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Possibility of a metastable state for a transition-metal impurity in semiconductor
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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 mechiB04163-18206)07919-3

I. INTRODUCTION enough Jahn-Teller interaction together with the spin-orbit
coupling may result not only in a simple shift, but also in a

It was originally shown by Landduthat states of elec- situation when the original high symmetry position is sepa-
trons trapped by a lattice may be more favorable energetirated by a potential barrier from the lower symmetry posi-
cally than the Bloch band states, provided the electrontion. Hence, the configurational potential for the impurity
phonon interaction is strong enough. The concept of a selfatom may have more than one minimum, meaning an ap-
trapped state actually deals with the autolocalization of fre@pearance of metastable states.
and weakly bound particles. Such states were investigated in Standard solutions of problems involving both Jahn-Teller
detail by Rashbfafor electronic excitons coupled to lattice and spin-orbit interactions are usually found assuming one of
vibrations in molecular crystaldor a review see Ref.)3 these perturbations to be small as compared to the other.

There is a potential barrier that usually separates the freBuch approximations enable one to diagonalize the system
and self-trapped excitons. The barrier appears due to a shok4th respect to the larger interaction and to account for the
range electron-phonon interaction provided that the couplingmaller one as a perturbation. We, however, are going to
constant of the latter exceeds a critical value. A detailedonsider both interactions on an equal footing while diago-
analysis of the potential barrier created due to the interactionalizing the problem.
with the continuum of phonon modes was carried out by There is a lot of discussion in the literature concerning the
Toyozaw# who minimized the total energy by using a prop- roles of these two interactions and the mechanisms that can
erly chosen variational wave function. Another way to char-change their magnitudes. Two mechanisms can be respon-
acterize the potential barrier for excitons was proposed byible for orbital reduction factors in matrix elements of the
Sumi® The problem was treated in a linear approximationspin-orbit interactiorf. The Ham effect appearing in the
separately for two cases, with and without electron-phonorgase of a strong electron-vibron interaction is one of these
interaction. Then the results of both considerations were prenechanisms. It may result in an exponentially strong reduc-
sented in configurational coordinates, and the intersectiofion of the linear spin-orbit contribution, whereas the second-
surface was used to obtain the potential barrier and its loceerder term may remain finite and in some times even larger
tion in real space. than the first-order term. The case of the @)(impurities is

All these models deal with periodic systems and considegliscussed in Ref. 1for a more general review see Ref,)12
a possible localization of otherwise extended particles. AThe second mechanism is the covalency effect resulting from
strong enough electron-phonon interaction may also influthe electron delocalization due to a spread of the electron
ence the state of a defect in a crystal and may lead to creatirjave function over the neighboring atofhs*’
additional minima in the configuration coordinates of the im- It is usually assumed that the magnitude of tAE,
purity and as a result to anomalously long relaxation timesground-state splitting, caused by the spin-orbit interaction, is
This type of approach was pursued by several authors igtrongly reduced due to the electron-vibron interaction.
lead-tin chalcogenides doped by normal-metal impurftiés. However, the authors of Ref. 14 consider an intermediate

Here we are going to consider the behavior of a transitionJdahn-Teller interaction and introduce also a covalency re-
metal impurity atom that occupies a substitutional position induction in order to explain the smalvalue observed for the
the semiconductor lattice and study how the electron-phonoﬁu(sz) ground state. In order to explain simultaneously the
interaction can influence the location of this atom. Normally, 2T, splitting and the value of(I";) Ref. 11 had to consider
a substitutional impurity atom resides in the highly symmet-a strong Jahn-Teller interaction and an admixture of the ex-
ric position of the substituted host atom. However, the de<ited state’E. Reference 18 claims that, in contrast to what
generacy of thel electron state typical for transition metals has been assumed above, the quenching af flaetor of the
can cause a Jahn-Teller distortion and shift the atom to £u?* doped ZnS can be understood only if a weak Jahn-
lower symmetry position. As will be shown below a strong Teller coupling is assumed and if the interaction is with lo-
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calized vibrational modes. A special emphasis on the role oglectron and depending on the equilibrium positidifs}, of
the hybridization of the impuritg electron with ligand states the lattice atomsU{Ap(r)} is the potential due to the va-
was discussed in Ref. 19, which showed that this mechanisiience electrons disturbed by the impurity.

