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Coexistence of Jahn-Teller distortions in anO;, symmetry:
A general view including the spin-orbit interaction
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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 ¢T,+T,), which is encountered in the excited configuratiomsf 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:TI* systems X=Cl, 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 singl&T state
even for high values of the spin-orbit couplif§0163-18207)00521-3

I. INTRODUCTION ported in Refs. 5 and 13 to become minima as well as allow-
ing minima of different symmetry to coexist. Thus, the in-
The static Jahn-Teller efféctJTE) in a triply degenerate clusion of anharmonicity leads to results analogous to those
stateT of an Oy, complex interacting with vibrational modes obtained with the quadratic JTE.
of €4 and 7,4 symmetry has been extensively studied for A rigorous analysis of the quadratic JTE terms, also in-
several years. A strong motivation has been to provide Jolving the totally symmetrical vibrational mod®,, ap-
theoretical explanation for the experimentally observedheared in Ref. 14. It was limited to consideration of linear
structure of absorption and emission bands of alkali halidgng pilinear terms containin@, and the results confirmed
phosphors doped with Thlike impurity ions (see, €.g., the  the possibility of the coexistence of tetragonal and trigonal
review articles in Refs. 2 and 3The theoretical model based minima, while the orthorhombic points can never become

on lthehJT effectfv;{as int59rduced|_by '.:urI](Lfdi' . minima in this framework. In Ref. 14 there was also made an
t trn ¢ r? Tas;etr? |:e|art blcoduiptmr% ':1 asr een Sibl t rdestimate of JT coupling constants for real physical systems,
ietragonal or trigonal stable GISIortions areé possible accorGay o kel 71+, KBr:TI +, KI:TI *. Based on this estimate
ing to the relative magnitude of the coupling constats . . . - ,
(e, modes andc (7,, modes; moreover, orthorhombic sta- the coexistence of the different kinds of minima on APES’s
g 20 ' ' was then studied numerically. However, the role of the SO

tionary points exist on the lower-energy surface, but they ar ; . o .
nevery pminima The extension %3(3 to Seconol_());delmteractmn,whlch has a non-negligible effect on the potential

interaction&’ showed that orthorhombic points may becomeShape, especially in the case of Tlwas only glimpsed at.
minima. From this discussion it can be seen that there is still no
When the spin-orbit coupling is considered for the overallCOmplete study of the APES's of the configuration contain-
system €T;,+1Ty,), it was showf?® that, if a strong differ- ing both triplet®T; and the singlet T, states in multidimen-
ence in curvature is assumed between the ground and excitééPnal space that includes all tetragonal and trigonal vibra-
adiabatic potential energy surfacésPES's, the JT cou- tional modes together with the spin-orbit interactidie
pling to e, modes only can produce two kinds of coexisting henceforth drop the suffix on 3T, and T, for simplicity.)
tetragonal minima on th€, (°T},) APES. In a more gen- Moreover, recent experimental results on*Tisolated
eral theoretical investigation in the five-dimensional space otenters built in CsCl, CsBr, and Csl crystalt® with bee
tetragonal and trigonal coordinates it was demonsttatéd crystal structure as well as those obtained for KMgH
that not only can orthorhombic minima exist, but they cancrystalg’ with perovskitelike structure would require an ex-
coexist with tetragonal ones for plausible values of the reltension of the analysis to an 8 or 12 coordination around the
evant parameters and for sufficiently low values of the spincentral ion. In such an arrangement additional vibrational
orbit (SO) coupling constant. Moreover, tetragonal minimamodes ofe, and 7,4 symmetry occur. Nevertheless, a recent
can coexist with trigonal ones for similar values of the pa-study of the T®(e+27,) JT problem for tetrahedral
rameters. Further improvements were made by including theluster$® showed that the addition of an extrg; mode does
effect of anharmonicits? on theT® (eg+ 759) JT problem. not introduce any extra minimum. A similar result is also
The performed analysis showed that the linear JTE togetheralid for the T®(2€4+27,4) problem in 12-coordinated
with anharmonicity may cause the orthorhombic points re-O;, complex so that the JT analysis in 8 and 12 coordination
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can be easily reducednutatis mutandisto the case of 6 H =W+V
coordination.

