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Nonradiative processes in the Zn12xCoxSe system
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We report the photoacoustic investigations of the Zn12xCoxSe system. The qualitative analysis of possible
nonradiative deexcitation paths in the Co21 ion is performed. It is shown that the pseudo-Jahn-Teller effect is
responsible for accumulation of the electron-lattice interaction energy in the lowest2T1 state. As a result, the
effective path for nonradiative deexcitation of the system is opened.@S0163-1829~99!01736-1#
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I. INTRODUCTION

The purpose of this paper is the interpretation of the p
toacoustic spectrum of Zn12xCoxSe and the qualitative
analysis of possible nonradiative deexcitation paths in
Co21 ion.

A Co atom has nine valence electrons in the 3d74s2 con-
figuration. When it replaces the Zn21 ions in the zincblende
ZnSe lattice, the twos electrons are shared with the Se ato
to form tetrahedraly coordinated bonds. The internal en
getic structure of the Co21 ion is determined by the remain
ing sevend-electrons, which are influenced by the crys
field of tetrahedral symmetry. The electronic energy lev
scheme of the Co21 ion is determined within the framewor
of the crystal-field theory1–3 by the values of the Racah pa
rametersB and C, by the crystal-field splitting paramete
10Dq and by the spin-orbit interaction parameterj.4 The
next parameter that determines the transitions’ line shap
the electron-lattice couplingS\v. According to the spin-
selection rules, in the energy region below the ZnSe fun
mental energy gap one expects to observe three strong
sorption bands related to the spin-allowed transitions fr
the quartet4A2 ground state to the quartet4T2 , 4T1(a), and
4T1(b) final states for increasing photon energy. In the c
of 4T1 states we have indicated them by a and b instea
the respective atomic quartet states ‘‘F ’’ and ‘‘ P’’ since they
are completely mixed by the off-diagonal part of the Tana
Sugano matrix, equal to 6B. Many weak absorption band
have been also observed and assigned to final doublet s
The energies of the lowest2E, 2T1, and 2T2 doublet states
fall between the4T1(a) and 4T1(b) quartet states. Specifi
cally the 2T1 state, which is just above the4T1(b) state, can
produce significant absorption due to large spin-orbit mix
with the close quartet level.2

As far as the luminescence is considered, the IR emis
related to the4T2→4A2 transition, which accompanies th
respective absorption band4A2→4T2, can be detected.5 In
the last decade also the emission from the next excited s
4T1(a) has been observed.6 As far as we know, the emissio
from higher excited states (2E and 2T1 doublets or a4T1(b)
quartet!, which would be excited only by the4A2→4T1(b)
PRB 600163-1829/99/60~12!/8595~7!/$15.00
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absorption band, has not been observed. The sharp line
2.36 eV, 2.43 eV, and 2.54 eV, observed in the lo
temperature absorption spectra7,8 and the one at 2.36 eV de
tected in the emission8were attributed to transitions to th
states belonging to the mixed (d7,d6) electronic
configuration.7

The electronic energetic structure of the Co21 ion is
strongly influenced by the electron-lattice interaction, whi
is related to the interaction of the ligand ions with th
Co21 d electrons cloud. In that paper we have conside
the coupling of the sevend electrons system with the ful
symmetrica1 vibrational mode and to the two-dimensionale
vibrational mode. We have performed the calculations in
strong crystal-field scheme4 and the results have been vis
alized in the form of several configurational coordinate d
grams, which represent separately the electron sys
coupled to thea1 mode only, and then to thee mode. In the
latter case the calculations also included the Pseudo-J
Teller coupling, which results from coupling between diffe
ent states ofT symmetry via the distortion of thee symme-
try. From these configurational coordinate diagrams we h
estimated the energy barriers for the nonradiative proces
As a particular, quite fundamental result, we have found t
the existence of the Jahn-Teller effect, the Pseudo-Ja
Teller effect, and the coupling by theB Racah parameter
cause an effective exchange of the Jahn-Teller relaxation
ergy between the coupled states. It has been found that
effect leads to the accumulation of the lattice relaxation
ergy in the lowest2T1 state and, therefore, it reduces signi
cantly the barrier for the nonradiative process between th
and the excited state4T1(a).