leads to an increase of the Jahn-Teller coupling. The perturbation Hamiltonian
All this actually means that the question of what is the
ratio of the magnitudes of the two mechanisms is still open H,=VSO+VvoT %)

and that various possibilities exist. There is not enough ex- _ ) ) )
perimental and theoretical information to allow one to makelncludes two interactions to be discussed below. The first one
a specific choice. That is why we are not going to make suct$ the spin-orbit interaction represented in the form

a choice either. Our aim is to consider what happens if dif-

ferent ratios of the Jahn-Teller and spin-orbit couplings take VSO h [VVy,plé& &)
place, and what is the role of the covalency in this effect. 4m?c? d '

This paper presents a mechanism that may possibly lead

to a creation of a metastable state for the transition-metalNerep is the electron momentum operator andis the

impurity. This results from a competition between the JahnYector of the Pauli matrices.

Teller and spin-orbit interactions enhanced by the covalent 1he second perturbation is the Jahn-Teller interaction, lin-

hybridization of the impurityd electrons with the band elec- €2fized with respect to the normal vibronic coordinates

trons. The mechanism will be considered in detail at theQr,» Which in the matrix form reads

example of the Cu impurity in ZnS. This system presents a

special interest for us because the possibility thatBrex- V=S VpQp ,,pF”#”, . (4)

cited Cu impurity is in a metastable stdfa the configura- N # T

tion coordinates may imply anomalously long relaxation . . . . )

times at low temperatures, which seem to be necessary for¥r IS the electron-lattice coupling coefficient for theirre-

proper interpretation of various experimental observations. ducible representation for lattice distortiofmoint groupTg
Some of these are mentioned below. The decay time o implied throughout this pap)erpgﬂ’fr,#, is the tensor de-

the infrared luminescence in ZnS:QRef. 20 decreases scribed in the Appendix whose upper indices relate to lattice

with decreasing temperature instead of reaching a plateau gbordinates while the lower indices relate to the electrons.

temperatures below 80 K as is expected according to the The problem is addressed within the model of resonant

configuration mixing mechanism for the electronic transitionscattering of electrons by transition-metal impurities in semi-

probabilities of 3l ions? This may be understood if relax- conductors whose detailed account is presented in Ref. 17.

ation proceeds from a long living metastable state. Single electron impurity functions are expanded using the set
The assumption of a long relaxation time from the meta-gf fUﬂCtiOﬂS{Jka,lﬁw}. which includes the wave functions

stable state of the impurity allows one also to solve the proby,  of the atomicd electrons in the local crystal field and
lem of the sum rule found in the spectra of ZnS:Cu andihe Bloch functions

CdS:Cu???3These 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- Yia= Pia— > (ymlka)i,,,

ergy gap. The model proposed in the previous papers of the e

current author¥?° presents a consistent explanation of thisgthogonalized to thel-electron wave functions. The elec-

sum rule in thduminescencepectra of these systems. How- ,on wave function in the deep level is looked for in the form
ever, the same model applied to the photoluminescenee

citation requires the electronically excited €i)(?E) as the -
initial state of the process. This would have been hardly pos- Giyu=F 30+ 2 Fla. 5
sible due to a negligibly small occupation of this state at ka

thermal equilibrium, unless there was a very long relaxationrpjs function transforms as theth row of the irreducible

time in the metastable state. . . _ representatiory and the problem is now to find the set of the
Two additional experimental observations, showing an 'n'coefficients{Fg“ FI“.

timate connection between the infrared and blue lines, can be These coefficients are found from the condition that the

interprfted assuming Iong-_living electronically excitgd states ,ve function(5) is an eigenfunction of the Hamiltonid),
of Cu(“E). These will be discussed at the end of this paper, 1ich can be represented in the following matrix fofsee,

e.g., Ref. 26
Il. MODEL
. L . , B —VT\/b
A d impurity in a semiconductor can be described by MP= -0 (6)
means of the Hamiltonian -V D d '
He=T+Va(r—Ro)+ U’ (r—Rp)+ U {Ap(r)}+H,, where

D

- o : (b,d)=(Fi& .F§)
whereT is the electron kinetic energy operat¥iy(r —Ry) is
the substitutional impurity potential at the sif®,, and andT denotes the transposition of the matrix. Other defini-

