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Coexistence of Jahn-Teller distortions in anOh symmetry:
A general view including the spin-orbit interaction
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E. Mihóková and K. Pola´k
Institute of Physics, Czech Academy of Sciences, Cukrovarnicka´ 10, 162 00 Prague 6, Czech Republic

~Received 20 January 1997!

The coexistence of distortions of different symmetry due to the quadratic Jahn-Teller interactions in an
octahedral complex is revisited. Analytical expressions for the position and energy of the different stationary
points are given; afterwards the influence of the spin-orbit coupling is numerically evaluated for the overall
system (3T11

1T1), which is encountered in the excited configuration ofns2 impurities. An evaluation of the
magnitude of the Jahn-Teller effect for 6-, 8-, and 12-coordinated complexes is performed according to the
angular overlap model. Particular attention is paid to parameter values consistent with the eight-coordinated
CsX:Tl1 systems (X5Cl, Br, I!. The coexistence of trigonal minima with tetragonal or orthorhombic ones is
found for a rather wide range of parameter values with the minima better pronounced in the singlet state1T
even for high values of the spin-orbit coupling.@S0163-1829~97!00521-3#
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I. INTRODUCTION

The static Jahn-Teller effect1 ~JTE! in a triply degenerate
stateT of anOh complex interacting with vibrational mode
of eg and t2g symmetry has been extensively studied
several years. A strong motivation has been to provid
theoretical explanation for the experimentally observ
structure of absorption and emission bands of alkali ha
phosphors doped with Tl1-like impurity ions ~see, e.g., the
review articles in Refs. 2 and 3!. The theoretical model base
on the JT effect was introduced by Fukuda.4

In the case of linear JT coupling it has been shown5 that
tetragonal or trigonal stable distortions are possible acc
ing to the relative magnitude of the coupling constantsb
(eg modes! andc (t2g modes!; moreover, orthorhombic sta
tionary points exist on the lower-energy surface, but they
never minima. The extension up to second-ord
interactions6,7 showed that orthorhombic points may becom
minima.

When the spin-orbit coupling is considered for the over
system (3T1u1

1T1u), it was shown
8,9 that, if a strong differ-

ence in curvature is assumed between the ground and ex
adiabatic potential energy surfaces~APES’s!, the JT cou-
pling to eg modes only can produce two kinds of coexisti
tetragonal minima on theG4

2 (3T1u* ) APES. In a more gen-
eral theoretical investigation in the five-dimensional space
tetragonal and trigonal coordinates it was demonstrated10,11

that not only can orthorhombic minima exist, but they c
coexist with tetragonal ones for plausible values of the
evant parameters and for sufficiently low values of the sp
orbit ~SO! coupling constant. Moreover, tetragonal minim
can coexist with trigonal ones for similar values of the p
rameters. Further improvements were made by including
effect of anharmonicity12 on theT^ (eg1t2g) JT problem.
The performed analysis showed that the linear JTE toge
with anharmonicity may cause the orthorhombic points
550163-1829/97/55~21!/14257~8!/$10.00
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ported in Refs. 5 and 13 to become minima as well as allo
ing minima of different symmetry to coexist. Thus, the i
clusion of anharmonicity leads to results analogous to th
obtained with the quadratic JTE.

A rigorous analysis of the quadratic JTE terms, also
volving the totally symmetrical vibrational modeQ1, ap-
peared in Ref. 14. It was limited to consideration of line
and bilinear terms containingQ1 and the results confirmed
the possibility of the coexistence of tetragonal and trigo
minima, while the orthorhombic points can never beco
minima in this framework. In Ref. 14 there was also made
estimate of JT coupling constants for real physical syste
namely, KCl:Tl1, KBr:Tl 1, KI:Tl 1. Based on this estimate
the coexistence of the different kinds of minima on APES
was then studied numerically. However, the role of the
interaction, which has a non-negligible effect on the poten
shape, especially in the case of Tl1, was only glimpsed at.

