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Nonradiative processes in the Zp_,Co,Se system
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We report the photoacoustic investigations of the Zi£o,Se system. The qualitative analysis of possible
nonradiative deexcitation paths in the®Cdon is performed. It is shown that the pseudo-Jahn-Teller effect is
responsible for accumulation of the electron-lattice interaction energy in the I6Westate. As a result, the
effective path for nonradiative deexcitation of the system is opdigail63-18209)01736-1

[. INTRODUCTION absorption band, has not been observed. The sharp lines at
2.36 eV, 2.43 eV, and 2.54 eV, observed in the low-

The purpose of this paper is the interpretation of the photemperature absorption spectfand the one at 2.36 eV de-
toacoustic spectrum of Zn,CoSe and the qualitative tected in the emissidwere attributed to transitions to the
analysis of possible nonradiative deexcitation paths in thétates belonging to the mixed d{,d°) electronic
c* ion. configuration’

A Co atom has nine valence electrons in thif&s2 con- The electronic energetic structure of the *Coion is
figuration. When it replaces the Zh ions in the zincblende _strongly influenced_ by the_electron-latti_ce inte_raction_, which
ZnSe lattice, the tws electrons are shared with the Se atoms'® rslated to the interaction of the ligand ions W'th the
to form tetrahedraly coordinated bonds. The internal enerCO" " d electrons cloud. In that paper we have considered

getic structure of the Cd ion is determined by the remain- the coupling of the seved electrons system with the full
: . . symmetrica, vibrational mode and to the two-dimensioral
ing sevend-electrons, which are influenced by the crystal

field of tetrahedral symmetry. The electronic energy IeVelswbratlonal mode. We have performed the calculations in the

T . o strong crystal-field scherfi@nd the results have been visu-
scheme of the G ion is determined within the framework g cry

h Hfield theorv™® by th | t th h alized in the form of several configurational coordinate dia-
of the crystal-field theory™ by the values of the Racah pa- grams, which represent separately the electron system

rametersB and C, by. the (':rystal—fielid splitting parameter coupled to thea; mode only, and then to themode. In the
10Dq and by the spin-orbit interaction parametef The latter case the calculations also included the Pseudo-Jahn-
next parameter that determines the transitions’ line shape igg||er coupling, which results from coupling between differ-
the electron-lattice coupling#iw. According to the spin- ent states off symmetry via the distortion of the symme-
selection rules, in the energy region below the ZnSe fundatry. From these configurational coordinate diagrams we have
mental energy gap one expects to observe three strong abstimated the energy barriers for the nonradiative processes.
sorption bands related to the spin-allowed transitions fromAs a particular, quite fundamental result, we have found that
the quartet*A, ground state to the quartéT,, *T,(a), and the existence of the Jahn-Teller effect, the Pseudo-Jahn-
4T.1(b) final states for increasing photon energy. In the cas@eller effect, and the coupling by th® Racah parameter,
of 4T, states we have indicated them by a and b instead ofause an effective exchange of the Jahn-Teller relaxation en-
the respective atomic quartet statds™'and “ P” since they  ergy between the coupled states. It has been found that this
are completely mixed by the off-diagonal part of the Tanabe-<effect leads to the accumulation of the lattice relaxation en-
Sugano matrix, equal toBs Many weak absorption bands ergy in the lowesfT; state and, therefore, it reduces signifi-
have been also observed and assigned to final doublet stateantly the barrier for the nonradiative process between them
The energies of the loweE, 2T,, and °T, doublet states and the excited stat&T,(a).
fall between the*T,(a) and*T,(b) quartet states. Specifi- In Sec. Il we describe the photoacoustic experiment. In
cally the 2T, state, which is just above tH&(b) state, can Sec. lll we discuss the configurational coordinate diagrams.
produce significant absorption due to large spin-orbit mixingln the Appendix we discuss the analytical result obtained for
with the close quartet levél. the simplified case of théT,(a) and“T,(b) states coupled

As far as the luminescence is considered, the IR emissioto the e mode.
related to the*T,— %A, transition, which accompanies the
respective absorption barfth,—*T,, can be detectetIn
the last decade also the emission from the next excited state
4T,(a) has been observ8as far as we know, the emission Photoacoustic spectroscopy is a technique, which allows
from higher excited state$E and 2T, doublets or &T;(b) the measurement of absorption coefficients by detection of
quarte}, which would be excited only by théA,—4T,(b) the heat generated in a sample by the absorption of modu-