U'(r,{R;}) is the lattice potential acting on the impurity tions are as follows:
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Bka,k’a’ =(E- Ska) Okk’ Oaar —

2 Xka,k’a’v (7)
k'a’

D ’ (E 8,},)5

vy w! v O —(yulVEOH VT y '),

V=2 (yu|W+VSo+VITK a’); 9)

k'a'
&, is the energy of the level in the local crystal fieldV; the
matrix element

1 1(9) so JT
Xka,k’a’_Uka,k’a’+vka,k’a’+Vka,k’a’ (10)
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The zeros of the matri¥ can be found using the trans-
formed matrix

B -V I B ivT
( -V D )(D—lv | )
B-V'D v 0
:( 0 D-VB T/
Since de¥l becomes zero simultaneously with the determi-
nant of the matrix in the right-hand side of E41) the latter

becomes zero whenever the determinants of any of the ma-
trices in its diagonal become zero, e.g.,

(11)

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.

D(E)=(E—¢,)8

vy’ #M

defD(E)—VB~YE)VT]=0, (12

where

—(yp|VSO+VTTy 'y, (13

VB~ V=
ka

The determinanf12) can be written in the form

de{[E_S,},_MY(E)]5yy/5M#r_M,y#’,y/'u/}:o, (15)

where
M6, 8, =Yt WGW| yu),
|ka)(kal
B ka E—é&ga ’
_ /SO JT SO JT S0O,S0O
Moyt = Voo VI AME0 MM+ M5
(16)
and

SO ror roor
M3 =(yu|WGVSYy' u') +(yu|VIGW]y' u'"),
SOJT sog\IT| JT~\/S

M2 =(yul VGV y w) + (yu| VTGV y '),

Mi§,=<w|WGV”|y'u'>+<wleTGW|y'M'>,
17
M 0% (yulVSOGVSY y ).

Without the spin-orbit and Jahn-Teller interactions Etp)
takes the form

gi,=&,+M,(&),),

so that its solutions yield positions,; and ¢;., of thed

» (yu|W+VSO+ VT ka)(ka| W+ VSO+ VT y >

E— €ka (14)

resentations of the double; 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
Eqg. (16). One can see that while two second-order hybridiza-
tion contributions are kept, the third oni, IT9Tis omitted.

The latter may be of importance when dealmg with the
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.

Ill. 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 1l-VI semiconductor for which
much experimental information is available. THeshell of
the impurity has nine electrorier oned hole) and may have
two electronic configurations’T,(d®) and 2E(d®), 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 thd shell. The double groupy con-
tains two irreducible representationg; and y,, which are
of interest in the context of our problem and correspond to
the j=2 andj=3 electronic angular moments, respectively.
The sixfold degenerate leval,, of the hole in thed shell of

levels. The spin-orbit and Jahn-Teller interactions result irthe Cu impurity is split by the spin-orbit coupling into two
off-diagonal terms in the matrigl6) and, hence, in an addi- levels corresponding to these two representations, as for the
tional splitting of the levels according to the irreducible rep-e state it is described by means of tlyg representation of
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FIG. 1. The graptta) shows the energi(Q,,) of the electronically excited C8E) state vs the configuration coordinadg . The crystal
field splitting is chosen to b®q=0.094 eV, the spin-orbit coupling is characterized by the paramE{erQ.? eV andXte=O.48. The
hybridization contributions aré!, . , . =0.15 eV,M=0.3 eV, andM,,; , .=0.13 eV. Then thel level splitting renormalized by the
hybridization becomed E(’E—2T,)=0.866 eV and the double-well potential with the barrier heiyf,=0.037 eV is obtained for the
effective Jahn-Teller interactioﬁE=0.25 eV.hw=0.05 eV is the frequency of oscillations along the Jahn-Teller distortion coordinate,
which is kept the same for all figures in this paper. The diagflanshows what types of the potential can be obtained for various values of
the quantities\7E andM YeloYelo® The potential of the grapfa) is shown by the full triangleS stands for the lowefstablg 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.

the double group. As a result it is convenient, in what fol- The corresponding impurity wave functions are

lows, to use the basi{s//ystzﬂ,wme# Wy t,uty Wherep clas- .