From this discussion it can be seen that there is still
complete study of the APES’s of the configuration conta
ing both triplet 3T1 and the singlet

1T1 states in multidimen-
sional space that includes all tetragonal and trigonal vib
tional modes together with the spin-orbit interaction.~We
henceforth drop the suffixu on 3T1 and

1T1 for simplicity.!
Moreover, recent experimental results on Tl1 isolated

centers built in CsCl, CsBr, and CsI crystals15,16 with bcc
crystal structure as well as those obtained for KMgF3:Tl
crystals17 with perovskitelike structure would require an e
tension of the analysis to an 8 or 12 coordination around
central ion. In such an arrangement additional vibratio
modes ofeg andt2g symmetry occur. Nevertheless, a rece
study of the T^ (e12t2) JT problem for tetrahedra
clusters18 showed that the addition of an extrat2g mode does
not introduce any extra minimum. A similar result is als
valid for the T^ (2eg12t2g) problem in 12-coordinated
Oh complex so that the JT analysis in 8 and 12 coordinat
14 257 © 1997 The American Physical Society
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can be easily reduced,mutatis mutandis, to the case of 6
coordination.

In the present work we report the results of a gene
study of the APES’s in the excited states of luminesce
centers for the overall problem (3T11

1T1) paying particular
attention to the 8-coordinated arrangement, namely, for
Cl:Tl, CsBr:Tl, and CsI:Tl, whose phenomenology has n
been completely clarified yet. We considered both linear
quadratic JT terms that express coupling to the differ
modes ofeg andt2g symmetry, together with spin-orbit in
teraction, by developing the analytical study as far as p
sible and then proceeding by numerical calculations.

II. GENERAL THEORY

A. Electron-lattice interaction

The Hamiltonian of the electron-lattice interaction can
written as10
l
e

s-
t
d
t

s-

Hel5W1V

5$2~3!21/2@2bQ212beeQ2Q31btt~Q4
22Q5

2!#

3«e2~3!21/2@2bQ31bee~Q2
22Q3

2!

1~3!21/2btt~2Q6
22Q4

22Q5
2!#«Q2~cQ41cttQ5Q6!

3tj2~cQ51cttQ4Q6!th2~cQ61cttQ4Q5!tz%

1$ 1
2 @Ke~Q2

21Q3
2!1Kt~Q4

21Q5
21Q6

2!#I%, ~1!

whereQi are the symmetry coordinates transforming aseg
(Q2, Q3) andt2g (Q4, Q5, Q6); b, andc are the linear and
electron-lattice coupling parameters;bee , btt , and ctt are
the quadratic ones;«e , «Q , tj , th , andtz are 33 3 matri-
ces based on the orbital triplet functionsux&, uy&, and uz&;
I is the unit matrix; andKe andKt are the elastic constant
for the eg and t2g modes, respectively. Here theeg3t2g
sidered;
TABLE I. Coordinates of stationary points in hexacoordinated geometry including quadratic JT effect. Only one distortion is con
the others are obtained by applying symmetry rules.

Symmetry D4h D3d D2h
(1) D2h

(2) C2h
(1) C2h

(2)

Q2 0 0 0 0 0
bSKe1

2

A3
beeD

3~Ke
22

4
9bee

2 !

Q3 22b

A3Ke22bee

0 b

A3Ke1bee

25b

4A3Ke25bee

2b

A3Ke2bee

bS Ke2
2

3A3
beeD

A3~Ke
22

4
9bee

2 !