In the present work we report the results of a general ={—(3) ¥42bQ,+2b..Q,Q3+b,(Q5— Q)]
study of the APES’s in the excited states of luminescence _y 2 2
centers for the overall problemiT,+1T,) paying particular Xe~(3) 2[2bQ3+bEE(Q2—Q3)
attention to the 8-coordinated arrangement, namely, for Cs- —1/2 2_A2_ A2 _
CI:Tl, CsBr:Tl, and Csl:Tl, whose phenomenology has not T(3)7b(2Q5~ Qi~ Q8)lee ~ (€QaTC-Q5Qs)
been completely clarified yet. We considered both linear and X 74— (€Qs+¢,,Q4Q6) 7,— (cQs+C,,Q4Q5) 7}
quadratic JT terms that express coupling to the different
modes ofe, and 7,4 symmetry, together with spin-orbit in- +{3[K(Q3+Q3)+K (Q3+Q2+Q3)11}, (1)
teraction, by developing the analytical study as far as pos-

sible and then proceeding by numerical calculations.
where Q; are the symmetry coordinates transformingegs

(Q2, Q3) and 754 (Q4, Qs, Qg); b, andc are the linear and
Il. GENERAL THEORY electron-lattice coupling parametets,., b,., andc,.,. are
the quadratic ones;,, g, 7¢, 7,,, andr, are 3X 3 matri-
ces based on the orbital triplet functiohs, |y), and|z);
The Hamiltonian of the electron-lattice interaction can beZ is the unit matrix; and, andK ;. are the elastic constants
written ag° for the e, and 7,4 modes, respectively. Here the X 4

A. Electron-lattice interaction

TABLE I. Coordinates of stationary points in hexacoordinated geometry including quadratic JT effect. Only one distortion is considered;
the others are obtained by applying symmetry rules.

Symmetry Dan Dy DY D@ c c@

Q, 0 0 0 0 0 5
2o,
3(KZ-5b2)

Qs —2b 0 b —5b -b 2

V3K .~ 2b,. V3K +b,.  4\3K-5b,, Kb, " Kf_ﬁb“)
V3(KZ—5b2)
Q. 0 -2c 0 Qo2 Qr(Cap)® 0
3K, +4c,,
Qs 0 -2c 0 Qe Qr(Can)® 0
3K, +4c,,

R 0 _—ZC L @C 1 b —-22¢

3K, T4, 3K, 2b,, 76 2rCan) 3K, 2b,,

E(® —2b? —2c? Epy ¢ Epz © - -

3K.— 2430, 3K, +4c,,

EQD 3 4 6 6 12 12

PM? y y Y y n n

=5 (JBIA)[-K,~ b, +35c,]

(36, Sb,+K ) (3, K ) - 32,
2 2 1
 Qr(Can) = —— §C(§bln+|<f—§cln) —
(5b,,+K)(=3b +K +3¢,)—g5c7,
o5 (cIA[—K +b, +5c,]
" (be,,— b +K) (b K- 32

IE0)- —b? 3c? .

2V3(3K +b,) 2(3K.=2b.)

e(0)_ —25p? J6

C —= —5 6 — — —5
B~ a5 avar 5o 5 (V6Q%+ QD) +—-¢,Q°QY) + (K.~ 53b,+4¢,) (Q%)*+ (3K, +33b.,) (QD*.
fEQD: number of equivalent distortions for each set.
9PM: 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 — 43 6
3R (&s—€x) — R (&€
b’ 9, 0, - 1 (oe, ode,
R R 2R IR
¢ - 2V2(de, e, (0e(,_ae7,)
"3 R R dR R
c’ 2 4 2
Rr(E€) 3r(€ € ~RE& &)
terms are omitted as they do not change the results qualita- B. Full Hamiltonian

tively and their effect has been discussed in Ref. 7.
Following the (pik-Pryce procedurewe express the or-
bital electronic state a&,|x) +a,|y)+as|z). ThenH, oper-
ates on the column matria whose components ag, a,,
andag and the coordinate® and the eigenvalues’ of the

In order to obtain the equations of the potential energy
surfaces relative to the states of the ap(t,,) electronic
configuration one has to diagonalize axXI®2 matrix

stationary points are given by the solutions of the system H=Hg+Hg+ £( r1~§1+ r2-§2), 3)
_JW oV B o referred to the basis functions éf, (which includes the
aa—QiaJr&—Qi—O (i=2,....9, exchange energg):