sifies the functions within each irreducible representation. ) — 1y 1 “ig 1
Using this basis and assuming that the Jahn-Teller distor- v (3= W[‘/’i yet(F2) FIX[e7 Wiy e(F2)],

tion is along theu normal mode of th& representatiortfor

a definition see, e.g., Ref. R7EQ. (16) becomes a rather

cumbersome 1810 matrix whose detailed description is lﬁ(Q)(I%F

presented in the Appendix. Hopefully, this matrix contains

many zero elements, which allows one to carry out the cal- (19

culations until a rather transparent result is obtained. where
The principal idea of how a metastable state in the con-

figurational coordinate space can appear is demonstrated by

1 )
m[l//iyge(l%)_|X|elolpiy8t(:‘%)]a

\ 1[ALE\? 1A¢
means of the secular equation X= _(_CF> - - —C¢F
4\ x 2 x
[E-ei(vs, = D) IE—ele(vs+ )]~ Ixte( v+ 3)|°=0
. . . . 3~
obtained by equating the determinant of the mat#it4) to \/:)\te: a,Q,
zero. Solving this quadratic equation one gets tang(F %)= 2 v , (20)
~ te
E(t)( + %) = %(8i,t+ Si,e) t[%(AEOFVJr %)\I_ alQu)z and
3Y _ 2 211/2 ~
# (iRm0 M 18 Abr=AZH 3R Q. @)
where . .
Equations(18) and (19) describe two electron levels re-
M., .o +(V3=1)V sulting from the state$yg,t(*+3)} and{yg,e(*3)} mixed
qy=— 22282 , due to the Jahn-Teller and spin-orbit interactions. The total
G energy of each of these levels as a function of the configu-
ration coordinat&, is obtained by adding the lattice energy
. V3+1 %Qﬁ in Eg. (18). Then the energie&l8) become nonlinear
*2=" M ygtoge - and not necessarily monotonous functions of the configura-
tion coordinateQ,,. Therefore, they, in principle, have more
and than one minimum.

Now we have an equation that, depending on the param-

cov_ A 0 _ . ) ) A .
Acr=Acr+Me(Eie) Mtz(E'tz)' eters, enables us to receive various shapes of the adiabatic
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potential. Three examples are shown in Figéa)3(@).  Teller interactionVg versus the hybridization enhanced mix-
These potentials are characterized by two minima in whichng, M ygtyvet,r OF Spin-orbit and Jahn-Teller interactions

the impurity can dwell. Disregarding the possibility of an (o13) Depending on the position in this plane different pos-
electronic transition, the lower of these two minima can begjjities are realizedS stands for the stable state whilé
assumed to be a stable state of the impurity, while the higheli;nds for the metastable state. Therefore egM] de-
one provides a metastable state. A transition between the$Ryes the area in the plane where double-well potentials can
two states in the configuration space requires an activation qf found with the left lower well and right higher well. Each
tu_nr_1eI|ng transition through the barrier separating these twﬁiagram(b) shows how the shape of the potential depends on
minima. - . . two parametergother parameters corresponding to the po-
Th(.ase.ﬂgures present energy curves for.varlous poss'blf%ntial in the grapha) of the same figurke Double-well po-
corr12b|nat|ons of the parameters which fit the &  (enials appear only for the parameter values lying between
Cu(°T) energy splitting in ZnS. All three curves are double- e o dashed lines with the full line corresponding to

well potentials differing by locations of their minima so qqple-well potentials with equally deep wells. In the outside
that the metastable well may have positive, zero, ang,;qg only single-well potentials are possible.

negative displacements, respectively. The choice of the | the adiabatic potential corresponding to the electroni-

parameters is done in a such a way as to be possibly cloggyy excited state’E has two minima the relaxation time
to_the known experimental value of the splitting fom the metastable state may appear to be extremely large
AE("E—"T;)=0.868 eV. We see that a double-well po- minytes or even hoursAs a result, an electronically excited
tential appears for really_ differing parameters suchimn ity may live very long and its extremely slow relax-

asVeg=0.25 eV in Fig. 1 and/g=0.054 eV in Fig. 3. The  ation can be overlooked in an experiment unless special care
higher minimum in Fig. 2 corresponds to the central positionjg tgken.

