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A_ INTRODUCI’ION 

The so-called Jahn-Teller effects at present form a new trend in the physics 
and chemistry of molecules and crystals, joining together aJ.l the manifesta- 
tions of interactions in degenerate and pseudo-degenerate states of’polyatomic 
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systems. Although the Jahn-Teller theorem1 was formulated* in 1937, its 
development began in the late 1950s and early 196Os, when experiments be- 
came available to subskantiate the effects predicted by the theory. 

Most Jahn-Teller systems are coordination compounds, almost all of 
which have an electronic degenerate or nearly degenerate (pseudo-degenerate) 
term in the ground or the first excited state. These degeneracfes are due to 
their unfiied central atom d (or fi shells combined with a high-symmetry 
environment. As is shown below, small devistions from high symmetry, which 
formally remove the electronic degeneracy, do not necessarily remove the 
Jahn-Teller effects, and therefore practically all coordination compounds 
may be subjects of Jahn-Teller investigations. 

Manifestations of the Jahn-Teller effect cover a wide range of physical and 
chemical properties and may be divided into two parts. 

(a) Manifestations in the resonance methods of investigation (i.e. in the 
whole range of spectroscopy). 

(b) ~~~~estations in non-resonance investigations (i.e. in stereochemistry, 
crystal chemistry, chemical reactivity, magnetic and electric colarizability 
and so on) 

In the present paper, the theory of the main part of these effects, excluding 
chemical reactions (see Section G), is briefly considered. Attention will be 
paid to the basic ideas and their qualitative elucidation which lead to a proper 
understanding of the phenomenon as a whole and to its application. For well- 
known reasons, we shall try to avoid bulky mathematical deductions, bearing 
in mind, nevertheless, that mathematical language is a most adequate one for 
the physics and chemistry of molecules. 

It is obvious that in a short review of the theory of the Jahn-Teller effect, 
it is impossible to present in detail all the material (in particular experimental) 
on this topic; it might constitute the material of a full (and perhaps more than 
one) monograph. The experimental papers mentioned below only serve as 
illustrations of the theoretical results, and therefore their choice may have an 
accidental character. 

The outline of the subject and especially of its applications is given here 
from two aspects. After a brief consideration of the theoretical basis of the 
Jahn-Teller effect (Section B) the main corollaries of this effect - the com- 
plicated adiabatic potentials - are derived (Section C). Then a qualitative 
(and partly semiclassical) aspect of its applications to stereochemistry, crystal 
chemistry and spectroscopy (band shapes and polarized luminescence) is 
presented (Section D)_ This part of the treatment, though approximate, gives 
a good basis for a qualitative understanding of the Jahn-Teller effect. The 
more rigorous consideration is based on the solution of the vibronic equations 
(Section E), the two main results of which - tunneling splitting and vibronic 

* In "A historical note”, given as a preface to Englman’s book2, Teller acknowledged that 
the idea behind the Jahn-Teller effect belonged rightfully to Landau. More geenerd proofs 
of this theorem were obtained recentfy3. 
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reduction - lead to a series of observable effects (microwave and ultrasonic 
absorption, characteristic EPR and Mossbauer spectra, zero-phonon line 
splitting, a new kind of rotational spectrum and polarizability of highly sym- 
metric molecules, and so on) (Section F). 

B. THE FORMULATION AND THE MEANING OF THE JAHN-TELLER THEOREM. 
VIBRONIC EQUATIONS 

There are few cases where the names of effects, scientific rules or laws do 
not reflect their meaning sufficiently. However, in the case of the Jahn-Teller 
theorem its commonly used formulation may lead to m~unde~~ding, and 
even give rise to a notion which is contrary to its real meaning. The widely 
accepted formulation of this theorem, initiated by its authors’ and presented 
in monographs and textbooks, affirms that in an electronic degenerate state 
the nonlinear symmetrical nuclear configuration is unstable, and as a result of 
this instability the nuclei displace themselves in order to destroy the symme- 
try of their configuration and to remove the electronic degeneracy, until a 
non-degenerate ground state is achieved. 