He.a=Ea, 2 T XiSo),  [YiSo) 1Z4S0),

3, _ T X8), [Y-S) [Z.8), i=xyz @
> a?=1 where aa=1.
k=1

In the above equatioX-., Y., andZ.. are the symmetrized

. . . nd antisymmetriz rbital functions given
The results of the calculations are summarized in Table I‘."1 d antisymmetrized orbital functions given by

Some of the stationary points and energies have already been
mentioned in Ref. 10, but we report them here for the sake of
completeness. All the final symmetries given in Table | are
in accordance with the procedure described in Ref. 19, using
the concepts of kernels and epikerr@s?? Applying that andS,, S, S;, andS, are triplet and singlet spin functions
procedure one can derive which symmetries are accessib@ven by
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 coor- S,=— (IN2){a(1)a(2)— B(1) B(2)},
dination by adding further symmetry coordinateg (8 co-
ordination and 7,4+ €4 (12 coordination For example, if
Q4 Qs, and Qg are three components for the stretching =(i/\2){a(1)a(2)+ B(1)B(2)},
754 Mode in an 8-coordinated complex, the additional com- S VD{aa@)+ALA2)
ponents of the bending*kz’g mode @7, Qs, Qg) enter the
Hamiltonian in terms analogous to those @f,, Qs, and 5z=(1/\/5){01(1),3(2)+,3(1)a(2)},
Qs, only with the different coupling constants. These new
coupling constants will be indicated by a prime’(c._,
etc) in the following. Furthermore, the relationships reported
in Table | remain still valid, if the force and coupling con-
stants are related to “effective” normal coordinates that are
the linear combination of the original symmetry coordinates.The full Hamiltonian matrix written in this basis is

Xo=(1V2){ag(D)t1,(2) £ty (1)asg(2)},  etc.,

So=(12){a(1)B(2)— B(1)a(2)}.
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0 -1 00 0-1 0 0 O
H3, 0O 0 0O 0 0 -i
001 0 0 0 i O
0 1 o0 0 0 0 0 0 i
-1 0 O H, 0 0 -1 0 0
0 0 O 0 1 0 —i 0
H=[ o0 o 1 0o o0 o0 0 —-i 0] ®)
0 0 0 O 1 H, i 0 0
-1 0 0 0 -10 0 0
0 0 0 © i 0 —-i 0
0O 0 —-i 0 O i 0 O HE,
0 i 0 —i 0 0 0

where H3=H¢+Eo(°T;)XZ and HY=H+Eo('T;)XZ;  whereS, is the diatomic overlap integral arid, a propor-

He is given by Eq.(1) [except that thes,, €¢, 74, 7, tionality  constant. In the Wolfsberg-Helmholz

and 7, are now X3 matrices based on the functio@®]; Z  approximatiof® K, can be expressed as

is the 3x3 unit matrix, Eq(3T;)=W,—G, and Eq(T,) )

=W,+G are the energies of the orbital triplet and singlet Ky~=Hy/(Hy—Hx). Y

states, respectively, an@ is the energy of the exchange pere H,, and Hy are the diagonal matrix elements of the

Interaction. metal and ligand orbitals, respectively.Kf, is assumed to
be independent of the bond length, the first derivatives can

lll. APPLICATION TO Cs-HALIDE SYSTEMS be obtained as
In this section we perform the diagonalization of the full ﬁNK ‘9_5§ 8
Hamiltonian (5) for the systems C&TI* (X=ClI, Br, ). dR MR ®)

This analysis will also use the results summarized in Table I. ) i ] ]
First we perform an estimate of the linear coupling pa-On this basis we have attempted to estimate the linear cou-

rameters toe, and 7,, modes using the angular overlap Pling constants for the 8-coordinatéd}, systems C:TI™
model. We also estimate the force constants. We then study<=Cl, Br, ). Since we were interested only in an approxi-
the APES’s and the possibility of the coexistence of themate evaluation of the parameters, we limited ourselves to a
minima of different symmetry. We do this by varying the molecular-orbital analysis based on extendedkel calcu-

parameters of the quadratic JT coupling and of the SO coyations. In evaluating the parametgy the values foHx and
pling. H\, corresponding to the valence-orbital ionization energies