of the impurity atom whereas Figs. 1 and 3 exhibit this mini-  Now rough estimates of the relaxation rate from the meta-
mum in asymmetric positions with differing signs of the dis- staple state are given. This relaxation may proceed in two
tortions. The— sign corresponds to a local contraction, theways; (1) tunneling through the potential barrier af2) a

+ sign corresponds to a local expansion. It is worthwhile tophonon stimulated overbarrier transition. At temperatures es-
emphasize that the available experimental information is cursentially lower than the barrier energy tunneling transitions

rently in no way sufficient to make a decision on which of control the relaxation. Then the decay rate can be estimated
the situations truly takes place. as

The shape of the adiabatic potential depends on several
parametergl8), therefore it can be a symmetric or an asym-

metric double well or a simple single well potential. Figures E: _ 1 e
1(b)—3(b) show areas in the plane of the renormalized Jahn- 7 @ h ZMEAR, (22

a b
-0.5 T r | 7 17 T T |_ [T T v rrrrsrr[rrrypr]
N 7
r 8 ] FIG. 3. The same as in Fig. 1 but
-0.505 | _: With~the parametersDq=0.089 eV, A\,=0.1
-~ - 1 eV, \e=008¢eV,M,, . =0.02eV,M,=0.1
g L 4E, ] eV, and M, ,.=0.119 eV. The splitting
051 1 -4 becomes AE(°’E—2T,)=0.871 eV and the
L 1 barrier height AE,=0.0075 eV is obtained
0515 | { for Vg=0.054eV.
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wherew is on the order of the oscillation frequencies within N3= — N33+ Nopos,
potential wells,E, andAR are the barrier height and width,
andM is the tunneling mass, which is taken here to be close N,=N3pa,— Na, (24)

to that of the impurity. Using the dimensionless coordinate
for the width of the barrieA Q the estimate of the decay rate Wheréa=pas+ p,; and=pz,+ ps; andp,z andpg, are the

(22) becomes probabilities of the radiationless transition between Eye
andE; states, whileps; andp,; are the corresponding tran-
2(AQ)%E sitions probabilities to the ground stdg and may, in prin-
=1, exp{ \ /—b]_ (23) ciple, incorporate both radiative and radiationless transitions.
ho For an accurate analysis of the temperature dependence of

the decay time the probability of a nonradiative transition

Now substituting parameters used in Fig. 1 in E2B)  between these two minima is to be estimated. It is clear that
one gets approximately~ e and assuming,=10"'%s  two different temperature dependences are expected in the
the decay time can be estimated #810™* s. Parameters low-temperature range due to tunneling through the potential
used in Fig. 2 lead us te~7,e! and to a much longer barrier and another one at higher temperatures when the ac-
decay timer=10® s. As for Fig. 3 the time is much shorter, tivation regime is reached.
10~ s. We have here the usual situation when the theory Let us assume, for the sake of simplicity, that the condi-
cannot give any reliable estimates for the time of the tunneltions p5,,p,3 p»1,pP31 hold. If, at the timet=0, the Boltz-
ing transition due to its extreme sensitivity to the transparimann distribution
ency of the barrier. On the other hand, these results show that 0
the lifetime may vary by orders of magnitude within reason- N3 P2 —AEgy/KT
able values of the parameters and in particular may be ex- N_S_ p—32—e
tremely large. ) ]

The possibility of a double-well potential in the electroni- between the_ two electronically excited states 2 and 3 holds,
cally excited state of the impurity and, hence, a very longthen according to Ref. 29,
lifetime leads to interesting conclusions, which can be veri- N.(1) = N0~ Pt
fied experimentally and help us to interpret available experi- 2()=Nze" %,
mental data. A discussion of some available experimental

— NO9a—pt
data and their comparison with predictions of our model is N3(t)=Nge " (25)
presented in the next section. Here the relaxation process is characterized by the decay rate
1 @AE3a/KT 1
IV. EXPERIMENTAL OBSERVATIONS p= =Pz 1+eAE3Z,KT) +Pai| T eAEsz/KT) . (26)