Q4 0 22c

3Kt14ctt

0 Q̄0 a QT~C2h!
b 0

Q5 0 22c

3Kt14ctt

0 Q̄0 a QT~C2h!
b 0

Q6 0 22c

3Kt14ctt

3c

3Kt22btt

Q̄T
0 c 1

A6
QT~C2h!

b
22A2c

3Kt22btt

E~0!
22b2

3Ke22A3bee

22c2

3Kt14ctt

ED1
~0! d ED2

~0! e — —

EQDf 3 4 6 6 12 12
PMg

y y yh yh n n

a Q̄05
(A6/4)c@2Kt2

5
6btt1

1
4ctt#

( 14ctt2
5
12btt1Kt)(

5
6btt1Kt)2

3
4ctt

2
.

bQT(C2h)5 2

2
3c(

2
3btt1Kt2

1
3ctt)

( 23btt1Kt)(2
1
3btt1Kt1

1
3ctt)2

8
9ctt

2
.

c Q̄T
05

(c/4)@2Kt1
5
12btt1

11
4 ctt#

( 14ctt2
5
12btt1Kt)(

5
6btt1Kt)2

3
4ctt

2
.

d ED1
(0)5

2b2

2A3(A3Ke1bee)
2

3c2

2(3Kt22btt)
.

eED2
(0)5

225b2

8A3(4A3Ke25bee)
1
c

2
(A6Q̄01Q̄T

0)1
A6
2
cttQ̄

0Q̄T
0) 1(Kt2

5
12btt1

1
4ctt)(Q̄

0)21( 12Kt1
5
12btt)(Q̄T

0)2.

fEQD: number of equivalent distortions for each set.
gPM: possibility of becoming minima.
hAt the second order only.
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TABLE II. Linear Jahn-Teller coupling constants according to AOM.

Coupling
constant 6-coordinated 8-coordinated 12-coordinated

b — 4

3

A3
R

~es2ep! 2
A6
R

~es2ep!

b8 ]es

]R
2

]ep

]R

—
2

1

A2 S ]es

]R
2

]ep

]R D
c — 2A2

3 S ]es

]R
2

]ep

]R D S ]es

]R
2

]ep

]R D
c8 2

R
~es2ep!

4

3R
~es2ep! 2

2

R
~es2ep!
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terms are omitted as they do not change the results qua
tively and their effect has been discussed in Ref. 7.

Following the Öpik-Pryce procedure5 we express the or
bital electronic state asa1ux&1a2uy&1a3uz&. ThenHel oper-
ates on the column matrixa whose components area1, a2,
anda3 and the coordinatesQi

0 and the eigenvaluesEi
0 of the

stationary points are given by the solutions of the system

ā
]W

]Qi
a1

]V

]Qi
50 ~ i52, . . . ,9!,

Hela5Ea, ~2!

(
k51

3

ak
251 where āa51.

The results of the calculations are summarized in Tabl
Some of the stationary points and energies have already
mentioned in Ref. 10, but we report them here for the sak
completeness. All the final symmetries given in Table I a
in accordance with the procedure described in Ref. 19, u
the concepts of kernels and epikernels.20–22 Applying that
procedure one can derive which symmetries are acces
by activating specific JT-active vibrational mode.

Equation~1! is valid for 6-coordinated octahedral com
plexes, but it can be easily extended to both 8 and 12 c
dination by adding further symmetry coordinatest2g ~8 co-
ordination! and t2g1eg ~12 coordination!. For example, if
Q4, Q5, and Q6 are three components for the stretchi
t2g
s mode in an 8-coordinated complex, the additional co
ponents of the bendingt2g

b mode (Q7, Q8, Q9) enter the
Hamiltonian in terms analogous to those ofQ4, Q5, and
Q6, only with the different coupling constants. These n
coupling constants will be indicated by a prime (c8, ctt8 ,
etc.! in the following. Furthermore, the relationships report
in Table I remain still valid, if the force and coupling con
stants are related to ‘‘effective’’ normal coordinates that
the linear combination of the original symmetry coordinat
ta-

I.
en
of
e
g

le

r-

-

e
.

B. Full Hamiltonian

In order to obtain the equations of the potential ene
surfaces relative to the states of the sp(a1g t1u) electronic
configuration one has to diagonalize a 12312 matrix

H5H01Hel1z~ lW1•sW11 lW2•sW2!, ~3!

referred to the basis functions ofH0 ~which includes the
exchange energyG):

1T1 : uX1S0&, uY1S0&, uZ1S0&,

3T1 : uX2Si&, uY2Si&, uZ2Si&, i5x,y,z. ~4!