of the free atoms have been used. It could be argued that the
values for a free ion would be more appropriate for the sys-
tems considered. On the other hand, free ion values can re-
sult in overestimationK, in cases where the difference
Linear Jahn-Teller coupling constants were derived usingd4,, —Hy is rather small, as pointed out in Ref. 14. The di-
a method based on the angular-overlap ma#®M),”>*°  atomic overlap integrals have been computed for X This-
that is, a simplified molecular-orbital linear-combination-of- tance corresponding to the crystals under consideration using
atomic-orbitals (MO-LCAO) method®* In this framework  Sjater-type orbitals. In this way the valueseyfande.. have
one can obtain the relationships valid fos” impurities i peen obtained from Eq6). For the evaluation of the first
the 6-, 8-, and 12-coordinated arrangements of neighboringerivativesde, /JR, it is necessary to have the first deriva-
atoms summarized in Table Il. Hebe b’, c, andc’ are the jye dS%/9R. This can be obtained by realizifigthat in a

linear coupling constants with tetragonal bending, tetragonaima|| range of bond distances the overlap inte@galis a
stretching, trigonal stretching, and trigonal bending modespearly linear function oR:

respectively.R is the metal ligand bond lengtle, is the
energy change of the impurity orbital due to the interaction S,~a,+hb,R. 9
with a ligand orbital, and\ indicates the bonding symmetry
(o, ) with respect to the metal-ligand axis. In the angular
overlap modek, is given by

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

It easily follows from this that
S2=A,R?+B,\R+C, (10)
e,=K,S{, (6) and
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TABLE lll. Parameter values of Cs-halide systems.

System b[eV/A] ¢ [eVIA] c[eVIA] K [eVIA?] K.[eVIA?] K![eVIA?] 2A [eV]

CsCI:TI* 0.7 0.4 —1.24 2 2 2 1.32

CsBr:TI* 0.55 0.32 -1.31 1 1 1 1.08

Csl:TI* 0.44 0.25 —-1.16 0.7 0.7 0.7 0.99
35§ Teller coupling the linear JT parameters favor the existence
ﬁ=2A)\R+ B, . (11 of trigonal minima under the assumption of similar force

constants for the two vibrational modes. Different values of
Computing the dependen@?=S2(R) and fitting it by the quadratic JT parameters enable the coexistence of the trigo-
function (10), we obtained the parametefs, and B, for ~ nal minima with minima of different symmetry. The value of

evaluatinggS2/JR andde, /R as well. All these results are Parameteb, plays a particularly important role relative to
summarized in Table Il the value ofb. Values ofb_, less tharb (including negative

In the evaluation of the force constants the following prO_values) favor the coexistence with the orthorhombic minima,

cedure was used. The complex<lwas subjected to defor- While b.>b (>0) favors coexistence with tetragonal
mation according to the desired symmetry as if interacting™™'ma. .

with JT coordinates of tetragonal or trigonal symmetry. Fora It IS Of interest that for a limited range of values of
succession of deformations, the total energy of the deformeBee=b, the coexistence of all three kinds of minima was
complex was computed. This provided energy as a functiofoUnd, as visualized in the energy map of Fig. 1. All points
of the deformation coordinate. Assuming that near the boteré checked to be true minima. Nevertheless, as will be

tom of the well this dependence can be expressed in the forfCinted out later this coexistence is possible only for weak
spin-orbit coupling.

E=Ey+1K(Q-Qp)3 (12) When the SO coupling is introduced, one has to consider
the interweaving of the roles ¢f(SO coupling constajpand
where E is the energy of the minimum af,, the force G (exchange energyresulting from the relationships
constantk was then extracted from the fitting procedure.
ECT)=A1=Fo— - V(G+1)*+:\*?, (13
IV. RESULTS OF NUMERICAL ANALYSIS
AND DISCUSSION E(lTl):A%:FO_%é—_F I(G+%)2+%7\2§2' (14)

_For the cases of CsCLTl and Csl:Tl, the coexistence ok oy s it follows that the energy distance betwekn
minima of different symmetry was studied for a wide range, 4 1T, states is

of parameter values for quadratic JT coupling. We also
checked the general conditions for coexistence reported in 3 a1 12 1.2.0
Ref. 10. As the value of the trigonal stretching coupling con- [AT- Al =2V(G+2)*+ N =24, (19
stantc is substantially higher than that af for trigonal  ysing the fact that the value of the parametet1? to a
bending (see Table Ill, the quadratic coupling constants good approximation, one can find the relationship between
c.,andb;_were set to zero in order to reduce the number ofg and¢ depending on the energy distanse
free parameters entering the calculation. In the case of
CsCI:TI, without considering SO coupling, the coexistence
of minima of different symmetry was found for the intervals
given in Table IV.