As one can see, this formulation contains two very important statements 
about the properties of polyatomic systems in the electronic degenerate states, 
namely, about (1) the spontaneous distortion of the nuclear configuration and 
(2) the removal of the ground state degeneracy. It is highly dramatic to note 
that both these statements, if taken literally, are incorrect and differ from 
what is really proved in the Jahn-Telier theorem4*5. 

In order to clarify this statement, let us start from first principles. The Ham- 

iltonian of the system can be divided into three parts. 

H=H, +Hs + V(G,Q,) fl! 

where the Hq and H, operators include all the interactions in the electronic 
and nuclear subsystems respectively, while V(q,, Q,) is the electron-nuclei 
(vibronic) interaction operator (hereafter g, and Q, denote the total electronic 
and nuclear normal coordinates respectively). 

In the adiabatic approximation, the solution of the SchrGdinger equation 
for the system 

H9 (qv, &a) = E* (4vs 9,) (2) 

is carried out in two successive steps. First the electronic part of eqn. (2) 

CH, + V(%, &,)-I 9 it%n 9,) = El (Q,) I$ i (Q~, Q,) (3) 

for the fixed nuclear coordinates Q is solved_ The electronic energy ef (Q,) as 
a function of QQI together with the nuclear interaction term from HQ (for 
details see Section C) form the so-called adiabatic potential Ei (Q,). 

What is really proved in the Jahn-Teller theorem refers ‘co these adiabatic 
potentials: if there is a point Q, = Q&a, OL = 1,2, . _ _ , N (N is the whole num- 
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ber of nuclei) where the values of several (fl adiabatic potentials coincide, 
ei (Qao) = E(&&, i = 1,2, . . _ , f (i.e. if Qa, is a point of f-fold degeneracy), 
then none of the Ed surfaces has a minimum at this point. 

The proof of this statement is simple. Expanding the V(q,, Q,) operator 
in a series of small displacements from the point Q, = Qa, we have 

V(q,, 8,) = V(qv, Q,) + q (g), (&a - Qao) 

A minimum of the ei(Q,) surface at the point Q, = Qao can be achieved 
only when all the electronic matrix elements of the linear terms of eqn. (4) 

(5) 

vanish, i.e. A = 0. Using symmetry considerations and group theoretical 
methods, one can easily show that, for any symmetry point group which 
admits degenerate terms, there are definite normal displacements &a for 
which the matrix element (5) does not vanish, i.e. A # 0. These coordinates 
Qar, along which the surface Ei (Q,) at the point Q,, has no minimum, are 
named Jahn-Teller active coordinates. 

What conclusions can be drawn from the proved absence of minima of the 
adiabatic surfaces at the point of degeneracy? 

For a non-degenerate electronic term, the full wave function in the adiabatic 
approximation (in the second step after solving eqn. (3)) is represented as a 
product of the electronic and nuclear wave functions. 

Jr, (au, Q-1 = J/i (4”s Qa) xi (9,) (6) 

where the following equation for xi (9,) can be derived. 

Xi (Qa) = 0 (7) 

Hence for the non-degenerate case, as is easily seen from eqn. (‘?), the 
adiabatic potzntial ci (Q,) plays the role of the potential energy of the nuclei 
(in the field of the electrons). Then the derivative (&/aQ,), has the physical 
sense of the generalized force, acting on the nuclei at the point QaO, and its 
non zero value proves that the nuclear configuration will be distorted by this 
force till the point where (ac/aQ,) = 0 is reached. For this case, a classical 
(or semiclassical) approach in considering nuclear motions may be very useful 
for many problems. 

