corresponding to
an impurity intracenter transition, just to the forbidden en-
ergy gap. The model proposed in the previous papers of the
current authors24,25 presents a consistent explanation of this
sum rule in theluminescencespectra of these systems. How-
ever, the same model applied to the photoluminescenceex-
citation requires the electronically excited Cu(21)(2E) as the
initial state of the process. This would have been hardly pos-
sible due to a negligibly small occupation of this state at
thermal equilibrium, unless there was a very long relaxation
time in the metastable state.

Two additional experimental observations, showing an in-
timate connection between the infrared and blue lines, can be
interpreted assuming long-living electronically excited states
of Cu(2E). These will be discussed at the end of this paper.

II. MODEL

A d impurity in a semiconductor can be described by
means of the Hamiltonian

He5T̂1Vd~r2R0!1U8~r2R0!1U1$Dr~r !%1HI ,
~1!

whereT̂ is the electron kinetic energy operator,Vd(r2R0) is
the substitutional impurity potential at the siteR0 , and
U8(r ,$Ri%) is the lattice potential acting on the impurity

electron and depending on the equilibrium positions,$Ri%, of
the lattice atoms,U$Dr(r )% is the potential due to the va-
lence electrons disturbed by the impurity.

The perturbation Hamiltonian

HI5VSO1VJT ~2!

includes two interactions to be discussed below. The first one
is the spin-orbit interaction represented in the form

VSO5
\

4m2c2
@¹Vd ,p̂#ŝ, ~3!

where p̂ is the electron momentum operator andŝ is the
vector of the Pauli matrices.

The second perturbation is the Jahn-Teller interaction, lin-
earized with respect to the normal vibronic coordinates
QGm , which in the matrix form reads

VJT5 (
G9m9

VG9QG9m9rGm,G8m8
G9m9 . ~4!

VG is the electron-lattice coupling coefficient for theG irre-
ducible representation for lattice distortions~point groupTd
is implied throughout this paper!. rGm,G8m8

G9m9 is the tensor de-
scribed in the Appendix whose upper indices relate to lattice
coordinates while the lower indices relate to the electrons.

The problem is addressed within the model of resonant
scattering of electrons by transition-metal impurities in semi-
conductors whose detailed account is presented in Ref. 17.
Single electron impurity functions are expanded using the set
of functions$c̃ka ,cgm%, which includes the wave functions
cgm of the atomicd electrons in the local crystal field and
the Bloch functions

c̃ka5cka2(
gm

^gmuka&cgm ,

orthogonalized to thed-electron wave functions. The elec-
tron wave function in the deep level is looked for in the form

c igm5Fd
gmcgm1(

ka
Fka

gmc̃ka . ~5!

This function transforms as themth row of the irreducible
representationg and the problem is now to find the set of the
coefficients$Fka

gm ,Fd
gm%.

These coefficients are found from the condition that the
wave function~5! is an eigenfunction of the Hamiltonian~1!,
which can be represented in the following matrix form~see,
e.g., Ref. 26!

MF[S B 2VT

2V D D S bdD 50, ~6!

where

~b,d!5~Fka
gm ,Fd

gm!

andT denotes the transposition of the matrix. Other defini-
tions are as follows:
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Bka,k8a85~E2«ka!dkk8daa82 (
k8a8

Xka,k8a8, ~7!

Dgm,g8m85~E2«g!dgg8dmm82^gmuVSO1VJTug8m8&,
~8!

V5 (
k8a8

^gmuW1VSO1VJTuk̃8a8&; ~9!

«g is the energy of thed level in the local crystal fieldW; the
matrix element

Xka,k8a85Uka,k8a8
~s!

1Vka,k8a8
SO

1Vka,k8a8
JT ~10!

incorporates contributions of the potential part of the impu-
rity scattering, spin-orbit coupling, and Jahn-Teller interac-
tion. This will be neglected in what follows as compared to
the resonant scattering contribution.