II. EXPERIMENT
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lated light. In particular, using a microphone, the acoustic

signal generated in a closed cell by the periodic heat flow 2 I’

from a solid sample to the surrounding gas can be measured zzzT
With respect to other conventional techniques, the photoa-  5u000 - 57
coustic spectroscopy presents some advantages as, for e T zE‘
ample, the possibility of changing the optical density of the ~ T,
sample without any destructive preparation, simply varying 'g 18000 - T1gb)1
the chopping frequency of the absorbed light. Since the pho-Z N T,

>
toacoustic signal is related only to that fraction of absorbed £ 14000
energy which is converted into heat photoacoustic spectros- §
copy, provides information on nonradiative deexcitation pro-
cesses. 5000 -
According to the Rosengwaig and Gersho thebiry the
case of thermally thick solid&he thermal diffusion length
s is shorter than the sample thickngsthe photoacoustic
signal is approximately proportional to the absorption coef- configurational coordinate , Q
ficient « if the condition 1> u, is satisfied. Wheny ™1
< us the signal becomes independent of the sample opticain
response and the photoacoustic spectra show saturation.
Our experimental set dp*! consisted of a 500-W Xe
lamp coupled with &/4 Jobin-Yvon monochromator and a

mechanically chopped at 20 Hz photoacoustic cell Wlthharmonic approximation as a potential proportional to the

Bruel and Kjaer microphone detelcltor, a lock-in amphﬂernsum of the squares of the symmetrized displacements of the
and a computer-controlled acquisition system. The experi:

ments were performed at room temperature and the enerd9"S: The electron-lattice interactioH_ 511, Was taken into
P P Decount in the linear approximation. The electron lattice cou-

range from 0.6 eV to 3.0 eV was covered with an energy ling was defined by the lattice relaxation energy, . For
resolution of about 20 meV. In order to eliminate the contri—p 9 y Yel -

bution from the spectral response of the optical apparatu§he couplmg to the breathing modg,| is re!ated tSho,

the photoacoustic signal measured for the sample was dehereS|s the Huang-Rhys pa_lrame_ter ahid is the phonon
vided by the photoacoustic signal measured for a completel nergy. In the case of couplm_g W'.th themode E,| was
absorbing material such as graphite. Each spectrum was n lated to the Jahn-Teller stgbll|zat|qn eneE;.lyT. AS pre-
malized to the saturation value. Single crystals Ofsented further, we can consider the_lnteract|0r_1 with different
Zn;_,Co,Se were grown by the chemical transport methodmOOIeS separately without any loss in generality.

with I, as a carrier medium. The transition metal concentra-

FIG. 1. Configurational coordinate diagram of the?€don in
Se describing the system coupled to the full symmetréaal
mode. Parameters of the diagram are given in the text.

The lattice HamiltonianH,,; , has been considered in the

tions x=0.001 andx=0.015 were determined by means of A. Coupling to the a; mode
x-ray fluorescence spectroscopy. In the case of coupling to the breathing mode, the matrix
elements of the electron-phonon interaction have been con-
. CALCULATIONS AND DISCUSSION sidered as the diagonal part of the Hamiltonian in the form
To obtain the energy structure of our system we have Hoa=n PShw 0Q, )

considered the Hamiltonian

whereQ is the configurational coordinate amddepends on
Hiot=Hct+ Hsot Hiattt Hevatt s (1) the electronic configuration according to the formula