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

<
TABLE IV. Range of coexistence of minima of different sym- S
metry on APES'’s in Cs-halide systerfguadratic JT coupling con-
stants in eV/&); linear JT constants and elastic constants are those
reported in Table III.
System Trigonatorthorhombic Trigonattetragonal -01 01
Q7(=Qs=Q) [A]
CsCITI* -3.3<b,.=<1 0.<b,..<1.7
—1<b, <3 —1.3<b,,<2.6 FIG. 1. Energy map in the€Q;—Q; (Q7=Qg=Qq, Q>=0,
—06<c_<1.2 —1<c <12 Q4=Qs=Q=—0.13 A) space of'; APES for CsCI:TI" show-
” i ing a trigonal minimum(TRIG), tetragonal minimum{TETRAG),
Csl:TIH -1.1<b_=<0.45 0.%b_.<0.5 and projection of the orthorhombic miniM®@RTHO). Values of
—0.3<b,,<0.6 —1<b,,<0.3 parameters used in the calculation &rg=0.8 eV/A?, b,.=0.3
-0.2<c,,<1 -0.3<c,,<1 eV/IA? c..=05 eV/A?, (=0.1 eV, andG=0.63 eV. (Labels of

contour lines are in eV.
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-0.5
-0.6 |
Or 5
0.7 ¢
' 4
S -08¢ =
> 3 =
0.9 =
£a] 2 o4
1.0
— 1
11
T
B — —
-1.0 -0.6 -0.2 0.2 0.6 1.0
Q1(=Qs=Qv) [A]
FIG. 2. Coexistence of a trigonal Tr minima ate projection FIG. 4. Energy map in th€s— Qg space(the otherQ;=0) of

of) an orthorhombic Or minima on thE, APES for CsCI:TI". the I, APES for CsCITI" showing existence of orthorhombic
Effect of SO coupling (cross section along theQ; axis; minima at the high value of ({=0.7 eV,G=0.28 eV}; this cor-
Q;=Q5=Qg, Q,=Q3=0, Q,=Qs=0Q;=Q"). Values used in the responds to Fig. 3, curve B.abels of contour lines are in eV.
calculation areb,.=—1.5 eV/A%, b_,=0.3 eV/A?, andc_,=0.5 ) )

eV/AZ. The values of andG are varied. In curve 17 =0.1 eV, crystals, i.e., crystals whose distances betweemtlamd C

G=0.63 eV Q°=—0.13 A); in curve 2,{=0.2 eV,G=059 ey  bands are similar to those of KS1).

(Q°=-0.13 A); in curve 3,{=0.5 eV,G=0.43 eV Q°=—0.1 The situation for orthorhombic minima is presented in
A);in curve 4,0=0.7 eV,G=0.28 eV (Q°= —0.04 A); in curve 5,  Fig. 3. With increasing/ the componenQ; of the ortho-
(=0.8eV,G=0.14 eV Q°=—0.04 A). rhombic stationary points vanishes; nevertheless, the minima

are still presenisee Fig. 4 These minima correspond to
zero deformation along th@5 axis, but their symmetry re-
G~ — £ +/A2— §_ (16) mains unchangedX(,;,).
4 2 In the small range of parameters where the coexistence of
all three kinds of minima becomes possikdehas a signifi-
Since to a good approximatiomA2can be assumed equal to cant influence on tetragonal and orthorhombic minima; see
the energy distance betweénand C absorption bands re- Fig. 5. Starting from intermediate values ptthe tetragonal
ported from the experimental observati@ee Table Ill, we  minima vanish. In fact they coalesce with the orthorhombic
have investigated a set of values fhand G satisfying Egq. minima. Those minima correspond to the minima with zero
(16). deformation along th&; axis—in the same way as men-
In the range of JT quadratic coupling constants, where théioned above. This is opposite to the coalescence of the
coexistence of trigonal and orthorhombic minima is allowed,orthorhombic minima into tetragonal ones for some kind of
a higher value of diminishes the depths of the minima and parameters, as pointed out in Ref. 10. Nevertheless, in our
shifts their position towards the undistorted position. Forcase this means that even if the values of the JT coupling
negative values of the parameter., the trigonal minima are constants for the system considered would favor the coexist-
more pronounced; the same is true for high valuesi.of ence of all three kinds of minima of different symmetry, the
Raising the parameter,,, the minima become less pro- high value of SO coupling would make such a coexistence
nounced(see Fig. 2. Nevertheless, for the highest value of impossible.
Z, they are still present. Actually, for the crystal CsCI:Tl, the
high values{~0.7—0.8 are expectetaccording to the val-