The zeros of the matrixM can be found using the trans-
formed matrix

S B 2VT

2V D D S I B21VT

D21V I D
5SB2VTD21V 0

0 D2VB21VTD . ~11!

Since detM becomes zero simultaneously with the determi-
nant of the matrix in the right-hand side of Eq.~11! the latter
becomes zero whenever the determinants of any of the ma-
trices in its diagonal become zero, e.g.,

det@D~E!2VB21~E!VT#50, ~12!

where

D~E!5~E2«g!dgg8dmm82^gmuVSO1VJTug8m8&, ~13!

VB21VT5(
ka

^gmuW1VSO1VJTuka&^kauW1VSO1VJTug8m8&
E2«ka

. ~14!

The determinant~12! can be written in the form

det$@E2«g2Mg~E!#dgg8dmm82Mgm,g8m8%50, ~15!

where

Mgdgg8dmm85^gmuWGWugm&,

G5(
ka

uka&^kau
E2«ka

,

Mgm,g8m85Vgg8
SO

1Vgg8
JT

1Mgg8
SO

1Mgg8
SO,JT

1Mgg8
JT

1Mgg8
SO,SO

~16!

and

Mgg8
SO

5^gmuWGVSOug8m8&1^gmuVSOGWug8m8&,

Mgg8
SO,JT

5^gmuVSOGVJTug8m8&1^gmuVJTGVSOug8m8&,

Mgg8
JT

5^gmuWGVJTug8m8&1^gmuVJTGWug8m8&,
~17!

Mgg8
SO,SO

5^gmuVSOGVSOug8m8&.

Without the spin-orbit and Jahn-Teller interactions Eq.~15!
takes the form

« ig5«g1Mg~« ig!,

so that its solutions yield positions,« i t and « ie , of the d
levels. The spin-orbit and Jahn-Teller interactions result in
off-diagonal terms in the matrix~16! and, hence, in an addi-
tional splitting of the levels according to the irreducible rep-

resentations of the doubleTd group. The Jahn-Teller interac-
tion introduces a configuration coordinate dependence.

It is important to emphasize that both these interactions
interfere also with the covalent hybridization, which is re-
flected by the third to sixth terms in the right-hand side of
Eq. ~16!. One can see that while two second-order hybridiza-
tion contributions are kept, the third one,Mgg8

JT,JT is omitted.
The latter may be of importance when dealing with theg7
state, which is not considered in this paper. As for the other
second-order terms they are necessary for a proper calcula-
tion of the configuration diagrams to be done in the next
section.

III. METASTABLE STATES AT THE EXAMPLE
OF THE Cu IMPURITY

In order to be more specific, we consider here the Cu
impurity in a wurzite type II-VI semiconductor for which
much experimental information is available. Thed shell of
the impurity has nine electrons~or oned hole! and may have
two electronic configurations,2T2(d

9) and 2E(d9), in a tet-
rahedral surrounding. The hole representation is more con-
venient in this case since it allows us to use single-electron
wave functions and to avoid complications of the multielec-
tron configurations of thed shell. The double groupTd con-
tains two irreducible representations,g8 andg7 , which are
of interest in the context of our problem and correspond to
the j5 3

2 and j5
1
2 electronic angular moments, respectively.

The sixfold degenerate level,t2 , of the hole in thed shell of
the Cu impurity is split by the spin-orbit coupling into two
levels corresponding to these two representations, as for the
e state it is described by means of theg8 representation of
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the double group. As a result it is convenient, in what fol-
lows, to use the basis$cg8t2m ,cg8em ,cg7t2m%, wherem clas-
sifies the functions within each irreducible representation.

Using this basis and assuming that the Jahn-Teller distor-
tion is along theu normal mode of theE representation~for
a definition see, e.g., Ref. 27!, Eq. ~16! becomes a rather
cumbersome 10310 matrix whose detailed description is
presented in the Appendix. Hopefully, this matrix contains
many zero elements, which allows one to carry out the cal-
culations until a rather transparent result is obtained.