e* "t3". Since the ground statA, belongs to the elec-
whereH.; and H, are the electronic parts of the Hamil- tronic configuratiore®t® and the first excited state belongs to
tonian describing the crystal-field and the spin-orbit interacthe electronic configuratioe®t*, Shw can be estimated
tions, respectivelyH,, is the lattice potential energy and from the experimental value of the lattice relaxation energy
He.att IS the electron-lattice interaction. The crystal field andof the first excited statéT,. In our calculations we used
the spin-orbit parts of the Hamiltonian have been valuated b w=130 cm'!, following the value suggested by
the Racah parameterB,and C, the crystal-field parameter, Radlinski® for the electron-lattice coupling energy in the
10Dq, and the spin-orbit parameter We have used the 4T, state €3* electronic configuration The details con-
same set of values for these parameters as those used by Wsaning the derivation of the one-dimensional configurational
and Baranowskd. Thus, 10q=3500 cm?!, B coordinate diagrams are presented elsewheiEhe one-
=590 cm!, C=1970 cm !, and the spin-orbit interaction dimensional configuration coordinate diagram for thé Co
parameteg=375 cmi 1. The energetic structure of the sys- is presented in Fig. 1. We present here only the states with
tem has been obtained by means of the Tanabe-Sugano menergies below 30000 cm.
trix calculated in the strong field approximatfoand the As far as the ZnSe:Co system is considered both theoret-
spin-orbit interaction Hamiltonian derived by Runciman andical calculation¥® and the experimental photoconductivity
Schroder® We have represented four possible electronicmeasurementsyield the energy of the ground state of the
configurations of the @ electrons in the tetrahedral crystal Co®" ion about 2.3 eV below the bottom of the conduction
field by the 120 [SLJM) orbitals?® band @° and an electron in the conduction ban@herefore,
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it is not necessary to take into account the influence of the
conduction band; the transitions below this energy are ana
lyzed. Thus, one can consider thé configurational coordi-
nate diagram presented in Fig. 1 as a good approximation o “
the energetic structure of the system.

Let us focus on the calculation of the radiative transition
probabilities resulting from this diagram. To get the diagram
presented in Fig. 1 we have diagonalized the Hamiltonian,
which is in the form of a 3% 39 matrix with the spin-orbit
interaction that mixes the states of different spins. Thus, eact
electronic manifold in the diagram is represented by the elec-
tronic wave function given by the linear combination of the

doublet (indicated as?¢) and quartet(indicated as“¢) 6 ' 5000 ' 10000 ' 15000 ' 20000
components? 4
Energy (cm )
_ (4) 4 (2) 2 FIG. 2. The reproduced absorption and photoacoustic signal in-
Q)= a + a . ; o i
¢(A.Q) E wm( Q) em(Q) ; m (Q)7en(d) tensity related to the &6 ion in ZnSe. Calculated transition prob-

(3) abilities are represented by the vertical lines. Curves correspond to

the photoacoustic spectra of Zn,Ca,Se forx=0.015(solid curve
The sets of coefficienta’s) anda'?) obtained from the di- andx=0.001(dashed curve

agonalization represent the contributions of the quartet-mth
and doublet-nth orbitals to the final state. In Eq.(3) 9  tic spectra can be attributed to borrowing the oscillator
represents the electronic coordinate aRdrepresents the strength from the central quartet state. One has to notice that
ionic coordinate, respectively. our calculations of the radiative transition probabilities are in
To relate the energy of the absorption line to the respecagreement with the results obtained by Kleinall’ for Co
tive final-state electronic manifold we considered the verticaln znS and ZnSe.
Frank-Condon transitions that correspond to the maxima of As far as the nonradiative relaxation processes are consid-
the absorption bands. Since the initial state for the absorptiogred we have assumed that they are related mainly to the
is the ground electronic manifold with the minimum f@  internal conversion transitions for which the kinetics and se-
=0, these transitions take place f@=0. Since the contri- |ection rules have been described by Grinberg and
butions of doublet states to the ground state are negligibleviandelis!®!° In general, the internal conversion between
the transition probability of each absorption line is approxi-two electronic manifolds can take place if they are close
mately proportional to the following sum: enough and mixed by the specific interaction. In our case,
this mixing occurs mainly due to the spin-orbit interaction.
Even a short glance at the diagram in Fig. 1 allows us to
predict that the system excited to th€,(b) state very easily
relaxes nonradiatively to the lowe; and 2T, electronic
Note that under such assumption we get the same histénanifolds, which are very close in energy and strongly
grams representing the transition probabilities for any vibracoupled by the spin-orbit interaction with tH&, (b) state. It
tional mode with which the system is coupled. seems that also further nonradiative relaxation to’hgand
In order to obtain the real absorption, one has to relate th&E states is quite probable. The nonradiative transitions from
specific band shapéGaussian, Pekarian, or any othéo  the °E state to the lower*Ty(a) state are much less prob-
each transition . One expects to reproduce the real line shagdle. Therefore, there is no serious reason not to expect the
by consideration of phonon repetitions resulting from cou-existence of the radiative transitions from thE state. Al-
pling to different symmetry modes. However, we do not anathough the radiative’E—*A, transition is spin-forbidden,
lyze our experimental spectra in this way since they do nothe nonradiative internal conversion to tHd,(a) state
contain enough details. The main purpose of calculationseems to be still not effective enough to quench it. One can
presented here is the analysis of possible contributions of theee from the diagram in Fig. 1 that tH&,(a) manifold is at
higher excited doublet states to the absorption bands. Thiie sameor even smallérdistance from the'T, electronic
results of our calculations, presented as vertical bars, whoseanifold as?E from 4T,(a). Additionally, the states of the
lengths are proportional to the transition probabilities, aresame spin are mixed by the spin-orbit and electron-phonon
compared with the experimental photoacoustic spectra iimteractions, whereas the states of different spins are mixed
Fig. 2. We have obtained good coincidence between the twonly by the spin-orbit interaction. The spin-selection rule
strong photoacoustic peaks and the calculated probabilitidsolds for the optical as well as for the internal-conversion
of the “A,—4T,(a) and*A,—*T,(b) transitions. The en- transitions. For this reason the nonradiative process between
ergy of the*A,— T, transition falls below the lowest pho- the states with the same sgifiT;(a)—“T,] should be more
ton energy available in our experiment. Also, the doubletprobable than between a doublet and a quartet ft&end
states close to th&T,(b) state, i.e., théT; and °T, states  “T,(a)]. As a consequence, the ratio of the radiative to non-
above it and the doublef&\; and ?T, just below it, contrib-  radiative rate should be approximately the same for fite
ute to the absorption spectrum. Actually, the tails near the-*T,(a)] and[*T,(a) —*T,] electronic manifolds. Contrary
absorption bandA,— *T,(b) (see Fig. 2in the photoacous- to this fact, only the luminescence from th&;(a) state and