But for degenerate electronic terms, the situation is more complicated. In 
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the common formulation of the Jahn-Teller theorem, given at the beginning 
of this section, it is implicitly assumed that for a degenerate term the adiabatic 
potential has the same physical sense as for a non-degenerate term and, hence, 
the absence of a minimum on the ei(Qa) surface at the degeneracy point leads 
to a spontaneous distortion of the nuclear configuration. In fact, however, 
near the degenerate point there are several closely lying and intersecting sur- 
faces cf (Q,) and therefore each loses any physical sense, becoming a formal 
notion. 

It can be shown6*s that in this case the usual adiabatic approximation is not 
valid. In an approximation similar to the adiabatic one, in the case of electron- 
ic degeneracy the full wave function, instead of eqn. (6), takes the form 

f 

* (qm Qa) = ,F1 $j (a,, &a) xj (&a) (8) 

where the f nuclear coordinate functions xi (Q,) obey a system of f coupled 
equations, 

[C(-&) $+ei(Qa)--i] xi(Qa)+$lAi,x~(Q.)=O 

a j+ i 

(9) 

and A, are the electronic non-diagonal matrix elements of the Hamiltonian. 
From these equations, it is easily seen that in the case of electronic degen- 

eracy under consideration, the electronic and nuclear motions are essentially 
mixed (eqn. (8)) and ei(Qa) no longer plays the role of pure nuclear potential 
energy, so the concept c.f c!.assical motions of the nuclei on the ei(Q,) sur- 
faces becomes invalid (at least near the point of degeneracy; see Section D). 

Thus in the case of electronic degeneracy, it is impossible to draw definite 
conclusions concerning the properties of the system knowing only some fea- 
tures of the adiabatic potentials near the point of degeneracy, supplied by 
the Jahn-Teller theorem. For such conclusions, the potentials Ei(Qa) in the 
whole space of the Qa coordinates and the aolutions of eqns. (9) must be 
kilOWn. 

It will he shown below that, strictly speaking, the solutions of eqns. (9) 
give neither nuclear configuration distortion nor ground state Aegeneracy 
removal, vibronic effects being of a dynamic nature and hence more compli- 
cated. The characteristic distortions as well as degeneracy removal for the 
Jahn-Teller system as a whole can be revealed only when an external in- 
fluence is present. The Jahn-Teller theorem is esser-tial in stimulating the 
investigation of potential surface and the solution of eqns. (9) which lead to 
extremely interesting new effects for electronically degenerate polyatomic 
systems. 

A special vibronic case is supplied by the systems with so-called electronic 
pseudo-degeneracy (pseudoJahn-Teller effect). The vibronic coupled eqns. 
(9) decouple and become the usual eqn. (‘I) if the last terms, containing the 
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(a) fb) w 
Fig. 1. The adiabatic potential behaviour near the point of degeneracy (or pseudo-degener- 
acy) for (a) strong Jahn-Tefler, (b) pseudo-Jahn-Teller and (c) Renner-type vibronic 
coupling. 

electronic non-diagonal matrix element of the Hamiltonian A, are omitted. 
If there is no degeneracy and the energy difference E i - ei is great enough, 
the A jj terms may be neglected compared with ei - et (a quantitative criterion 
is given in Section C). 

In the case of exact degeneracy ei = ej, these terms cannot be neglected. 
However, there are intermediate cases when there is no degeneracy, i.e. ei # Ej 
in the whole region of Q, coordinates, but for some points the difference 
ei - ej is small or comparable with the Aij’Sw For these cases, the terms Aij can- 
not be omitted and thus, although the electronic term is non-degenerate, the 
vibronic problem reduces to the same system of coupled vibronic eqns. (9). 
As will be shown below, the vibronic effects arising here, known as the pseudo- 
Jahn-Teller effects, are similar to ones for the case of exact degeneracy (the 
Jahn-Teller effects), though some additional specific features are possible. 