The principal idea of how a metastable state in the con-
figurational coordinate space can appear is demonstrated by
means of the secular equation

@E2« i t8 ~g8 ,6
1
2 !#@E2« ie8 ~g8,6

1
2 !#2ux te~g8,6

1
2 !u250

obtained by equating the determinant of the matrix~A14! to
zero. Solving this quadratic equation one gets

E~6 !~7 1
2 !5 1

2 ~« i t8 1« ie8 !6@ 1
4 ~DCF

cov1 1
2 l̃t2a1Qu!

2

1~A 3
2 l̃te2a2Qu!

21Mte
2 #1/2 ~18!

where

a15
Mg8t2g8t2

1~A321!Ṽ

A6
,

a25
A311

2
Mg8t2g8e

.

and

DCF
cov5DCF

0 1Me~Eie!2Mt2
~Eit2

!.

The corresponding impurity wave functions are

c i t
~1 !~7 1

2 !5
1

A11x2
@c ig8t

~7 1
2 !1uxue2 iuc ig8e

~7 1
2 !#,

c ie
~2 !~7 1

2 !5
1

A11x2
@c ig8e

~7 1
2 !2uxueiuc ig8t

~7 1
2 !#,

~19!

where

x5A1

4 S DCF8

x D 2112
1

2

DCF8

x
,

tanu~7 1
2 !5

A3

2
l̃te7a2Qu

Mte
, ~20!

and

DCF8 5DCF
cov1 1

2 l̃t2a1Qu . ~21!

Equations~18! and ~19! describe two electron levels re-
sulting from the states$g8 ,t(6

1
2)% and $g8 ,e(6

1
2)% mixed

due to the Jahn-Teller and spin-orbit interactions. The total
energy of each of these levels as a function of the configu-
ration coordinateQu is obtained by adding the lattice energy
1
2Qu

2 in Eq. ~18!. Then the energies~18! become nonlinear
and not necessarily monotonous functions of the configura-
tion coordinateQu . Therefore, they, in principle, have more
than one minimum.

Now we have an equation that, depending on the param-
eters, enables us to receive various shapes of the adiabatic

FIG. 1. The graph~a! shows the energyE(Qu) of the electronically excited Cu(
2E) state vs the configuration coordinateQu . The crystal

field splitting is chosen to beDq50.094 eV, the spin-orbit coupling is characterized by the parametersl̃t50.7 eV andl̃te50.48. The
hybridization contributions areMg8t2g8t2

50.15 eV,Mte50.3 eV, andMg8t2g8e
50.13 eV. Then thed level splitting renormalized by the

hybridization becomesDE(2E22T2)50.866 eV and the double-well potential with the barrier heightDEb50.037 eV is obtained for the
effective Jahn-Teller interactionṼE50.25 eV.\v50.05 eV is the frequency of oscillations along the Jahn-Teller distortion coordinate,
which is kept the same for all figures in this paper. The diagram~b! shows what types of the potential can be obtained for various values of
the quantitiesṼE andMg8t2g8t2

. The potential of the graph~a! is shown by the full triangle.S stands for the lower~stable! whereasM stands
for the higher~metastable! minimum. The potentials on the solid line have wells of equal depths, while the dashed lines separate the
double-well and single-well areas.
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potential. Three examples are shown in Figs. 1~a!–3~a!.
These potentials are characterized by two minima in which
the impurity can dwell. Disregarding the possibility of an
electronic transition, the lower of these two minima can be
assumed to be a stable state of the impurity, while the higher
one provides a metastable state. A transition between these
two states in the configuration space requires an activation or
tunneling transition through the barrier separating these two
minima.

These figures present energy curves for various possible
combinations of the parameters which fit the Cu(2E)-
Cu(2T2) energy splitting in ZnS. All three curves are double-
well potentials differing by locations of their minima so
that the metastable well may have positive, zero, and
negative displacements, respectively. The choice of the
parameters is done in a such a way as to be possibly close
to the known experimental value of the splitting
DE(2E22T2)50.868 eV. We see that a double-well po-
tential appears for really differing parameters such
as ṼE50.25 eV in Fig. 1 andṼE50.054 eV in Fig. 3. The
higher minimum in Fig. 2 corresponds to the central position
of the impurity atom whereas Figs. 1 and 3 exhibit this mini-
mum in asymmetric positions with differing signs of the dis-
tortions. The2 sign corresponds to a local contraction, the
1 sign corresponds to a local expansion. It is worthwhile to
emphasize that the available experimental information is cur-
rently in no way sufficient to make a decision on which of
the situations truly takes place.