In the above equation,X6 , Y6 , andZ6 are the symmetrized
and antisymmetrized orbital functions given by

X65~1/A2!$a1g~1!t1u~2!6t1u~1!a1g~2!%, etc.,

andSx , Sy , Sz , andS0 are triplet and singlet spin function
given by

Sx52~1/A2!$a~1!a~2!2b~1!b~2!%,

Sy5~ i /A2!$a~1!a~2!1b~1!b~2!%,

Sz5~1/A2!$a~1!b~2!1b~1!a~2!%,

S05~1/A2!$a~1!b~2!2b~1!a~2!%.

The full Hamiltonian matrix written in this basis is
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H51
0 21 0 0 0 21 0 0 0

Hel
3 1 0 0 0 0 0 0 0 2 i

0 0 0 1 0 0 0 i 0

0 1 0 0 0 0 0 0 i

21 0 0 Hel
3 0 0 21 0 0 0

0 0 0 0 1 0 2 i 0 0

0 0 1 0 0 0 0 2 i 0

0 0 0 0 0 1 Hel
3 i 0 0

21 0 0 0 21 0 0 0 0

0 0 0 0 0 i 0 2 i 0

0 0 2 i 0 0 0 i 0 0 Hel
1

0 i 0 2 i 0 0 0 0 0

2 , ~5!
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where Hel
35Hel1E0(

3T1)3I and Hel
15Hel1E0(

1T1)3I;
Hel is given by Eq.~1! @except that the«e , «Q , tj , th ,
andtz are now 333 matrices based on the functions~4!#; I
is the 333 unit matrix, E0(

3T1)5W02G, and E0(
1T1)

5W01G are the energies of the orbital triplet and sing
states, respectively, andG is the energy of the exchang
interaction.

III. APPLICATION TO Cs-HALIDE SYSTEMS

In this section we perform the diagonalization of the f
Hamiltonian ~5! for the systems CsX:Tl 1 (X5Cl, Br, I!.
This analysis will also use the results summarized in Tabl

First we perform an estimate of the linear coupling p
rameters toeg and t2g modes using the angular overla
model. We also estimate the force constants. We then s
the APES’s and the possibility of the coexistence of
minima of different symmetry. We do this by varying th
parameters of the quadratic JT coupling and of the SO c
pling.

A. Evaluation of linear Jahn-Teller coupling constants
and force constants

Linear Jahn-Teller coupling constants were derived us
a method based on the angular-overlap model~AOM!,23,19

that is, a simplified molecular-orbital linear-combination-o
atomic-orbitals~MO-LCAO! method.24 In this framework
one can obtain the relationships valid forns2 impurities in
the 6-, 8-, and 12-coordinated arrangements of neighbo
atoms summarized in Table II. Hereb, b8, c, andc8 are the
linear coupling constants with tetragonal bending, tetrago
stretching, trigonal stretching, and trigonal bending mod
respectively.R is the metal ligand bond length,el is the
energy change of the impurityp orbital due to the interaction
with a ligand orbital, andl indicates the bonding symmetr
(s, p) with respect to the metal-ligand axis. In the angu
overlap modelel is given by

el5KlSl
2 , ~6!
t

I.
-

dy
e

u-

g

g

al
s,

r

whereSl is the diatomic overlap integral andKl a propor-
tionality constant. In the Wolfsberg-Helmhol
approximation25 Kl can be expressed as

Kl'HX
2/~HM2HX!. ~7!

HereHM andHX are the diagonal matrix elements of th
metal and ligand orbitals, respectively. IfKl is assumed to
be independent of the bond length, the first derivatives
be obtained as

]el

]R
'Kl

]Sl
2

]R
. ~8!