In Fig. 1, the distinction in the adiabatic potential behaviour near the point 
of degeneracy or pseudo-degeneracy for these two cases, Mm-Teller and 
pseudo-Jahn-Teller, is illustrated (for simplicity only one active coordinate 
is taken into account). The Renner-type behaviour’ is also shown for compar- 
ison. As one can see, there is a real intersection of the two adiabatic potentials 
in the Jahn-Teller case, while there is only a pseudo-intersection in the pseudo- 
Jahn-Teller case. But, in the case of a strong vibronic interaction, in the 
region far enough from the point Q = Qo, this distinction is lost and the 
adiabatic potentials behaviour in the two cases become quite similar. 

C, ADIABATIC POTENTIALS FOR ORBITALLY DEGENERATE AND PSEUDO- 
DEGENERATE STATES 

The conclusion from the discussion given above is that, if by solving eqn. 
(3) coinciding (at the point Q, 
e’(Qa,), i = 1,2, . . . , 

= Q& adiabatic potential values E; (QQ,,) = 
f(f-fold degeneracy) are obtained, then the properties of 

the molecule under consideration can be determined by a subsequent solution 
of the system of coupled eqns. (9). For this purpose, the adiabatic potentials 
have first to be determined, which wilI be done in this section. As will be 
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shown in the next section, knowledge of the adiabatic potentials is also im- 
portant as such, since many qualitative deductions can be derived from the 
e (Q,) surface shape without solving eqns. (9). 

For the coordination compounds in question, only twofold ff = 2) and 
threefold (f = 3) orbital degeneracies (E and ‘I’ electronic terms, respectively) 
are required, the T terms being inherent only for cubic systems (octahedral, 
tetrahedral, cubic). A higher-fold degeneracy, say f = 5, might occur for an 
icosahedral molecule which will not be considered here, since it is a very un- 
common case. 

Calculation of the adiabatic potentials is not complicated. First we divide 
the electror :c subsystem, as usual, into two parts, the valence electrons and 
those of the atomic core. The vibronic interaction V(q,, Q,) is assumed to 
involve only the valence electrons, while the atomic core interactions can be 
approximated dy means of a harmonic term f g K, Qz, where K, = Mao 2 is 
the force constant for the Q, normal vibration (M, is the reduced mass and 
o, is the frequency). 

Let us assume that by solving the electronic eqn. (3) for the point Q, = Q=, 
we obtain a twofold degenerate E term or a threefold degenerate T term. For 
small deviations of Q, from QaO, the potential energy V(q,, Q,) after eqil. (4) 
differs little from the V(q,, Qcro) value and hence the magnitude 

V’ = Wq,, 9,) - V(q,, Qa,) 

= c (%)(&a- Q,,) +ta!j ( aQ12j;, 

WY 

a . 
o (Qa - Quo) (Qa - Qid + - - - 

may be considered as a small perturbation. The perturbation problem for a 
degenerate term is reduced to the following secular equation. 

IIV,; - e’6,Jl = 0, i,j = 1,2, . . . , f (11) 

from which f roots ek (Q,) can be obtained. Together with the core interac- 
tion terms these form the required adiabatic potentials. 

Ek(Qa)=iTR,Qz +~~(Qa),k=1,2,*.*,f (12) 

(i; The E term (the “‘Mexican hat” and tetragonal minima) 

In a general form the two electronic functions of the degenerate E term 
may be denoted as l6> and Ic>, their symmetry properties being determined 
by the well-known coordinate functions 0 - 32* -r* and e - x2 - y2 (respec- 
tively d 2 and dr2_ 2 filnctions after the transition metal d-function nomen- 
clature)? To calcula& the Vfj matrix elements, we take into account the group 
theoretical condition [E2] = Al + E due to which only the al-type (totally 
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4 0, 

Fig. 2. Qe and Qr components of the tetragonal e&pe vibrations for an octahedral 
system. 

symmetric) and the e-type (twofold degenerate) vibration terms in eqn_ (10) 
give non zero Vfj values (hereafter we use small letters for vibration symmetry, 
as distinguished from the capital letters used for the electronic and full terms). 
Since the totally symmetric coordinate al can be excluded by means of an 
appropriate choice of its zero reading, the only active coordinates in the 
vibronic interaction (the Jahn-Teller active coordinates) remain e type. There- 
fore the E term vibronic problem denotation can be abbreviated as the E-e 
problem. 