In Sec. II we describe the photoacoustic experiment.
Sec. III we discuss the configurational coordinate diagra
In the Appendix we discuss the analytical result obtained
the simplified case of the4T1(a) and 4T1(b) states coupled
to thee mode.

II. EXPERIMENT

Photoacoustic spectroscopy is a technique, which allo
the measurement of absorption coefficients by detection
the heat generated in a sample by the absorption of mo
8595 ©1999 The American Physical Society
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8596 PRB 60GRINBERG, FELICI, PAPA, AND PIACENTINI
lated light. In particular, using a microphone, the acous
signal generated in a closed cell by the periodic heat fl
from a solid sample to the surrounding gas can be measu
With respect to other conventional techniques, the pho
coustic spectroscopy presents some advantages as, fo
ample, the possibility of changing the optical density of t
sample without any destructive preparation, simply vary
the chopping frequency of the absorbed light. Since the p
toacoustic signal is related only to that fraction of absorb
energy which is converted into heat photoacoustic spect
copy, provides information on nonradiative deexcitation p
cesses.

According to the Rosengwaig and Gersho theory,9 in the
case of thermally thick solids~the thermal diffusion length
ms is shorter than the sample thickness!, the photoacoustic
signal is approximately proportional to the absorption co
ficient a if the conditiona21.ms is satisfied. Whena21

,ms the signal becomes independent of the sample op
response and the photoacoustic spectra show saturation

Our experimental set up10,11 consisted of a 500-W Xe
lamp coupled with af /4 Jobin-Yvon monochromator and
mechanically chopped at 20 Hz photoacoustic cell w
Bruel and Kjaer microphone detector, a lock-in amplifi
and a computer-controlled acquisition system. The exp
ments were performed at room temperature and the en
range from 0.6 eV to 3.0 eV was covered with an ene
resolution of about 20 meV. In order to eliminate the con
bution from the spectral response of the optical appara
the photoacoustic signal measured for the sample was
vided by the photoacoustic signal measured for a comple
absorbing material such as graphite. Each spectrum was
malized to the saturation value. Single crystals
Zn12xCoxSe were grown by the chemical transport meth
with I 2 as a carrier medium. The transition metal concen
tions x50.001 andx50.015 were determined by means
x-ray fluorescence spectroscopy.

III. CALCULATIONS AND DISCUSSION

To obtain the energy structure of our system we ha
considered the Hamiltonian

Htot5Hc f1Hs-o1Hlatt1He-latt , ~1!

where Hc f and Hs-o are the electronic parts of the Hami
tonian describing the crystal-field and the spin-orbit inter
tions, respectively.Hlatt is the lattice potential energy an
He-latt is the electron-lattice interaction. The crystal field a
the spin-orbit parts of the Hamiltonian have been valuated
the Racah parameters,B and C, the crystal-field parameter
10Dq, and the spin-orbit parameterj. We have used the
same set of values for these parameters as those used b
and Baranowski.2 Thus, 10Dq53500 cm21, B
5590 cm21, C51970 cm21, and the spin-orbit interaction
parameterj5375 cm21. The energetic structure of the sy
tem has been obtained by means of the Tanabe-Sugano
trix calculated in the strong field approximation4 and the
spin-orbit interaction Hamiltonian derived by Runciman a
Schroder.12 We have represented four possible electro
configurations of the 3d7 electrons in the tetrahedral cryst
field by the 120 -uSLJM& orbitals.13
c
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The lattice Hamiltonian,Hlatt , has been considered in th
harmonic approximation as a potential proportional to
sum of the squares of the symmetrized displacements of
ions. The electron-lattice interaction,He-latt , was taken into
account in the linear approximation. The electron lattice c
pling was defined by the lattice relaxation energy,Erel . For
the coupling to the breathing mode,Erel is related toS\v,
whereS is the Huang-Rhys parameter and\v is the phonon
energy. In the case of coupling with thee modeErel was
related to the Jahn-Teller stabilization energyEJ-T . As pre-
sented further, we can consider the interaction with differ
modes separately without any loss in generality.