The shape of the adiabatic potential depends on several
parameters~18!, therefore it can be a symmetric or an asym-
metric double well or a simple single well potential. Figures
1~b!–3~b! show areas in the plane of the renormalized Jahn-

Teller interactionṼE versus the hybridization enhanced mix-
ing, Mg8t2g8t2

, of spin-orbit and Jahn-Teller interactions
~A13!. Depending on the position in this plane different pos-
sibilities are realized.S stands for the stable state whileM
stands for the metastable state. Therefore, e.g., (S,M ) de-
notes the area in the plane where double-well potentials can
be found with the left lower well and right higher well. Each
diagram~b! shows how the shape of the potential depends on
two parameters@other parameters corresponding to the po-
tential in the graph~a! of the same figure#. Double-well po-
tentials appear only for the parameter values lying between
the two dashed lines with the full line corresponding to
double-well potentials with equally deep wells. In the outside
area only single-well potentials are possible.

If the adiabatic potential corresponding to the electroni-
cally excited state2E has two minima the relaxation time
from the metastable state may appear to be extremely large
~minutes or even hours!. As a result, an electronically excited
impurity may live very long and its extremely slow relax-
ation can be overlooked in an experiment unless special care
is taken.

Now rough estimates of the relaxation rate from the meta-
stable state are given. This relaxation may proceed in two
ways: ~1! tunneling through the potential barrier and~2! a
phonon stimulated overbarrier transition. At temperatures es-
sentially lower than the barrier energy tunneling transitions
control the relaxation. Then the decay rate can be estimated
as

1

t
5v expH 2

1

\
A2MEbDRJ , ~22!

FIG. 2. The same as in Fig. 1 but
with the parametersDq50.092 eV, l̃t50.8
eV, l̃ te50.58 eV, Mg8t2g8t2

50.19 eV,
Mte50.25 eV, andMg8t2g8e

50.1457 eV. The
splitting becomesDE(2E22T2)50.868 eV and
the barrier heightDEb50.1 eV is obtained
for ṼE50.26 eV.

FIG. 3. The same as in Fig. 1 but
with the parametersDq50.089 eV, l̃t50.1
eV, l̃te50.08 eV,Mg8t2g8t2

50.02 eV,Mte50.1
eV, and Mg8t2g8e

50.119 eV. The splitting
becomes DE(2E22T2)50.871 eV and the
barrier height DEb50.0075 eV is obtained
for ṼE50.054 eV.
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wherev is on the order of the oscillation frequencies within
potential wells,Eb andDR are the barrier height and width,
andM is the tunneling mass, which is taken here to be close
to that of the impurity. Using the dimensionless coordinate
for the width of the barrierDQ the estimate of the decay rate
~22! becomes

t5tv expHA2~DQ!2Eb

\v J . ~23!

Now substituting parameters used in Fig. 1 in Eq.~23!
one gets approximatelyt;tve

16 and assumingtv.10212 s
the decay time can be estimated ast.1024 s. Parameters
used in Fig. 2 lead us tot;tve

31 and to a much longer
decay timet.103 s. As for Fig. 3 the time is much shorter,
10210 s. We have here the usual situation when the theory
cannot give any reliable estimates for the time of the tunnel-
ing transition due to its extreme sensitivity to the transpar-
ency of the barrier. On the other hand, these results show that
the lifetime may vary by orders of magnitude within reason-
able values of the parameters and in particular may be ex-
tremely large.