A. Temperature dependence of the relaxation time
Now assumingp,>p3;, the experimental curvéFig. 2
in Ref. 20 is compared with the dependence produced by

tronically excitedd impurities in 1l-VI crystals is an impor- equation(26). The two curves appear to be rather similar
tant characteristic that can be studied by measuring the decalgﬂ. ST S appes )
is similarity is important evidence in favor of a metastable

of the infrared luminescence in these systems. The . : ) )
experiment$’ show a temperature-independent lifetime attate in the electronically excited C) in ZnS.
low temperatures whereas above approximately 100 K the . ,
lifetime starts decreasing with increasing temperature. This B. Sum rule in the absorption
type of behavior is explained by the configuration mixing  The possibility of a metastable state is necessary to com-
mechanist? for the electronic transition probabilities of plete our explanaticdi?® of the sum rule in the optical spec-
3d ions. tra observed in several semiconductors doped by transition-
The decay of the infrared luminescence due to themetal impurities. The model presented in these papers
Cu(®E)-Cu(®T,) transitions in ZnS:Cu is also known to have assumes a second-order process during which the impurity is
the above-mentioned type of behavior. However, a precisioelectronically excited. It does not present any problem for
measurement of this decay time in the very low temperaturéhe luminescence since this electronically excited state of the
range shows a deviation from this pattern. The lifetimeimpurity is the final state of the process. However, observa-
grows from the value of 169 to 247 ns when the temperatur@ion of the same sum rule in the photoluminescence excita-
increases from 2 to 80 Ksee, Fig. 2 in Ref. 20This type of  tion spectra creates a real puzzle, since then this electroni-
behavior can be explained if one assumes transitions fromally excited state must be the initial state of the process. The
the electronically excited C@E) impurity, characterized by question is why electronically excited impurities are avail-
at least two minima in the configuration space, to theable in the semiconductor.
Cu(®T,) ground state of this impurity. A possible answer proposed here is that these electroni-
The following problem is examined. We assume that thecally excited impurities occupy the ancillary minimum of the
occupations of the two possible states corresponding to twoonfiguration potentia{metastable stateso that the relax-
minima, E, and Ej, of the electronically excited C&E)  ation from this state appears to be extremely slow, since it is
impurity areNg andN3, respectively. Then the relaxation to strongly hindered at low temperature by tunneling along the
the electronic ground state CU(,) is controlled by the corresponding configuration coordinate. An effective tunnel-
equations ing mass of an atomic ordésee estimates at the end of the

Temperature dependence of the relaxation tinué elec-
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previous sectionis necessarily involved. Then any external cally directed to check various consequences of the model
irradiation or insufficient annealing of the sample alwaysare necessary to become sure that the model works.

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 V. SUMMARY

the process considered in Refs. 24 and 25 and the comple- _ | i _ ) _
mentary line can be also observed in the photoluminescence This paper proposes a m|cro§qop|cal mechanism allowing
excitation spectra. The experiment shows that the blue line ifP" the appearance of a long-living metastable state of an
photoluminescence excitation is observed at very low tem&lectronically excitedd impurity center. Such a possibility
peratures and disappears at temperatures between 25 andjtpears due to an interplay of the spin-orbit and Jahn-TeIIe_r
K whereas the blue luminescence band survives until 40 Kinteractions enhanced by the covalency. Here the model is
This difference may be also connected with our mechanisriPPlied to the specific case of Cu in ZnS for which experi-

but a better study is necessary to make a more reliable statdlental data are available. However, the mechanism is gen-
ment. eral and can be of importance in other systems as well.

Here we also would like to mention two additional experi- The impurity atom may dwell now in an adiabatic double-

mental observations whose interpretation can be provided b ell p.otentlal_ so that Its relaxation at low temperatures IS
the scheme described in this and previous paffésThese ~ associated with tunneling and may be extremely slow. This
are as follows allows one to address several experimental observations, as

(1) The intensity of the Cu blue band emission in zns:cydescribed above, and explain the features observed.
increases if additionally an infrared light is shined onto the We would like to emphasize that the mechanism leading

samplé® (Fig. 3.8. The study of this effect was done over toa dpublg—vyell pot_ential, as described in this paper, is pos-
the range of 1.21.5 um wavelengths of the light. It has sible, in principle, without the covalency effects. Then, how-
been observed that the effect of the Lk light is stronger ever, it appears to be extremely weak and can hardly have
than that of the 1.5:m light while the 1.2am light has no any influence on the spectra. The covaleftoybridization of
effect on the luminescence thed and Bloch statgsstrongly enhances the effect and the
It is clear that we have 'a direct connection between thd€ight of the barrier in the double-well potential as shown in