Thus a vibronic correction term ~5.9~) in eqn. (12) is present only for the 
coordinates Q, of the e-type vibrations. For others, the adiabatic potential 
keeps the simple form 

common to the non-degenerate case. 
The twofold degenerate e-type vibrations may be represented by two coor- 

dinates Qe and Q, (Fig. 2). Assuming the point QeO = Qao = 0 to be zero read- 
ing, and taking inlo account only the linear and second-order terms of eqn. 
(lo), one can obtain from eqn. (11) the secular equations*8-10 

&Qe +&(Q$ -Q,2)-E’-AIQE + 24zQeQ, 
= 0 (13) 

--A,&, f 24290 Q, -AlQe -AdQ; -Q:b--e’ 

where the quantities 

(14) 

are the so-called linear (Al) and second-order (As) vibronic coupling constants 
in the E-e problem. The solution of eqn, (13) is more convenient when 
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written down in polar coordinates. 

QO =p case, Q, =/J sin@ 

Then 

365 

(15) 

E; (p,@) = i- p [A; + A; p= + 2A1A,p cos 3$]: (16) 

and 

e+ (P&J =$ &P2 f: p [A; t A2p2 + 2A,A,p cos 344 (17) 

If the second-order vibronic coupling terms are negligible, i.e. if A2 = 0, then 

E* (PA) =3&p= F A,p (18) 

In this case the adiabatic potential in the space of the Qe and Q, coordinates 
is independent of Q, and has the form of a rotation figure named ‘*the Mexican 
hat” (Fig. 3). 

When the second-order terms are taken into account, some warping (“crimp- 
ing”) of this surface occurs resulting in regularly alternating humps and wells 
along the bottom of the trough (Fig. 4). The turning points of the surface 
are 

+A, 

po = K,?: (-l)“u2 
,Qo=+z=O,l ,.._, 5 (19) 

the upper and lower signs corresponding to the cases A 1 > 0 and Al < 0 
respectively. If Ax/A2 > 0 the minima points occur for n = 0,2,4 and saddle- 
points for n = 1,3,5, while for the case Al/A2 -C: 0 the two types of points 

Fig. 3. The “Mexican hat”-iike adiabatic potenti& iz the space of Qe and QE 
placement for an E-term system (E-e problem) in the linear approximation. 

e-type &is- 
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(t3) 

Fig. 4. The adiabatic potential (a) and its d, coordinate angular dependence along the 
bottom of the lower sheet (b) for an E-term system (E--e problem) in the second-order 
approximation. The directions of distortion of octahedral and tetrahedral systems in the 
minima points are ako shown for illustration. 

interchange (for alI the mes it is assumed that rC, > 2A2). The minima 
depths read off from the electronic degeneracy point - the Jahn-Teller 
stabilization energy ZCJT - are determined by the expression 

W) 
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and the (minimal) barrier height between the minima is 

A = u2EJT /@.a - =2) (21) 

The two electronic wave functions corresponding to the two solutions of 
eqn. (13) (two sheets of the surface (17)) take the form 

*__ =.,g I@> -sin+) 

J[r+ = sing 2 16, +co+e> 
where 

AI sin@ -A,p sin 26, 

mnIn =A1 cos@ +A29 cosZ$ 

(22) 

(23) 

Note that in all publications on this topic until ref. 11, it was assumed that 
St = QI, which is correct only in the linear approximation when A2 = 0. 

Taking into account the nuclear displacements for the normal coordinates 
Qe and Q, (Fig. 2) and their values in the minima points (19), one can easily 
determine the Jahn-Teller distortions of the nuclear configuration illustrated 
in Fig. 4. 