The possibility of a double-well potential in the electroni-
cally excited state of the impurity and, hence, a very long
lifetime leads to interesting conclusions, which can be veri-
fied experimentally and help us to interpret available experi-
mental data. A discussion of some available experimental
data and their comparison with predictions of our model is
presented in the next section.

IV. EXPERIMENTAL OBSERVATIONS

A. Temperature dependence of the relaxation time

Temperature dependence of the relaxation timet of elec-
tronically excitedd impurities in II-VI crystals is an impor-
tant characteristic that can be studied by measuring the decay
of the infrared luminescence in these systems. The
experiments21 show a temperature-independent lifetime at
low temperatures whereas above approximately 100 K the
lifetime starts decreasing with increasing temperature. This
type of behavior is explained by the configuration mixing
mechanism28 for the electronic transition probabilities of
3d ions.

The decay of the infrared luminescence due to the
Cu(2E)-Cu(2T2) transitions in ZnS:Cu is also known to have
the above-mentioned type of behavior. However, a precision
measurement of this decay time in the very low temperature
range shows a deviation from this pattern. The lifetime
grows from the value of 169 to 247 ns when the temperature
increases from 2 to 80 K~see, Fig. 2 in Ref. 20!. This type of
behavior can be explained if one assumes transitions from
the electronically excited Cu(2E) impurity, characterized by
at least two minima in the configuration space, to the
Cu(2T2) ground state of this impurity.

The following problem is examined. We assume that the
occupations of the two possible states corresponding to two
minima, E2 and E3 , of the electronically excited Cu(2E)
impurity areN2

0 andN3
0 , respectively. Then the relaxation to

the electronic ground state Cu(2T2) is controlled by the
equations

Ṅ352N3b1N2p23,

Ṅ25N3p322N2a, ~24!

wherea5p231p21 andb5p321p31 andp23 andp32 are the
probabilities of the radiationless transition between theE2
andE3 states, while,p31 andp21 are the corresponding tran-
sitions probabilities to the ground stateE1 and may, in prin-
ciple, incorporate both radiative and radiationless transitions.

For an accurate analysis of the temperature dependence of
the decay time the probability of a nonradiative transition
between these two minima is to be estimated. It is clear that
two different temperature dependences are expected in the
low-temperature range due to tunneling through the potential
barrier and another one at higher temperatures when the ac-
tivation regime is reached.

Let us assume, for the sake of simplicity, that the condi-
tions p32,p23@p21,p31 hold. If, at the timet50, the Boltz-
mann distribution

N3
0

N2
0 5

p23
p32

5e2DE32 /KT

between the two electronically excited states 2 and 3 holds,
then according to Ref. 29,

N2~ t !5N2
0e2pt,

N3~ t !5N3
0e2pt. ~25!

Here the relaxation process is characterized by the decay rate

p5
1

tF
5p21S eDE32 /KT

11eDE32 /KTD1p31S 1

11eDE32 /KTD . ~26!

Now assumingp21@p31, the experimental curve~Fig. 2
in Ref. 20! is compared with the dependence produced by
equation~26!. The two curves appear to be rather similar.
This similarity is important evidence in favor of a metastable
state in the electronically excited Cu(2E) in ZnS.

B. Sum rule in the absorption

The possibility of a metastable state is necessary to com-
plete our explanation24,25of the sum rule in the optical spec-
tra observed in several semiconductors doped by transition-
metal impurities. The model presented in these papers
assumes a second-order process during which the impurity is
electronically excited. It does not present any problem for
the luminescence since this electronically excited state of the
impurity is the final state of the process. However, observa-
tion of the same sum rule in the photoluminescence excita-
tion spectra creates a real puzzle, since then this electroni-
cally excited state must be the initial state of the process. The
question is why electronically excited impurities are avail-
able in the semiconductor.