PV=§ |a®(Q=0)|%. 4)
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not that from the higherE state has been observed. We \ S Mh—r
have to conclude that the approximation of considering only ~ 2% - \ V_Y‘l/{//// .
the coupling to the full symmetrical lattice mode cannot ex- - A N

plain this discrepancy. 20000

B. Coupling to the € mode. Jahn-Teller and

15000 -
pseudo-Jahn-Teller effects

To take into account the coupling to tkemode one has

. . . . . . 1 -
to consider the electron-lattice interaction Hamiltonian, 0000

energy (cm™)

A% oV 5000 |
He—latt(Qu le) = (9_QuQu+ (9_QVQV ) (5)

where Q, and Q,, are the normal coordinates representing
the two-dimensional mode af symmetry.

As mentioned above, we have used a basis of|$20M)
states. Actually due to the Kramer degeneration this numbe 54 |
has been reduced to 60. The matrix elements of electron
lattice Hamiltonian (5) have been calculated using the
Clebsch-Gordon coefficients tabulated by Kosterl?° for 20000 -
thirty two point groups. To get all possible couplings we
have followed the same scheme as that used by Uba an—
Baranowsld for the case of {T;,*T,)* e Jahn-Teller cou-
pling. According to the group theory, only tig ,T, states,
and separately thE states, thee with A ; states, and th&
with A, states, are coupled via tkemode. In general, one
should introduce different coupling constants for each pair of
states mentioned above. For sake of simplicity we have as
sumed that all states dfsymmetry are coupled by the same
constant, related to theT(,T,)* e Jahn-Teller stabilization ol