(ii) The T term, linear approximation (tetragonal and trigonal mininta) 

The T terms are of two hinds, T, and ‘Pa, for which the vibroric problem 
is rather similar. Therefore we shah consider here only one case, say, the Te 
term. The basic three wave functions for the electronic T, term iE>, iv> and 
It>, can be taken to transform as the Ckrtesian coordinate products yz, nz 
and jcy, respectively. According to the group theoretical condition [T2] = 
Al + E + T2, in the T-term case there are two types of totally/symmetric 
vibrations, e and t,, which are active in the Jahn-Teller effect (the denota- 
tion of the problem is abbreviated as T-(e + ts)). The ta type is threefold 
degenerate, its three components QE, Q9 and Qr involving nuclear displace- 
ments shown in Fig. 5. The secular eqn. (11) is of the third order and has 

Qt at . a, + at 

Fig. 5. Trigonal &-type 85 and 8~ + Qq + Qg displacements for an octiedral system. 
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three solutions eZ (Qa) which represent three sheets of the adiabatic potential 
in the five-dimensional space of the Q, coordinates, OL = ~,E,E,?J ,t. (Q, = 0 is 
the point of intersection of all the three sheets). The T-(e+ ta) problem is 
therefore much more complicated than the E-e, and there are no simple 
analytical expressions for the T-term adiabatic potentials similar to eqn. (1’7) 
for the E-term case. 

In particular, when only linear vibronic terms in eqn. (10) are taken into 
account, the secular eqn. (11) for the T-term case isr2 (see also ref. 13): 

BQs- 

BQt 

BQ3-l 

where 

*Q, 

$Qe) -E’ BQ, = 0 (24) 

CQe - B’ 

(251 

are the trigonal and tetragonal linear vibronic constants, respectively. Although 
it is very difficult to obtain convenient expressions for E’, solutions of eqn. 
(24), the turning points of the surface (12) can be determined using the pro- 
cedure suggested by Opik and Pryce12 (which avoids the complete solution of 
these equations). Omitting the calculations, we give :~ere the results. 

The three sheets of the surface are 

ei = f Ke (Q; + Qf) + +Kt (Q; + Q,2 + Q;) + E;, i = 1,2,3 (26) 

where e; are the solutions of eqn. (24) and Kt = _%I, w f, w t being the frequency 
of the trigonal vibrations. The surface (26) has three types of turning point. 
(1) Three tetragonal points for which, similar to the E-term case, only the 
tetragonal coordinates Qe and Q, are displzced from their high-symmetry 
Qe = Q, = 0 values; (2) four trigonal points for which only the trigonal Q,, Q,, 
and Qc coordinates are displaced (see Table 1 and Fig. 6); (3) six mtho- 
rhombic points for each of which one teti=gonal and one trigonal coordinate 
is displaced (TabIe 1). 

The depths of these points are respectively 

(271 

(23) 
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TABLE 1 

Turning points of the adiabatic potential for an electronic 2’ term, linearly coupled to e 
and tz vibrations (linear T- (e + ta) problem) 

Number of 
equivalent points r 
- 

3 

Nature 

Tetragonal 
minima or 
saddlepoints 

Trigonal 
minima 
OK 

saddlepoints 

Orthorhombic 
saddlepoints 

Coordinates in five-dimensional 
spa= 020, Q,, 96, Qnr 8~) 

(CWG?, 0, 0, 0,O) 
(--W/2&., C/ZKe, 0, 0,O) 
(-302rc,, --C/2&, 0, 0,O) 

(0.0.23/3K,, !213/3K,,!2B/3Kt) 
(0.6, --2B/3Kt, --2BISKt, 2B/3K,) 
(0.0, ---28/3Rt,2B/3Kt,--2B/3Kt) 
(0, 0,2&'3K, -ZW3Kt, -2i3/3Kt) 

(--C/2&, 0.0.0, B/&f 
(-C/21(,, 0, 0.0. -B/&) 
(3C/4K,, -C/4K,,0,B/Kt,0) 
(3C/4&, -C/4K,, 0, -B/I& 0) 

(3C/4K,, C/4&, B/Kt, 0,O) 
(3C/4&, c/4Ke, --B/R,, 0.0) 

then the tetragonal points are absolute minima (and the trigonal ones are 
saddle points), but for the opposite inequality, the trigonal ones become 
absolute minima, whereas the orthorhombic turning points in the linear 
approximation under consideration are always saddle points. 