A possible answer proposed here is that these electroni-
cally excited impurities occupy the ancillary minimum of the
configuration potential~metastable state!, so that the relax-
ation from this state appears to be extremely slow, since it is
strongly hindered at low temperature by tunneling along the
corresponding configuration coordinate. An effective tunnel-
ing mass of an atomic order~see estimates at the end of the
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previous section! is necessarily involved. Then any external
irradiation or insufficient annealing of the sample always
leave a large amount of the impurity atoms in the excited
metastable state. As a result there are enough electronically
excited impurities ready for the process, which is inverse to
the process considered in Refs. 24 and 25 and the comple-
mentary line can be also observed in the photoluminescence
excitation spectra. The experiment shows that the blue line in
photoluminescence excitation is observed at very low tem-
peratures and disappears at temperatures between 25 and 30
K whereas the blue luminescence band survives until 40 K.
This difference may be also connected with our mechanism
but a better study is necessary to make a more reliable state-
ment.

Here we also would like to mention two additional experi-
mental observations whose interpretation can be provided by
the scheme described in this and previous papers.24,25 These
are as follows.

~1! The intensity of the Cu blue band emission in ZnS:Cu
increases if additionally an infrared light is shined onto the
sample30 ~Fig. 3.8!. The study of this effect was done over
the range of 1.221.5 mm wavelengths of the light. It has
been observed that the effect of the 1.4-mm light is stronger
than that of the 1.5-mm light while the 1.2-mm light has no
effect on the luminescence.

It is clear that we have a direct connection between the
intracenter~1.4 mm! and the blue band transitions. This be
havior can be explained by taking into account both the
mechanism resulting in the complementing line24,25 and
the existence of a metastable state of the electronically ex-
cited Cu(2E) characterized by a very long relaxation time.
The ultraviolet light produces electron hole pairs whose re-
combination via the second-order process described in Refs.
24 and 25 is accompanied by the blue light emission and
leaves the excited Cu(12)(2E) as the final state of the sys-
tem. Such impurities may occupy a metastable state of the
Cu(12)(2E) impurity with a long relaxation time. The blue
line emission requires the Cu(12)(2T2) ground state of the
impurity to be the initial state and, hence, the electronically
excited impurities do not contribute to the process. Shining
the infrared light in resonance with the intracenter transition
stimulates a more rapid relaxation of the long living states
and results in an increase of the proportion of the Cu atoms
in the 2T2 ground state. As a result there are now more
impurity atoms participating in the luminescence yielding the
complementing blue line.

~2! Sort of an inverse situation~with respect to the previ-
ous experiment! takes place when the red band absorption
spectrum is measured in samples irradiated by the blue light
~Figs. 4A and 4B of Ref. 31!. Such an irradiation increases
the absorption by a factor of about ten. In this case the ab-
sorbed blue light~the complementing line! actually converts
the atoms from the metastable2E state into the ground
2T2 state. Thus the population of Cu atoms in the ground
state increases and they give an additional contribution to the
infrared absorption.

These results show an intimate connection between the
infrared and blue lines that is quite obvious from the point of
view of the model described in the Refs. 24 and 25 and this
paper. However, it is rather early to claim that the model is
really verified experimentally. More measurements specifi-

cally directed to check various consequences of the model
are necessary to become sure that the model works.

V. SUMMARY

This paper proposes a microscopical mechanism allowing
for the appearance of a long-living metastable state of an
electronically excitedd impurity center. Such a possibility
appears due to an interplay of the spin-orbit and Jahn-Teller
interactions enhanced by the covalency. Here the model is
applied to the specific case of Cu in ZnS for which experi-
mental data are available. However, the mechanism is gen-
eral and can be of importance in other systems as well.

The impurity atom may dwell now in an adiabatic double-
well potential so that its relaxation at low temperatures is
associated with tunneling and may be extremely slow. This
allows one to address several experimental observations, as
described above, and explain the features observed.

We would like to emphasize that the mechanism leading
to a double-well potential, as described in this paper, is pos-
sible, in principle, without the covalency effects. Then, how-
ever, it appears to be extremely weak and can hardly have
any influence on the spectra. The covalency~hybridization of
thed and Bloch states! strongly enhances the effect and the
height of the barrier in the double-well potential as shown in
Figs. 1–3.