A. Coupling to the a1 mode

In the case of coupling to the breathing mode, the ma
elements of the electron-phonon interaction have been c
sidered as the diagonal part of the Hamiltonian in the for

He-latt5nA2S\vQ, ~2!

whereQ is the configurational coordinate andn depends on
the electronic configuration according to the formu
e42nt31n. Since the ground state4A2 belongs to the elec-
tronic configuratione4t3 and the first excited state belongs
the electronic configuratione3t4, S\v can be estimated
from the experimental value of the lattice relaxation ene
of the first excited state4T2. In our calculations we used
S\v5130 cm21, following the value suggested b
Radlinski,5 for the electron-lattice coupling energy in th
4T2 state (e3t4 electronic configuration!. The details con-
cerning the derivation of the one-dimensional configuratio
coordinate diagrams are presented elsewhere.14 The one-
dimensional configuration coordinate diagram for the Co21

is presented in Fig. 1. We present here only the states
energies below 30 000 cm21.

As far as the ZnSe:Co system is considered both theo
ical calculations15 and the experimental photoconductivi
measurements7 yield the energy of the ground state of th
Co21 ion about 2.3 eV below the bottom of the conductio
band (d6 and an electron in the conduction band!. Therefore,

FIG. 1. Configurational coordinate diagram of the Co21 ion in
ZnSe describing the system coupled to the full symmetricala1

mode. Parameters of the diagram are given in the text.
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PRB 60 8597NONRADIATIVE PROCESSES IN THE Zn12xCoxSe SYSTEM
it is not necessary to take into account the influence of
conduction band; the transitions below this energy are a
lyzed. Thus, one can consider thed7 configurational coordi-
nate diagram presented in Fig. 1 as a good approximatio
the energetic structure of the system.

Let us focus on the calculation of the radiative transiti
probabilities resulting from this diagram. To get the diagra
presented in Fig. 1 we have diagonalized the Hamilton
which is in the form of a 39339 matrix with the spin-orbit
interaction that mixes the states of different spins. Thus, e
electronic manifold in the diagram is represented by the e
tronic wave function given by the linear combination of t
doublet ~indicated as 2w) and quartet~indicated as 4w)
components,16

fn~q,Q!5(
n

anm
(4)~Q!4wm~q!1(

n
ann

(2)~Q!2wn~q!.

~3!

The sets of coefficientsanm
(4) and ann

(2) obtained from the di-
agonalization represent the contributions of the quartet-
and doublet-nth orbitals to the finaln state. In Eq.~3! q
represents the electronic coordinate andQ represents the
ionic coordinate, respectively.

To relate the energy of the absorption line to the resp
tive final-state electronic manifold we considered the verti
Frank-Condon transitions that correspond to the maxima
the absorption bands. Since the initial state for the absorp
is the ground electronic manifold with the minimum forQ
50, these transitions take place forQ50. Since the contri-
butions of doublet states to the ground state are negligi
the transition probability of each absorption line is appro
mately proportional to the following sum:

Pn5(
m

uanm
(4)~Q50!u2. ~4!

Note that under such assumption we get the same h
grams representing the transition probabilities for any vib
tional mode with which the system is coupled.

In order to obtain the real absorption, one has to relate
specific band shape~Gaussian, Pekarian, or any other! to
each transition . One expects to reproduce the real line sh
by consideration of phonon repetitions resulting from co
pling to different symmetry modes. However, we do not a
lyze our experimental spectra in this way since they do
contain enough details. The main purpose of calculati
presented here is the analysis of possible contributions o
higher excited doublet states to the absorption bands.
results of our calculations, presented as vertical bars, wh
lengths are proportional to the transition probabilities,
compared with the experimental photoacoustic spectra
Fig. 2. We have obtained good coincidence between the
strong photoacoustic peaks and the calculated probabil
of the 4A2→4T1(a) and 4A2→4T1(b) transitions. The en-
ergy of the 4A2→4T2 transition falls below the lowest pho
ton energy available in our experiment. Also, the doub
states close to the4T1(b) state, i.e., the2T1 and 2T2 states
above it and the doublets2A1 and 2T2 just below it, contrib-
ute to the absorption spectrum. Actually, the tails near
absorption band4A2→4T1(b) ~see Fig. 2! in the photoacous-
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tic spectra can be attributed to borrowing the oscilla
strength from the central quartet state. One has to notice
our calculations of the radiative transition probabilities are
agreement with the results obtained by Kleinet al.17 for Co
in ZnS and ZnSe.