In particular, when C2/Z& = ZB2/3&, all the extrema points are at the 
same depth. This case was shown to have a continuum of minima points 

Fig. 6. Rfustration of a trigonal distortion of an octahedraI system (cf. the Qe + Qi + Qc 
displacement in Fig. 5). 
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i?ig. 7. The adiabatic potential for a !I’-term system 1inearIy icoupled to tetragonal e-type 
vibrations only (T-e problem) - three equivalent paraboloids. 

forming a two-dimensional trough in the five-dimensional spaeel (in prin- 
ciple similar to the Mexican hat in the E-term case). 

Since the two vibronic coupling constants, B and C, in the Z’--(e + ts) 
problem are independent, a situation is possible when one of them is negli- 
gibly small. If B = 0 then the linear trigonal displacements from the Q, = 0 
point disappear and eqn. (24) can be solved directly. The adiabatic potential 
of the T term in the space of only e displacements (T-e problem) consists 
of three equivalent paraboloids intersected in the point of degeneracy (Fig. 7) 
In each of them the system under consideration is tetragonally distorted, 
quite similar to the E -e case (Fig. 4). But the electronic states in these 
paraboloids, described by the lg>, la> and I<> functions respectively, as 
distinguished from the E-term case, are mutually orthogonal and, therefore, 
completely “isolated” (the system once placed in a definite paraboloid state 
cannot by itself pass to another one). 

Another particular case, C = 0, B # 0 (the T- ts problem), leads to four 
equivalent trigonal minima of the adiabatic potential (Fig. 6). 

(iii) The T term, second-order approximation (orthorhombic minima) 

As has recently been shown l5 the result obtained above, that in the , 
T-(e + t2) problem the adiabatic potential minima can be only either tetra- 
gonal or trigonal, is specific for the linear vibronic coupling approximation 
used, and when the second-order vibronic coupling terms are taken into 
account, a new type of absolute minima may occur, namely, orthorhombic 
(which in the linear approximation can only be saddle points). 
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Fig. 8. The orthorhombic minima “occurrence zone” on the MN pIane for a T-term system 
coupled to both e and tz-type vibrations (T- (e + t2) probtem) in the second-order 
approximation. 

The most important second-order vibronic terms are of the E X Tz type 
mixing the e and ta displacements. Taking them into account and denoting 
the appropriate vibronic coupling constant by D, one has to deal with five 
parameters of the problem, rC,, Kt, B, C and II. However, the main character- 
istic features of the vibronic properties can be described by means of only 
two dimensionless combinations of these parameters, M = D/(K,K$ and 
iV=CD/BK, (it is assumed that M < 1). 

From the results obtained in the second vibronic coupling approximation” 
the most important seems to be the relationship between the parameters for 
which the orthorhombic extrema points become absolute minima. ft may be 
represented by means of the “occurrence zone” on the MN plane (Fig. 8). 
Along the lines M = -+ N3*/2 the depths of the tetragonal and trigonal tum- 
ing points concide, EJer = EJtT , but as the point N = AZ = 0 (which corre- 
sponds to the linear approximation D = 0) the same depths have the ortho- 
rhombrc pomts too, K& = -FftJT = EJOT, so the two-dimensional trough in the 
five-dimensional space is realized. 