On this basis we have attempted to estimate the linear c
pling constants for the 8-coordinatedOh systems CsX:Tl 1

(X5Cl, Br, I!. Since we were interested only in an approx
mate evaluation of the parameters, we limited ourselves
molecular-orbital analysis based on extended Hu¨ckel calcu-
lations. In evaluating the parameterKl the values forHX and
HM corresponding to the valence-orbital ionization energ
of the free atoms have been used. It could be argued tha
values for a free ion would be more appropriate for the s
tems considered. On the other hand, free ion values can
sult in overestimationKl in cases where the differenc
HM2HX is rather small, as pointed out in Ref. 14. The d
atomic overlap integrals have been computed for a Tl-X dis-
tance corresponding to the crystals under consideration u
Slater-type orbitals. In this way the values ofes andep have
been obtained from Eq.~6!. For the evaluation of the firs
derivatives]el /]R, it is necessary to have the first deriv
tive ]Sl

2/]R. This can be obtained by realizing23 that in a
small range of bond distances the overlap integralSl is a
nearly linear function ofR:

Sl'al1blR. ~9!

It easily follows from this that

Sl
25AlR

21BlR1Cl ~10!

and
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TABLE III. Parameter values of Cs-halide systems.

System b @eV/Å# c8 @eV/Å# c @eV/Å# Ke @eV/Å2# Kt @eV/Å2# Kt8 @eV/Å2# 2D @eV#

CsCl:Tl1 0.7 0.4 21.24 2 2 2 1.32
CsBr:Tl1 0.55 0.32 21.31 1 1 1 1.08
CsI:Tl1 0.44 0.25 21.16 0.7 0.7 0.7 0.99
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]Sl
2

]R
52AlR1Bl . ~11!

Computing the dependenceSl
25Sl

2(R) and fitting it by the
function ~10!, we obtained the parametersAl and Bl for
evaluating]Sl

2/]R and]el /]R as well. All these results are
summarized in Table III.

In the evaluation of the force constants the following p
cedure was used. The complex TlX8 was subjected to defor
mation according to the desired symmetry as if interact
with JT coordinates of tetragonal or trigonal symmetry. Fo
succession of deformations, the total energy of the deform
complex was computed. This provided energy as a func
of the deformation coordinate. Assuming that near the b
tom of the well this dependence can be expressed in the f

E5E01
1
2K~Q2Q0!

2, ~12!

whereE0 is the energy of the minimum atQ0, the force
constantK was then extracted from the fitting procedure.

IV. RESULTS OF NUMERICAL ANALYSIS
AND DISCUSSION

For the cases of CsCl:Tl and CsI:Tl, the coexistence
minima of different symmetry was studied for a wide ran
of parameter values for quadratic JT coupling. We a
checked the general conditions for coexistence reporte
Ref. 10. As the value of the trigonal stretching coupling co
stant c is substantially higher than that ofc8 for trigonal
bending ~see Table III!, the quadratic coupling constan
ctt8 andbtt8 were set to zero in order to reduce the number
free parameters entering the calculation. In the case
CsCl:Tl, without considering SO coupling, the coexisten
of minima of different symmetry was found for the interva
given in Table IV.

For the systems under consideration,c.b, so that accord-
ing to Ref. 5 without taking into account the quadratic Jah

TABLE IV. Range of coexistence of minima of different sym
metry on APES’s in Cs-halide systems~quadratic JT coupling con
stants in eV/Å2); linear JT constants and elastic constants are th
reported in Table III.

System Trigonal1orthorhombic Trigonal1tetragonal

CsCl:Tl1 23.3,bee<1 0.7,bee,1.7
21<btt,3 21.3<btt<2.6

20.6<ctt,1.2 21<ctt,1.2

CsI:Tl1 21.1,bee<0.45 0.3,bee,0.5
20.3<btt,0.6 21,btt<0.3
20.2<ctt,1 20.3<ctt<1
-
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-
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-

Teller coupling the linear JT parameters favor the existe
of trigonal minima under the assumption of similar for
constants for the two vibrational modes. Different values
quadratic JT parameters enable the coexistence of the t
nal minima with minima of different symmetry. The value o
parameterbee plays a particularly important role relative t
the value ofb. Values ofbee less thanb ~including negative
values! favor the coexistence with the orthorhombic minim
while bee.b (.0) favors coexistence with tetragon
minima.