energy by the relation (b) configurational coordinate , Q,

15000 -

10000 -

energy {(cm

5000

FIG. 3. Configurational coordinate diagram of the energetic
V= \/FH , (6) structure of tetrahedrally coordinat_ed To v_vhich i_nclude_s the
Jahn-TellerT* € effect. The calculations, which omit and include
independently if we deal witli;-T;, T;-T», or T,-T, pairs. the spin-orbit in.teraction are presented .in pari@snd(b), respec-
The states o symmetry and thé& and A pairs have been tively. In the diagrams the cross sections along @ axis are
assumed to be not affected by thdattice mode; thus, the presented.
respective coupling constants have been assumed to be equalTo take into account only the Jahn-Teller effect we con-
to zero. Such an assumption is mainly related to the fact thasidered the quasidiagonal Hamiltonian that includes only the
for Co?* in ZnSe, the value of the electron-lattice coupling matrix elements of the electron-lattice coupling of individual
can be derived only for th& states from the analysis of the quartets and doublets. All matrix elements that couple the
absorption and emission bands. Thus any value we could ussmponents of different states are ignored. The results of
for the E* € coupling is completely arbitrary. The value zero these calculations are presented in Figg) &nd 3b), re-
is as good as any other. Since most of the states have eithgpectively. In both figures we show the cross section of the
T, or T, symmetry, we believe that most of the phenomenapotential-energy sheets along tk, axis. One can notice
related to nonradiative processes can be described by consitifat the shape and the splitting @,=0 of the adiabatic
ering only the T states. Even if our estimation of the potential energies of the second excited tefifi;(a), are
electron-lattice coupling in thE states is wrong, it does not different from those obtained by Uba and Baranoviskhis
influence much our final results. To be in coincidence withdifference can be explained considering that we have taken
calculations performed for coupling to the breathing modento account the 120 components of all possible states of the
and also with the calculations performed by Uba andd’ electronic configuration instead of 12 components corre-
Baranowsk? we have assumed that the Jahn-Teller stabilisponding to the*T,(F) state only as done by Uba and
zation energy is 425 cnt. Baranowsk? In fact, the *T; state cannot be related to a
In order to show how particular interactions influence theparticular ionic quartetF or P, since they are completely
configuration coordinate diagram we performed the calculamixed by the strong interaction represented by the matrix
tions taking only account of the Jahn-Teller effect, and therelement equal to B.*
we included the pseudo-Jahn-Teller coupling between the As far as the nonradiative processes are considered, one
different states off symmetry. In both cases the spin-orbit can see that since we assumed the medium electron-lattice
interaction was at first neglected and then taken into accountoupling constantthe same for each stateve still cannot
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amount of splitting of theé*T,(b) state is much larger than in
the case when the Pseudo-Jahn-Teller effect is neglected. In
the case of théT, and T, states the changes are even more
dramatic. All splitting cumulates in the loweéT; and 2T,
states, whereas the higher excited states are less splitted. Ac-
tually, the last effect is responsible for a significant decrease
of the barrier for nonradiative processes betweerftheand
4T,(a) stategsee Figs. @) and 4b)]. Therefore, the prob-
ability of nonradiative processes in tR& and 2T, doublets

has to be quite large and certainly quenches the lumines-
cence. Although the effect of accumulation of the electron-
lattice interaction energy in the particular states seems to be
queer it is a simple consequence of superposition of the in-
terstates electron-lattice coupliidne Pseudo-Jahn-Teller ef-
fect) and electrostatic interaction given by the Racach matrix
B. To present this phenomena in a clearer way we considered
separately the simplest case of coupling betw&By(a) and
4T,(b) states in the Appendix.

25000 -

20000 [

15000

10000

energy (cm™)

5000

25000

20000

IV. CONCLUSIONS

We have discussed the electron-lattice coupling on the
electronic structure and radiative and nonradiative processes
in Co** in ZnSe. We have explained the lack 6E-*A,
emission by strong decrease of the energy barrier for nonra-
diative transitions due to the accumulation of the electron-
lattice relaxation energy in théT, state. It has been shown
that this effect is caused by the strong pseudo-Jahn-Teller
coupling in the number ofT; and 2T, states. It is known
that the pseudo-Jahn-Teller effect changes the curvature of

(b) configurational coordinate , Q, the adiabatic potentials in the upper and in the lower mixed

states. An example, that concerns however only the pseudo-

FIG. 4. Configurational coordinate diagram of the energeticJahn-Teller interaction without Jahn-Teller splitting has been
structure of tetrahedrally coordinated To which includes the given by Opik and Pryce for the system of two states ac-
Jahn-TellerT* € effect and the pseudo-Jahn-TellEre effect. The  cidentally degenerated. The case presented in this paper is in
calculations, which omit and include the spin-orbit interaction, arefact an extension of the Opik and Pryce example. The main
presented in panel@) and (b), respectively. In the diagrams, the difference is that we have taken into account both the
cross-sections along the,Qixis are presented. pseudo-Jahn-Teller and the standard Jahn-Teller effect. Con-
sidering the Tanabe-Sugano matrices for any system, one can
ee that the situation like that presented ftF,(a) and

15000

10000

energy (cm™)

5000

evidence the effective path for nonradiative relaxation to th

lower electronic manifolds, which can explain the lack of 4T (b) is rather typicaﬁ Often. one has the relative small

emission from the’E state. . L
. . . values of the diagonal Hamiltonian and large values of the
The situation changes dramatically when the Pseudo g 9