As far as the nonradiative relaxation processes are con
ered we have assumed that they are related mainly to
internal conversion transitions for which the kinetics and
lection rules have been described by Grinberg a
Mandelis.18,19 In general, the internal conversion betwe
two electronic manifolds can take place if they are clo
enough and mixed by the specific interaction. In our ca
this mixing occurs mainly due to the spin-orbit interaction

Even a short glance at the diagram in Fig. 1 allows us
predict that the system excited to the4T1(b) state very easily
relaxes nonradiatively to the lower2A1 and 2T2 electronic
manifolds, which are very close in energy and strong
coupled by the spin-orbit interaction with the4T1(b) state. It
seems that also further nonradiative relaxation to the2T1 and
2E states is quite probable. The nonradiative transitions fr
the 2E state to the lower4T1(a) state are much less prob
able. Therefore, there is no serious reason not to expec
existence of the radiative transitions from the2E state. Al-
though the radiative2E→4A2 transition is spin-forbidden,
the nonradiative internal conversion to the4T1(a) state
seems to be still not effective enough to quench it. One
see from the diagram in Fig. 1 that the4T1(a) manifold is at
the same~or even smaller! distance from the4T2 electronic
manifold as2E from 4T1(a). Additionally, the states of the
same spin are mixed by the spin-orbit and electron-pho
interactions, whereas the states of different spins are m
only by the spin-orbit interaction. The spin-selection ru
holds for the optical as well as for the internal-conversi
transitions. For this reason the nonradiative process betw
the states with the same spin@4T1(a)24T2# should be more
probable than between a doublet and a quartet state@2E and
4T1(a)]. As a consequence, the ratio of the radiative to n
radiative rate should be approximately the same for the@2E
24T1(a)# and@4T1(a)24T2# electronic manifolds. Contrary
to this fact, only the luminescence from the4T1(a) state and

FIG. 2. The reproduced absorption and photoacoustic signa
tensity related to the Co21 ion in ZnSe. Calculated transition prob
abilities are represented by the vertical lines. Curves correspon
the photoacoustic spectra of Zn12xCoxSe forx50.015~solid curve!
andx50.001~dashed curve!.
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8598 PRB 60GRINBERG, FELICI, PAPA, AND PIACENTINI
not that from the higher2E state has been observed. W
have to conclude that the approximation of considering o
the coupling to the full symmetrical lattice mode cannot e
plain this discrepancy.

B. Coupling to the e mode. Jahn-Teller and
pseudo-Jahn-Teller effects

To take into account the coupling to thee mode one has
to consider the electron-lattice interaction Hamiltonian,

He-latt~Qu ,Qv!5
]V

]Qu
Qu1

]V

]Qv
Qv , ~5!

where Qu and Qv are the normal coordinates representi
the two-dimensional mode ofe symmetry.

As mentioned above, we have used a basis of 120uSLJM&
states. Actually due to the Kramer degeneration this num
has been reduced to 60. The matrix elements of elect
lattice Hamiltonian ~5! have been calculated using th
Clebsch-Gordon coefficients tabulated by Kosteret al.20 for
thirty two point groups. To get all possible couplings w
have followed the same scheme as that used by Uba
Baranowski2 for the case of (4T1 ,4T1)* e Jahn-Teller cou-
pling. According to the group theory, only theT1 ,T2 states,
and separately theE states, theE with A 1 states, and theE
with A2 states, are coupled via thee mode. In general, one
should introduce different coupling constants for each pai
states mentioned above. For sake of simplicity we have
sumed that all states ofT symmetry are coupled by the sam
constant, related to the (T1 ,T1)* e Jahn-Teller stabilization
energy by the relation

V5A2EJ2T, ~6!

independently if we deal withT1-T1 , T1-T2, or T2-T2 pairs.
The states ofE symmetry and theE andA pairs have been
assumed to be not affected by thee lattice mode; thus, the
respective coupling constants have been assumed to be
to zero. Such an assumption is mainly related to the fact t
for Co21 in ZnSe, the value of the electron-lattice couplin
can be derived only for theT states from the analysis of th
absorption and emission bands. Thus any value we could
for theE* e coupling is completely arbitrary. The value ze
is as good as any other. Since most of the states have e
T1 or T2 symmetry, we believe that most of the phenome
related to nonradiative processes can be described by co
ering only the T states. Even if our estimation of th
electron-lattice coupling in theE states is wrong, it does no
influence much our final results. To be in coincidence w
calculations performed for coupling to the breathing mo
and also with the calculations performed by Uba a
Baranowski,2 we have assumed that the Jahn-Teller stab
zation energy is 425 cm21.