It is of interest that for a limited range of values o
bee'b, the coexistence of all three kinds of minima w
found, as visualized in the energy map of Fig. 1. All poin
were checked to be true minima. Nevertheless, as will
pointed out later this coexistence is possible only for we
spin-orbit coupling.

When the SO coupling is introduced, one has to consi
the interweaving of the roles ofz ~SO coupling constant! and
G ~exchange energy!, resulting from the relationships2

E~3T1!5D1
35F02

1
4 z2A~G1 1

4 !21 1
2l2z2, ~13!

E~1T1!5D1
15F02

1
4 z1A~G1 1

4 !21 1
2l2z2. ~14!

From this it follows that the energy distance between3T1
and 1T1 states is

uD1
32D1

1u52A~G1 1
4 !21 1

2l2z252D. ~15!

Using the fact that the value of the parameterl'1,2 to a
good approximation, one can find the relationship betwe
G andz depending on the energy distanceD:

e

FIG. 1. Energy map in theQ32Q7 (Q75Q85Q9, Q250,
Q45Q55Q6520.13 Å! space ofG4

2 APES for CsCl:Tl1 show-
ing a trigonal minimum~TRIG!, tetragonal minimum~TETRAG!,
and projection of the orthorhombic minima~ORTHO!. Values of
parameters used in the calculation arebee50.8 eV/Å2, btt50.3
eV/Å2, ctt50.5 eV/Å2, z50.1 eV, andG50.63 eV. ~Labels of
contour lines are in eV.!
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G'2
z

4
1AD22

z2

2
. ~16!

Since to a good approximation 2D can be assumed equal
the energy distance betweenA andC absorption bands re
ported from the experimental observation~see Table III!, we
have investigated a set of values forz andG satisfying Eq.
~16!.

In the range of JT quadratic coupling constants, where
coexistence of trigonal and orthorhombic minima is allowe
a higher value ofz diminishes the depths of the minima an
shifts their position towards the undistorted position. F
negative values of the parameterctt , the trigonal minima are
more pronounced; the same is true for high values ofz.
Raising the parameterctt , the minima become less pro
nounced~see Fig. 2!. Nevertheless, for the highest value
z, they are still present. Actually, for the crystal CsCl:Tl, t
high valuesz'0.720.8 are expected~according to the val-
ues ofz andG reported in Ref. 17 for KX:Tl (X5Cl, Br, I!

FIG. 3. The same as Fig. 2, but showing the orthorhombic m
mum on theG4

2 APES; the cross section is along theQ3 axis ~the
otherQi50!.

FIG. 2. Coexistence of a trigonal Tr minima and~a projection
of! an orthorhombic Or minima on theG4

2 APES for CsCl:Tl1.
Effect of SO coupling ~cross section along theQ7 axis;
Q75Q85Q9, Q25Q350,Q45Q55Q65Q0). Values used in the
calculation arebee521.5 eV/Å2, btt50.3 eV/Å2, and ctt50.5
eV/Å2. The values ofz andG are varied. In curve 1,z 50.1 eV,
G50.63 eV (Q0520.13 Å!; in curve 2,z50.2 eV,G50.59 eV
(Q0520.13 Å!; in curve 3,z50.5 eV,G50.43 eV (Q0520.1
Å!; in curve 4,z50.7 eV,G50.28 eV (Q0520.04 Å!; in curve 5,
z50.8 eV,G50.14 eV (Q0520.04 Å!.
e
,

r

crystals, i.e., crystals whose distances between theA andC
bands are similar to those of CsX:Tl!.

The situation for orthorhombic minima is presented
Fig. 3. With increasingz the componentQ3 of the ortho-
rhombic stationary points vanishes; nevertheless, the min
are still present~see Fig. 4!. These minima correspond t
zero deformation along theQ3 axis, but their symmetry re-
mains unchanged (D2h).