We may conclude that the possibility for an impurity to
occupy such a metastable state plays an important role in the
optics of semiconductors doped by transition-metal impuri-
ties. It is noted also that only one specific distortion is con-
sidered here as an example demonstrating the principal pos-
sibility of the metastable state. The real Jahn-Teller
distortion may be different and more complicated. It can be
established only on the basis of more detailed experimental
investigations, which are still to be done.
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APPENDIX

The first term in the matrix~16! is due to the spin-orbit
interaction, which mixes only states from the irreducible rep-
resentationsg8t2

andg8e with coinciding indicesm. That is
why the whole matrix can be easily constructed by means of
a smaller matrix

Vgg8
SO dmm8[^gmuVSOug8m8&

5S 2
1

2
l t iA3

2
l te 0

2 iA3

2
let 0 0

0 0 l t

D dmm8, ~A1!
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where g,g85g8,7t2
,g8e and l te5^g8t2

uVSOug8e&, which
may possibly include a reduction factor. The third term in
Eq. ~16!, which describes the renormalization of the spin-
orbit coupling by the covalent hybridization, has a similar
structure. It is represented by the matrix

Mgg8
SO dmm85S 2

1

2
Mt

SO iA3

2
Mte

SO 0

2 iA3

2
Met

SO 0 0

0 0 Mt
SO

D dmm8,

~A2!

whereMte
SO5^g8t2

uWGVSOug8e&. Therefore we can define
the matrix of the effective spin-orbit interaction,

Ṽgg8
SO dmm8

5S 2
1

2
l̃t iA3

2
l̃te2Mte 0

2 iA3

2
l̃et2Mte 0 0

0 0 l̃t

D dmm8,

~A3!

in which

l̃ t5l t12Mtt
SO, l̃te5l te12Mte

SO

are effective parameters of the spin-orbit coupling appearing
due to the covalent renormalizations of the original param-
etersl t andl te obtained from the spin-orbit interaction~3!.
The termsMte are the real parts of the matrix elements
Mgg8

SO andMgg8
SO,SOwhile theMgg8

SO,SOdgg8 terms are neglected.
The situation with the Jahn-Teller interaction is more

complicated. Thed electron states of the Cu21(d9) impurity
in a Td symmetry site can be coupled to the vibrational
modes ofA1 , E, andT2 symmetry. Since the excited2E
state interacts only with theE vibrational mode32 and the
ground2T2 state is coupled predominantly with theE vibra-
tional modes, we restrict ourselves to consideration of cou-
pling only with theE mode. Then the local distortions of the
lattice are described by two normal coordinatesQu andQv
of this irreducible representation. As a result the second,
Jahn-Teller term in Eq.~16! is

Vgmg8m8
JT

5 K gmU ]V

]Qu
Ug8m8LQu1 K gmU ]V

]Qv
Ug8m8LQv

5VE~rgmg8m8
u Qu1rgmg8m8

v Qv!. ~A4!

Now our problem is restricted even more by considering
only one modeQu . Equation~A4! is rewritten in the form

Vgmg8m8
JT

5VErgmg8m8
u Qu , ~A5!

which contains the 10310 matrix

rg8,7tmm8
u

5S rg8e
u 0

0 rg8,7t
u D , ~A6!

whose 434 block

rg8e
u 5

1

A2 S 1 0 0 0

0 21 0 0

0 0 21 0

0 0 0 1

D ~A7!

is calculated using the four electron basis functions
$v2,u1,u2,v1% of the g8e irreducible representation. The
636 block

rg8,7t
u 51

0 0 0 0
1

A3
0

0 0 0 0 0 2
1

A3

0 0 2
1

A6
0 0 0

0 0 0 2
1

A6
0 0

1

A3
0 0 0

1

A6
0

0 2
1

A3
0 0 0

1

A6

2 ~A8!

is calculated for six electron functions$g7(
1
2!, g7(2

1
2 ,)

g8(2
1
2!, g8~

1
2!, g8(2

3
2!, g8~

3
2!% of the g7t andg8t represen-

tations.
Similarly to the case of the spin-orbit coupling, the Jahn-

Teller interaction contains a contribution from the hybridiza-
tion represented by the matrix