In order to show how particular interactions influence t
configuration coordinate diagram we performed the calcu
tions taking only account of the Jahn-Teller effect, and th
we included the pseudo-Jahn-Teller coupling between
different states ofT symmetry. In both cases the spin-orb
interaction was at first neglected and then taken into acco
y
-
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To take into account only the Jahn-Teller effect we co
sidered the quasidiagonal Hamiltonian that includes only
matrix elements of the electron-lattice coupling of individu
quartets and doublets. All matrix elements that couple
components of different states are ignored. The results
these calculations are presented in Figs. 3~a! and 3~b!, re-
spectively. In both figures we show the cross section of
potential-energy sheets along theQv axis. One can notice
that the shape and the splitting atQv50 of the adiabatic
potential energies of the second excited term,4T1(a), are
different from those obtained by Uba and Baranowski.2 This
difference can be explained considering that we have ta
into account the 120 components of all possible states of
d7 electronic configuration instead of 12 components cor
sponding to the4T1(F) state only as done by Uba an
Baranowski.2 In fact, the 4T1 state cannot be related to
particular ionic quartet,F or P, since they are completely
mixed by the strong interaction represented by the ma
element equal to 6B.4

As far as the nonradiative processes are considered,
can see that since we assumed the medium electron-la
coupling constant~the same for each state! we still cannot

FIG. 3. Configurational coordinate diagram of the energe
structure of tetrahedrally coordinated Co21, which includes the
Jahn-TellerT* e effect. The calculations, which omit and includ
the spin-orbit interaction are presented in panels~a! and~b!, respec-
tively. In the diagrams the cross sections along theQv axis are
presented.
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evidence the effective path for nonradiative relaxation to
lower electronic manifolds, which can explain the lack
emission from the2E state.

The situation changes dramatically when the Pseu
Jahn-Teller effect is considered. In Figs. 4~a! and 4~b! the
respective configuration coordinate diagrams are prese
without and with the spin-orbit interaction, respectively. T
get these diagrams we have considered the full elect
lattice coupling Hamiltonian that includes the coupling b
tween different electronic manifolds. The picture is clea
when Fig. 4~a! is considered. One can see that, with resp
to Fig. 3~a!, the structure of splitting does not change, but
large quantitative changes as far as the quantity of the s
ting in different states take place.

Considering the similarities and differences between
diagrams presented in Fig. 3 a aswell as Fig. 4~b! and Figs.
4~a! and 4~b! one can notice that the structure and the qu
tity of splitting of the 4T2 state did not change. This is ex
pected, since this state is not coupled with other states by
Racah parameters. A more complicated situation occur
the case of the4T1(a) and4T1(b) states. Here the amount o
splitting of the 4T1(a) state is almost negligible, whereas t

FIG. 4. Configurational coordinate diagram of the energe
structure of tetrahedrally coordinated Co21, which includes the
Jahn-TellerT* e effect and the pseudo-Jahn-TellerT* e effect. The
calculations, which omit and include the spin-orbit interaction,
presented in panels~a! and ~b!, respectively. In the diagrams, th
cross-sections along the Qv axis are presented.
e
f
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e
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amount of splitting of the4T1(b) state is much larger than i
the case when the Pseudo-Jahn-Teller effect is neglecte
the case of the2T1 and 2T2 states the changes are even mo
dramatic. All splitting cumulates in the lowest2T1 and 2T2
states, whereas the higher excited states are less splitted
tually, the last effect is responsible for a significant decre
of the barrier for nonradiative processes between the2T1 and
4T1(a) states@see Figs. 4~a! and 4~b!#. Therefore, the prob-
ability of nonradiative processes in the2E and 2T1 doublets
has to be quite large and certainly quenches the lumin
cence. Although the effect of accumulation of the electro
lattice interaction energy in the particular states seems to
queer it is a simple consequence of superposition of the
terstates electron-lattice coupling~the Pseudo-Jahn-Teller e
fect! and electrostatic interaction given by the Racach ma
B. To present this phenomena in a clearer way we conside
separately the simplest case of coupling between4T1(a) and
4T1(b) states in the Appendix.