In the small range of parameters where the coexistenc
all three kinds of minima becomes possible,z has a signifi-
cant influence on tetragonal and orthorhombic minima;
Fig. 5. Starting from intermediate values ofz the tetragonal
minima vanish. In fact they coalesce with the orthorhom
minima. Those minima correspond to the minima with ze
deformation along theQ3 axis—in the same way as men
tioned above. This is opposite to the coalescence of
orthorhombic minima into tetragonal ones for some kind
parameters, as pointed out in Ref. 10. Nevertheless, in
case this means that even if the values of the JT coup
constants for the system considered would favor the coex
ence of all three kinds of minima of different symmetry, th
high value of SO coupling would make such a coexisten
impossible.

i-

FIG. 4. Energy map in theQ62Q9 space~the otherQi50! of
the G4

2 APES for CsCl:Tl1 showing existence of orthorhombi
minima at the high value ofz (z50.7 eV,G50.28 eV!; this cor-
responds to Fig. 3, curve 5.~Labels of contour lines are in eV.!

FIG. 5. Coexistence of tetragonal, trigonal, and orthorhom
minima ~the same as Fig. 1!: cross section along theQ3 axis ~the
other Qi50! showing the effect of SO coupling on tetragon
(eTz) and orthorhombic (Oxy) minima. In curve 1,z 50.1 eV,
G50.63 eV; in curve 2,z 50.2 eV,G50.59 eV; in curve 3,z
50.5 eV,G50.43 eV; in curve 4,z 50.7 eV,G50.28 eV; in curve
5, z 50.8 eV,G50.14 eV.
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Raising the parameterbee , only the coexistence of tetrag
onal minima with trigonal ones becomes possible and tet
onal minima are significantly pronounced also for high v
ues of z. However, again a lower depth of minim
corresponds to the higherz.

For the case of CsI:Tl the range of coexistence with
consideration of SO coupling is also shown in Table IV. F
this system a lower value of the SO coupling constan
expected relative to CsCl:Tl, namely,z'0.420.5 @consider-
ing the value reported for KI:Tl~Ref. 17!#. Also this lower
value of z has less affect on the APES’s compared to
previous case, as shown, e.g., in Fig. 6. With increasingz,
the depth of the minima is lowered but the position of t
minima remains almost unchanged. The most affected
orthorhombic minima where, similar to CsCl:Tl, the defo
mation along theQ3 axis vanishes with higherz.

Coexistence of tetragonal minima with trigonal ones w
found for a rather small range of parameter values, bu
some uncertainty in the determination of linear coupling c
stants could also be expected, a slight change of these va
would cause the coexistence to become more possible
the other hand, the coexistence of tetragonal minima w
orthorhombic ones is even more limited; as in the previo
case it occurs only for values of the parameterbee'b. An
example of such a coexistence is shown in Figs. 7~a! and
7~b!.

Detailed calculations for the system CsBr:Tl were not p
formed, as from Table III it could be seen that all the para
eter values are intermediate between those of CsCl and
~The only exception is the parameterc, but as pointed out in
Ref. 23 the stretching parameters are less accurate than
of bending.!

All the calculations were performed by diagonalizing t
full 12312 matrix and examples of the cross sections of
APES’s are given in Figs. 8 and 9. For low values of the
coupling the minimum for a singlet state APES has pra
cally the same position as in the triplet state. For high val
of SO coupling the depth of the minima is lowered and th