Mgg8
JT

52^gmuWGVJTug8m8&52M JTrgmg8m8
u Qu , ~A9!

whose structure is similar to that of the matrix~A6!. As a
result the Jahn-Teller interaction has the form

Ṽgmg8m8
JT

5ṼErgmg8m8
u Qu , ~A10!

where

ṼE5VE12M JT

is the parameter of the effective Jahn-Teller interaction.
Equation~16! also contains the termMgg8

SO,JT, mixing the
Jahn-Teller and spin-orbit interactions. It has a form of the
10310 matrix
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MSO,JT5S @M ~ 3
2 !# 0 0 0

0 @M ~ 1
2 !# 0 0

0 0 @M ~2 1
2 !# 0

0 0 0 @M ~2 3
2 !#

D Qu ~A11!

containing four block matrices,M ~m!, in its diagonal, withm being thez components of the total angular momentumJ. These
matrices are

M ~2 1
2 !5M ~ 1

2 !5S 1

A6
Mg8tg8t

2 i
A311

2
Mg8tg8e

0

i
A311

2
Mg8eg8t

0 0

0 0 0

D ,

M ~2 3
2 !5M ~ 3

2 !5S 2
1

A6
Mg8tg8t

i
A311

2
Mg8tg8e

2 i
A311

2
Mg8eg8t

0
D , ~A12!

where

Mgg85lgg9Vg9g
u (

ka

1

E2«ka
. ~A13!

In order to write secular equations we have to calculate
the determinant of the 10310 matrix including all the terms
described in this Appendix. Hopefully, the large number of
zero elements in this matrix allows us to represent this de-
terminant as a product of the determinants of two 232 ma-
trices and of two 333 matrices. This allows us to write the
secular equations in the form

S E2« i t8 ~g86
1
2 ! x te~g86

1
2 !

xet* ~g86
1
2 ! E2« ie8 ~g86

1
2 !
D 50 ~A14!

for the basis set$g8t(7
1
2),g8e(7

1
2)% with the following

definitions

« i t8 ~g82
1
2 !5« i t8 ~g8

1
2 !5« i t1

1
2 l̃ t2

1

A6
~ṼE1Mg8t2g8t2

!Qu ,

« ie8 ~g82
1
2 !5« ie8 ~g8

1
2 !5« ie2

1

A2
ṼEQu ; ~A15!

and

S E2« i t8 ~g8
3
2 ! x te~g8

3
2 !

1

A3
ṼEQu

xet* ~g8
3
2 ! E2« ie8 ~g8

3
2 ! 0

1

A3
ṼEQu 0 E2« i t8 ~g72

1
2 !

D 50

~A16!

for the basis set$g8t(
3
2),g8e(

3
2),g7t(2

1
2)% and

S E2« i t8 ~g82
3
2 ! x te~g82

3
2 ! 2

1

A3
ṼEQu

xet* ~g82
3
2 ! E2« ie8 ~g82

3
2 ! 0

2
1

A3
ṼEQu 0 E2« i t8 ~g7

1
2 !

D 50

~A17!
for the basis set$g8t(2

3
2),g8e(2

3
2),g7t(

1
2)% with the defi-

nitions
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« i t8 ~g8
3
2 !5« i t8 ~g82

3
2 !5« i t1

1
2 l̃t1

1

A6
~ṼE1Mg8t2g8t2

!Qu ,

« ie8 ~g8
3
2 !5« ie8 ~g82

3
2 !5« ie1

1

A2
ṼEQu ,

« i t8 ~g72
1
2 !5« i t8 ~g7

1
2 !5« i t2l̃t , ~A18!

x te~g87
1
2 !51 i SA3

2
l̃te2

A311

2
Mg8t2g8e

QuD 2Mte ,

x te~g87
3
2 !51 i SA3

2
l̃te1

A311

2
Mg8t2g8e

QuD 2Mte .

~A19!
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