IV. CONCLUSIONS

We have discussed the electron-lattice coupling on
electronic structure and radiative and nonradiative proce
in Co21 in ZnSe. We have explained the lack of2E-4A2
emission by strong decrease of the energy barrier for no
diative transitions due to the accumulation of the electr
lattice relaxation energy in the2T1 state. It has been show
that this effect is caused by the strong pseudo-Jahn-Te
coupling in the number of2T1 and 2T2 states. It is known
that the pseudo-Jahn-Teller effect changes the curvatur
the adiabatic potentials in the upper and in the lower mix
states. An example, that concerns however only the pse
Jahn-Teller interaction without Jahn-Teller splitting has be
given by Opik and Pryce21 for the system of two states ac
cidentally degenerated. The case presented in this paper
fact an extension of the Opik and Pryce example. The m
difference is that we have taken into account both
pseudo-Jahn-Teller and the standard Jahn-Teller effect. C
sidering the Tanabe-Sugano matrices for any system, one
see that the situation like that presented for4T1(a) and
4T1(b) is rather typical.4 Often, one has the relative sma
values of the diagonal Hamiltonian and large values of
off-diagonal matrix elements~of the order of a fewB or even
a few C Racah parameters!. This overlook leads to a quite
general conclusion concerning the predictions of the stren
of Jahn-Teller effects in the transition-metal complexes. I
very probable that pseudo-Jahn-Teller coupling, usually
considered for these systems, is in fact very important. It
be one of the reasons that, although the crystal-field appr
mation seems to work quite good~even quantitatively! as far
as the energetic structure is considered, it almost never
vides a good prediction for the strength of the electron-latt
coupling.
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APPENDIX

It is interesting to investigate a phenomena of exchang
the Jahn-Teller relaxation energy in more detail. It is re
m

n
co

le

fo

o

ni

A

of
-

tively easy to consider the4T1(a) and 4T1(b) pairs. The
electron-lattice coupling and the crystal-field Hamiltoni
for this system can be represented by the following 636
matrix:
aQv

0 bQv

0 0 bQv

6B1aQv 0 0 E1aQv

0 6B1bQv 0 0 E1bQv

0 0 6B1bQv 0 0 E1bQv, ~A1!
y

s.
ver,

in

itial

,
ect
wherea5V and b520.5V,22 E510Dq29B, whereB is
the Racah parameter. In our representation the diagonal
trix elements correspond to the electronic~crystal-field! en-
ergy and the Jahn-Teller energy, whereas the off-diago
matrix elements correspond to the pseudo-Jahn-Teller
pling. One can reduce the problem of 636 matrix to three
232 matrices. The splitting resulting from the Jahn-Tel
effect in the absence of the4T1(a) and 4T1(b) mixing is
given by

D05~a2b!Qv , ~A2!

and is the same in both the4T1(a) lower and the4T1(b)
upper state. When the mixing is included, one obtains
lowing splittings:

Du5D01D ~A3!

and

D l5D02D, ~A4!

for upper and lower state, respectively, where
a-

al
u-

r

l-

D50.5@AE214~6B1aQv!22AE214~6B1bQv!2#
~A5!

One can neglect theE energy in comparison to 6B. Thus, for
reasonableQv one obtains

D5~a2b!Qv . ~A6!

Considering relations~A2!–~A6!, one can easily see wh
the splitting almost disappears in the4T1(a) state, whereas
the splitting of the4T1(b) state increases about two time
The same effect takes place for the doublet states. Howe
here the situation is more complicated since for both the2T1
and 2T2 states the pseudo-Jahn-Teller matrix is 535.

One should point out that we have a different situation
the case of the pseudo-Jahn-Teller in the4T2 ,4T1 states that
are not coupled by any Tanabe-Sugano matrix and the in
splitting between them is 11B or 10Dq13B depending on
which state the4T1(a) or 4T1(b) is considered. In this case
additional splitting induced by the pseudo-Jahn-Teller eff
is

D51/E~a22b2!Qv
2 , ~A7!

which is small compared to the Jahn-Teller splitting,D0
er.
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