. : ; off-diagonal matrix element®f the order of a fewB or even
Jahn-TgIIer effept IS ponsuderqd. In F!gs{a)4and 4b) the a, few C Racah parametersThis overlook leads to a quite
respective configuration coordinate diagrams are present

hout and with th . bit int i vely, T neral conclusion concerning the predictions of the strength
without and wi € spin-orbitinteraction, réSpECcVely. 10 o jann Teller effects in the transition-metal complexes. It is

r\7ery probable that pseudo-Jahn-Teller coupling, usually not

Lattlce g(.)flfjp“n% HlarTItoman th‘? I'gdu_l‘_jﬁs thet cou.plmlg be'considered for these systems, is in fact very important. It can
Vmeeenn Fi£|] e;g)nisecﬁﬁé%rgfecrjn a&g cz.n seee ?r:(;tur\?vitlﬁ rceigreecrfne one of the reasons that, although the crystal-field approxi-
: : C ’ ation seems to work quite goddven quantitativelyas far

to Fig. 3a), the structure of splitting does not change, but the, q goe d ly

I fitati h ¢ i {itv of th I.as the energetic structure is considered, it almost never pro-
arge quantitative changes as far as the quantity of the spligqeg 5 good prediction for the strength of the electron-lattice
ting in different states take place.

S S . coupling.
Considering the similarities and differences between the pling

diagrams presented in Fi§ a aswell as Fig. 4b) and Figs.
4(a) and 4b) one can notice that the structure and the quan-
tity of splitting of the T, state did not change. This is ex-
pected, since this state is not coupled with other states by the This paper was supported in part by the Polish Committee
Racah parameters. A more complicated situation occurs ifor Scientific Research, Grant No. 2P03B003 13. One of us
the case of thédT,(a) and*T,(b) states. Here the amount of (M.G.) acknowledges the University of Rome “La Sapi-
splitting of the T, (a) state is almost negligible, whereas theenza” for a two-month stay as Visiting Professor.
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APPENDIX tively easy to consider théT,(a) and *T,(b) pairs. The
electron-lattice coupling and the crystal-field Hamiltonian
It is interesting to investigate a phenomena of exchange dor this system can be represented by the following &
the Jahn-Teller relaxation energy in more detail. It is rela-matrix:

aQ,
0 BQy
0 0 BQy
6B+ aQ, 0 0 E+aQ,
0 6B+ BQ, 0 0 E+BQ,
0 0 6B+ 8Q, 0 0 E+B8Q,, (A1)
|

where a=V and 8= —0.5/,2 E=10Dq— 9B, whereB is A=0.5VE?+4(6B+aQ,)?— VEZ+ 4(6B+ BQ,)?]
the Racah parameter. In our representation the diagonal ma- (A5)

trix elements correspond to the electroficystal-field en- ne can neglect the energy in comparison tod Thus, for
ergy and the Jahn-Teller energy, whereas the off—diagonaiasom:lbleQ one obtains ’
'

matrix elements correspond to the pseudo-Jahn-Teller cou-

pling. One can reduce the problem ok®& matrix to three A=(a—B)Q,. (AB)
2X 2 matrices. The splitting resulting from the Jahn-Teller o . .

effect in the absence of th&T(a) and*T,(b) mixing is Considering relationsA2)—(A6), one can easily see why
given by the splitting almost disappears in th@,(a) state, whereas

the splitting of the“T,(b) state increases about two times.
The same effect takes place for the doublet states. However,
Ap=(a—B)Q,, (A2)  here the situation is more complicated since for both4hig

. . 4 and T, states the pseudo-Jahn-Teller matrix iz 5.
and s the same in bath .théTl(.a). lower and the Tl(.b) One should point out that we have a different situation in
upper state. When the mixing is included, one obtains fol

lowi littings: the case of the pseudo-Jahn-Teller in fflg T, states that
owing Spiitings. are not coupled by any Tanabe-Sugano matrix and the initial
splitting between them is Blor 10Dq+ 3B depending on

Ay=AgtA (A3)  Which state the‘_‘Tl(_a) or *T,(b) is considered. In this case,
additional splitting induced by the pseudo-Jahn-Teller effect

and is

A=Ag—A, (A4) A=1/E(a?- B?)Q2, (A7)
for upper and lower state, respectively, where which is small compared to the Jahn-Teller splittidg,
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