intracenter(1.4 um) and the blue band transitions. This be F19s: 1-3. - N
havior can be explained by taking into account both the W& may conclude that the possibility for an impurity to
mechanism resulting in the complementing #h& and  ©CCUPY such a metastable state plays an important role in the
the existence of a metastable state of the electronically eX2Ptics of semiconductors doped by transition-metal impuri-

cited Cu@E) characterized by a very long relaxation time. tigs. It is noted also that only one specifjc distorti(_)n _is con-
The ultraviolet light produces electron hole pairs whose reSidéred here as an example demonstrating the principal pos-

combination via the second-order process described in RefSPility of the metastable state. The real Jahn-Teller

24 and 25 is accompanied by the blue light emission andliStortion may be different and more complicated. It can be
leaves the excited Gii2)(2E) as the final state of the sys- Stablished only on the basis of more detailed experimental
tem. Such impurities may occupy a metastable state of thipvestigations, which are still to be done.

Cu*2)(2E) impurity with a long relaxation time. The blue

line emission requires the €u?)(?T,) ground state of the

impurity to be the initial state and, hence, the electronically ACKNOWLEDGMENTS

excited impurities do not contribute to the process. Shining The authors are deeply indebted to I. Broser, A. Hoff-

the infrared light in resonance with the intracenter transitionm(,inn and P. Thurian for numerous stimulating discussions
stimulates a more rapid relaxation of the long living statesys their experimental results.

and results in an increase of the proportion of the Cu atoms
in the 2T, ground state. As a result there are now more
impurity atoms participating in the luminescence yielding the
complementing blue line. APPENDIX
(2) Sort of an inverse situatiofwith respect to the previ-  The first term in the matrix16) is due to the spin-orbit
ous experimenttakes place when the red band absorptionnteraction, which mixes only states from the irreducible rep-

spectrum is measured in samples irradiated by the blue 'ig%sentationsygtz and yg With coinciding indicess. That is

(Figs. 4A and 4B of Ref. 31 Such an irradiation increases hv the whol . b i db f
the absorption by a factor of about ten. In this case the a why the whole matrix can be easily constructed by means o

sorbed blue lightthe complementing lineactually converts a smaller matrix
the atoms from the metastabkE state into the ground _ so o SO s
2T, state. Thus the population of Cu atoms in the ground’ »»’ ww =CyulVEYy 1)
state increases and they give an additional contribution to the 1 3
infrared absorption. A i\[ Ae O
These results show an intimate connection between the 2
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- 0 0 Ay
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where y,y'= ygn, vse and )\te:<78t2|vso‘ Yge), Which ,Dl;se 0
may possibly include a reduction factor. The third term in pl; = " , (AB)
Eq. (16), which describes the renormalization of the spin- & 0 Pygst
orbit coupling by the covalent hybridization, has a similar
structure. It is represented by the matrix whose 4x 4 block
_}MSO i\/EMSO 0 1 0 0 O
2 t 2 te
© ! 0 -1 0 O A7)
My O = —i \/gMStO 0 0 Sup's Pyee Y210 0 -1 0
0 O 0 1

(A2) s calculated using the four electron basis functions

I . . .
WhereMiO=<y8t2|WGVSO| veo). Therefore we can define {v™,u",u",v"} of the yg, irreducible representation. The

: . : o . 6X6 block
the matrix of the effective spin-orbit interaction,
s 1
Vay Oun’ 0o o0 0 0 = 0
3
1~ 3~
- Ne—Me O 1
oM \[2 te~ Mee 0 o 0 0 0 ——
V3
= . 3~ 5 il
_'\[57‘6‘ Mee 0 o o o -L o o o
. G
0 0 At pY = (A8)
(A3 F 1
0 0 0 -— 0 0
in which V6
3 B 1 1
N=NMA2ZMES, Ne=Ae+ 2M 30 N 0 0 0 % 0
are effective parameters of the spin-orbit coupling appearing 1 1
due to the covalent renormalizations of the original param- 0 - N 0 0 0 NG

eters\; and\. obtained from the spin-orbit interactiaB).