ues of¢ andG reported in Ref. 17 for K:Tl (X=ClI, Br, 1) 0.7
= -0.8
-0.7 2
m
-0.9
S 08
L
- Y SRR £ | M s
0.9 -1.5 -1.1 -0.7 -0.3 0.1 0.5
' @ (Al
1.0 T FIG. 5. Coexistence of tetragonal, trigonal, and orthorhombic
-1.0 06 -02 02 06 1.0 minima (the same as Fig.)1cross section along th®; axis (the

Q3 [A] other Q;=0) showing the effect of SO coupling on tetragonal
(eT2 and orthorhombic Q,,) minima. In curve 1, =0.1 eV,
FIG. 3. The same as Fig. 2, but showing the orthorhombic mini-G=0.63 eV; in curve 2 =0.2 eV, G=0.59 eV, in curve 3¢
mum on thel', APES; the cross section is along tQg axis (the =0.5eV,G=0.43eV;incurve 4, =0.7 eV,G=0.28 eV; in curve
otherQ;=0). 5,(=08¢eV,G=0.14 eV.
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E [eV]
Q2 [A]

1.2} Tﬂ |
1.0 -05 0.0 05 1.0 15
Q7(=Qs=Qv) [A] (@)

FIG. 6. Coexistence of trigonal and orthorhombic minima on the
I'y APES showing the trigonal minimur(ir) and projection of
orthorhombic minima(Or), for Csl:TI*. Effect of SO coupling
(cross section along th&), axis; Q;=Qs=Qg, Q,=Q3=0,
Q,=Q5=Q¢=-0.25 A). Values used in the calculation are
b..=-0.1eV/A2 b,,=0.2 eV/A?, andc,,=0.5 eV/AZ; in curve
1,(=0.1eV,G=0.46 eV; in curve 2{=0.2 eV,G=0.42 eV, in
curve 3,{=0.5eV,G=0.34 eV; in curve 4,=0.7 eV,G=0.15
ev.

Q2 [A]

Raising the parametér,., only the coexistence of tetrag-
onal minima with trigonal ones becomes possible and tetrag-
onal minima are significantly pronounced also for high val- (o)

ues of {. However, again a lower depth of minima ) _
FIG. 7. (&) Energy map inQ,— Qg space of thd", APES for

corresponds to the highét i . . .
For the case of Csl:Tl the range of coexistence WithoutCsI.TI showing the coexistence of orthorhombic and tetragonal

. . ST . minima (Fig. 6). Here two orthorhombic minima are shown; for the
consideration of SO coupling is also shown in Table IV. Fo_rIeft half-planeQg=0.36 A, for the right half-plan@, = — 0.36 A;

this system a lower value of the SO coupling constant ig~ _ AN A ; )
expected relative to CsCI:Tl, namelgs=0.4— 0.5 [consider- S%’n_ gé% A:(g 45 Qe%?A?IQ:BBg) e\\;ﬁgl\lzjei uieoq;nei?/iz?a;ﬂa
ing the value reported for KI:T{Ref. 17]. Also this lower ~0. (b) The same asa), é;cept thatQ3=1T.T4 A and the other
value of { has less affect on the APES’s compared to theQi:O, showing two tetragonal minimaT, andeT, on the T}
previous case, as shown, e.g., in Fig. 6. With increaging Apgs. (Labels of contour lines are in e\.