FIG. 6. Coexistence of trigonal and orthorhombic minima on
G4

2 APES showing the trigonal minimum~Tr! and projection of
orthorhombic minima~Or!, for CsI:Tl1. Effect of SO coupling
~cross section along theQ7 axis; Q75Q85Q9, Q25Q350,
Q45Q55Q6520.25 Å!. Values used in the calculation ar
bee520.1 eV/Å2, btt50.2 eV/Å2, andctt50.5 eV/Å2; in curve
1, z50.1 eV,G50.46 eV; in curve 2,z50.2 eV,G50.42 eV; in
curve 3,z50.5 eV,G50.34 eV; in curve 4,z50.7 eV,G50.15
eV.
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are also shifted towards the undistorted state, but the shi
the minima in particular cases is more significant than tha
a triplet state. On the other hand, as can be seen from F
for the case of parameter values where the tetragonal m

e

FIG. 7. ~a! Energy map inQ22Q9 space of theG4
2 APES for

CsI:Tl1 showing the coexistence of orthorhombic and tetrago
minima ~Fig. 6!. Here two orthorhombic minima are shown; for th
left half-planeQ650.36 Å, for the right half-planeQ6520.36 Å;
Q350.26 Å (Q45Q55Q75Q850). Values used in the calcula
tion arebee50.45 eV/Å2, btt50.2 eV/Å2, ctt50.5 eV/Å2, and
z50. ~b! The same as~a!, except thatQ351.4 Å and the other
Qi50, showing two tetragonal minimaeTx and eTy on theG4

2

APES.~Labels of contour lines are in eV.!

FIG. 8. Cross section along theQ3 axis of all APES’s on the
3T1 and the1T1 levels of CsCl:Tl

1. The arrow shows the tetrago
nal minimum on the APES in the singlet state while the minimu
on the lowest triplet state is no longer present. Values used in
calculation arebee50.8 eV/Å2, btt50.3 eV/Å2, ctt50.5 eV/Å2,
z50.8 eV, andG50.14 eV.
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mum vanishes in the triplet state, it is still pronounced in
singlet state. The same feature was also found for the tr
nal minima for the other systems where the tendency
‘‘wash out’’ the minima by spin-orbit coupling can occur.

V. CONCLUSION

The results obtained in the present work show the po
bility of coexisting minima of different symmetry on APES
of both singlet and triplet states. In particular cases the
existence of three kinds of minima has been found~as al-
ready pointed out in Ref. 10!, but because of a very limited
range of JT coupling parameters, this possibility is rat
improbable within the approach used. Moreover, the
pected high value of the SO coupling constant~in actual
cases! makes this coexistence impossible anyway.

FIG. 9. Cross section along theQ7 axis (Q75Q85Q9;
Q25Q350, Q45Q55Q6520.04 Å! of all APES’s on the3T1
and the1T1 levels of CsCl:Tl

1 showing the trigonal minima in the
lowest triplet and singlet states. Values used in the calculation
bee50.8 eV/Å2, btt50.3 eV/Å2, ctt50.5 eV/Å2, z50.8 eV, and
G50.14 eV.
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Recent experimental results on the systems CsX:Tl
(X5Cl, Br, I! ~Refs. 15 and 16! showed the presence of tw
ultraviolet emission bands~under the excitation in theA ab-
sorption band!. These were interpreted as emissions that
cur from different kinds of minima coexisting on APES’s o
the triplet state of an impurity ion Tl1, according to the
analogy with fcc systems. Based on the polarization m
surements of the emission, their symmetry was determine
be tetragonal and trigonal in the case of CsCl:Tl a
CsBr:Tl. For CsI:Tl only the tetragonal symmetry of th
AT band was ascribed as a result of an experiment while
trigonal symmetry was ascribed to the other band, suppo
the analogy with fcc systems. Our analysis does show
possibility of the coexistence of tetragonal and trigon
minima on the APES’s of the triplet state; such a coexiste
is more probable than the coexistence of tetragon
orthorhombic minima. Thus to propose trigonal minima
the case of CsI:Tl, where experimental results are lack
appears to be more plausible from our results as well.

Moreover, it has to be remarked that JT minima in t
singlet state1T1 are less affected by the SO coupling a
persist even when SO coupling has washed out the JT
tortions in the triplet state. This fact could be of interest
interpreting absorption and emission features of these
tems.

Finally we emphasize that, notwithstanding our interes
doped cesium-halide systems, the results presented c
have more general application to the many physical syst
where electronicT levels are found.
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