The termsM,, are the real parts of the matrix elements

M2, andM " *while theM 7%, terms are neglected. is calculated for six electron functiongy;(3), v+(—3,)
The situation with the Jahn-Teller interaction is more Y8(~ ). ¥8(2), va(—3), 7s(3)} of the y7, and ye, represen-

complicated. Thel electron states of the Gti(d®) impurity ~ [@HONS. _ _ _
in a T, symmetry site can be coupled to the vibrational Similarly to the case of the spin-orbit coupling, the Jahn-

modes ofA;, E, and T, symmetry. Since the excitedE Teller interaction contains a contribution from the hybridiza-

state interacts only with th& vibrational modé® and the tion represented by the matrix
ground 2T, state is coupled predominantly with tEevibra-

tional modes, we restrict ourselves to consideration of couM T —2<‘y,u|WGV]T|'y w'y= 2M7Tp"
pling only with theE mode. Then the local distortions of the

lattice are described by two normal coordina@s andQ, whose structure is similar to that of the mat(i&6). As a
of this irreducible representation. As a result the Secondresult the Jahn-Teller interaction has the form
Jahn-Teller term in Eq16) is

Qu, (A9)

7#7 w'

N roor viLy’ﬂ':vEpL—:/ﬂy/ﬂ/Qu; (AlO)
AR

VJT — NV ror Q +
oy =\ VB G Y Qut | vm
where

=Ve(pt,u Qut P Qo) (A4)

Now our problem is restricted even more by considering
only one modeQ,,. Equation(A4) is rewritten in the form

Ve=Ve+2M7T

is the parameter of the effective Jahn-Teller interaction.
,Qu, (A5) Equation(16) also contains the terrivl io o mixing the
Jahn-Teller and spin-orbit interactions. It has a form of the

which contains the 18 10 matrix 10X 10 matrix

JT _
wa’/ﬂ VEpwv w'
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[ME)] 0 0 0
0 [M(2)] 0 0
MSOT= Qu (A11)
0 0 [M(-32)] 0
0 0 0 [M(=2)]

containing four block matricedd (w), in its diagonal, withu being thez components of the total angular momentdnThese
matrices are

1 \3+1
% M Yglvgt —1 2 M vgtvge
M(—3)=M(z)=| 3+1 :
j—— 0 0
2 vg€vgt
0 0 0
1 \3+1
- % M vgtvgt ' 2 M Yglvge
M(=3)=M(3)= 3 : (A12)
V3+1
—1 —2 }’8978t O
|
where and
M, =X\, V", . A13 / 15
yroomvr 7% E—eya (AL3) E—ei(vs3)  xelvs3) —=VeQy
V3
In order to write secular equations we have to calculate
the determinant of the 2010 matrix including all the terms Xe(vs3)  E—sgl(vsd) 0 =0
described in this Appendix. Hopefully, the large number of
zero elements in this matrix allows us to represent this de- 1 -
te_rminant as a product of tlhe dete_rminants of two2ma- —VeQ, 0 E—el(y:— 3)
trices and of two X 3 matrices. This allows us to write the V3
secular equations in the form (A16)
i 3 3 _1
E-sl(7e=2)  xe(vstd) for the basis sefygt(3),vse(3), y7t(—3)} and
=0 (ALY 1
Xevs*3)  E—glo(v*3) E-ei(vs—3)  Xee(¥3— 3) _ﬁVEQu
for the basis sef yst(+3),vse(*3)} with the following
definitions /
Xed V8~ 3)  E—gle(ys—3) 0 =0
n(ve=3) = eh(reh) = et Frem —=(Vet M, )Q 1
t 2 t 2 i 2 u:s ~ ,
I l \/E TeRTe2 - = 0 E_Sit('}’7%)

\/§VEQU
(A17)

1~ . . )
el(ys— 1) =el.(vat)=cie— EVEQU; (A15) l;ﬁ{l;z: basis sefygt(—3),yse(—3),y-t(3)} with the defi-
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1

ei(ve3)=ei(ys— I =seit 3 Nt \/g(VE+My8t2y8t2)QUy

Si’e(Vs %):Si'e( Y8 %):sie+ EVEQur

8i’t(77_ %):Si,t(')/?%)zsit_xta (A18)

P. DAHAN AND V. FLEUROV

Xte(vsF 3)=TFi E)\IE_TM'}/S'IZ)/SGQU —Mee,
., [ 3~ B3+1
Xtel Y8+ 3)=+i E)\te""TMygtzygeQu —Mie.

(A19)
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