the depth of the minima is lowered but the position of the

mir;]imﬁ reg}ains_ almosthuncha_ng_(lad. The ml(?s;t a;fec(;e? Ar&re also shifted towards the undistorted state, but the shift of
ort or OT IC r;umma where, ﬁ'm' ar rt10h'C?1C Tl, the defor- ype minima in particular cases is more significant than that in
mation along theQ; axis vanishes with highef. a triplet state. On the other hand, as can be seen from Fig. 8

Coexistence of tetragonal minima with trigonal ones was, the case of parameter values where the tetragonal mini-
found for a rather small range of parameter values, but as

some uncertainty in the determination of linear coupling con-

stants could also be expected, a slight change of these values 1.5
would cause the coexistence to become more possible. On
the other hand, the coexistence of tetragonal minima with 1.0}
orthorhombic ones is even more limited; as in the previous
case it occurs only for values of the parameter~b. An o 057
example of such a coexistence is shown in Figs) and 2
7(b). m 0.0
Detailed calculations for the system CsBr: Tl were not per-
formed, as from Table Il it could be seen that all the param- -0.5)
eter values are intermediate between those of CsCl and Csl.
(The only exception is the parametgrbut as pointed out in -1 '0_2 _i 0 1 2
Ref. 23 the stretching parameters are less accurate than those Qs [A]
of bending)

All the calculations were performed by diagonalizing the kG, 8. Cross section along th@; axis of all APES’s on the
full 1212 matrix and examples of the cross sections of all3T, and the!T, levels of CsCI:TI". The arrow shows the tetrago-
APES'’s are given in Figs. 8 and 9. For low values of the SChal minimum on the APES in the singlet state while the minimum
coupling the minimum for a singlet state APES has practi-on the lowest triplet state is no longer present. Values used in the
cally the same position as in the triplet state. For high valuesalculation areb_.=0.8 eV/A%, b,,=0.3 eV/A?, ¢..=0.5 eV/IA?,
of SO coupling the depth of the minima is lowered and they;=0.8 eV, andG=0.14 eV.
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Recent experimental results on the systemsX:Tis
(X=Cl, Br, I) (Refs. 15 and 16showed the presence of two
ultraviolet emission band@inder the excitation in th& ab-
sorption banyl These were interpreted as emissions that oc-
cur from different kinds of minima coexisting on APES’s of
the triplet state of an impurity ion Tl, according to the
analogy with fcc systems. Based on the polarization mea-
surements of the emission, their symmetry was determined to
be tetragonal and trigonal in the case of CsCILTl and
CsBr:Tl. For Csl:Tl only the tetragonal symmetry of the
LSS L A; band was ascribed as a result of an experiment while the
-1.0 06 -02 02 06 1.0 trigonal symmetry was ascribed to the other band, supposing

Q7(=Qs=Qv) [A] the analogy with fcc systems. Our analysis does show the
possibility of the coexistence of tetragonal and trigonal

FIG. 9. Cross section along th®; axis (Q;=Qs=Qo;  minima on the APES’s of the triplet state; such a coexistence
Q2=Q3=0, Q;=Qs=Qs=—0.04 A) of all APES’s on the®T; s more probable than the coexistence of tetragonal-
and thelTl levels of CSCITF ShOWing the tl’igonal minima in the Orthorhomb|c m|n|ma Thus to propose trlgonal m|n|ma |n
lowest triplet and singlet states. Values used in the calculation arghe case of Csl:Tl, where experimental results are lacking,
b..=0.8 eVIA% b.,=0.3 eVIA% c,,=0.5 eVIA?, (=0.8 eV, and appears to be more plausible from our results as well.
G=0.14 eV. Moreover, it has to be remarked that JT minima in the

ishes in the tripl itis still din th singlet state'T, are less affected by the SO coupling and
mum vanishes in the triplet state, it is still pronounced in th&ye giet even when SO coupling has washed out the JT dis-
singlet state. The same feature was also found for the trigqg-

I mini for th h h h q ortions in the triplet state. This fact could be of interest in
nal minima for the other systems where the tendency 1qyehreting absorption and emission features of these sys-
wash out” the minima by spin-orbit coupling can occur.

tems.
Finally we emphasize that, notwithstanding our interest in
V. CONCLUSION doped cesium-halide systems, the results presented could

The results obtained in the present work show the possiav€ more general application to the many physical systems

bility of coexisting minima of different symmetry on APES'’s where electronid levels are found.
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