Out of this point EJOr # E$ and hence the trough is warped (“crimped”) 
in principle similar to the E-e case (Fig. 4) but in a more complicated fashion. 
Two cases dependent on the D values are possib!e here, E&. < Ei$ and 
EjoT > E;$ _ In the latter the orthorhombic extrema points become absolute 
minima, and the appropriate parameter vaiues for this case can be found 
from the shaded area (*‘occurrence zone”) in Fig. 8. 

The coordinates of one of these orthorhombic minima are 

Qeo = - C (N- 2M2)/2KJV (1 - M2) 
(29) 

Qco =B(2-N)/2~~(1-MM2),Qe0 =Qrto =Q*o =O 

(the others can be determined by symmetry operations) and their depth is 

E& =C2(@+4zM2 - 4M2N)/8K,N2 (1 - M2) (30) 

Together with this essential change of orthorhombic point behaviuuq the 



372 LB. BERSUKER 

account of the second-order vibronic terms also reveals some new types of 
less symmetrical twelve-equivalent extrema points which, however, have been 
shown never to become absolute minimaf5. 

(iv) Pset;do-degenerate states 

Consider first the simplest case12 of two non-degenerate states, \Ir 1 and \k 2, 
divided by an energy interval ZA,. Taking, as above, the linear vibronic inter- 
action terms of eqn. (IO) as perturbation and assuming that there is only one 
vibronic active coordinate Q, we obtain the following perturbation theory 
secular equation (the energy is read off from the middle of the two ievels), 

I 
A--_’ a& 

I 
= 0 

aQ -A--_’ 

where 

12 
a= a: 

( ) 0 

is the vibronic coupling constant (cf. eqn. (14)). 
The solution of eqn. (31) - the vibronic corrections to the electronic 

energies - can be obtained immediately 

4.2 = -+ (A2 + a2Q2)+ 

(31) 

(32) 

Together with the core interaction term Tom eqn. (X2), we obtain the fol- 
lowing expression for the adiabatic potentials. 

~1.2 (Q) = f KQ” -c (A2 + a2Q2)+ (33) 

where it is assumed that the core force constant K is the same in the two 
states under consideration. 

Expression (33) shows clearly that, under the influence of the tibronic 
coupling a # 0, the two states change differently: the curvature of the upper 
curve increases whereas that of the lower one decreases and becomes zero 
when a2 = AK. If 

the curvature of the lower curve becomes negative, i.e. the system in the 
lower (ground) state becomes unstable with regard to the Q displacements. 
The adiabatic potential in this case has two equivalent minima at the points 
* Q, (Fig. 9) 

Qo = (a2/e - A2/a2)i (35) 
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2S,2P 

0 

Fig. 9. Illustration to a two-level (and one active coordinate) pseudo-degenerate case. 
The two minima at the points +Ql may be of dipolar type. 

Fig. 10. One electron level scheme and their electron population for a do complex of 
TiO6 type l6 in BaTiO3. 

Consider now a more complicated case of do coordination compounds 
with a non-degenerate ground state, e.g. an octahedral complex of tetravalent 
titanium with, say, an oxygen-type environment16. Its simple one-electron 
energy level scheme is illustrated in Fig. 10 where the electronic population 
is also shown (the one-electron levels are denoted by small letters). For the 
ground state adiabatic potential ana!ysis, the vibronic mixing of the nearest 
six Zp, oxygen functions and three 3d, titanium functions which together 
form the tag, tI, and t& electronic levels must be taken into account, The 
ground electronic term of the system as a whole is IAl, and the first excited 
term (of thesame spin multiplicity) is ’ T1 U. 

The only active coordinates mixing the ground and excited terms are of 
the TX, type. Taking into account its three components, Q,, Q, and Q,, each 
of which removes the inversion center and moves the Ti atom along the 
appropriate fourfold axis, one can obtain the vibronic secular eqn. (11) of 
the ninth order (according to tne nine functions involved in the vibronic 
mixing mentioned above) which in the linear approximation of eqn. (10) 
has the following roots16. 

& = + [A2 + a2(Qf + Q,“)I& ~j.4 = [A2 + a2(Q: f Q:d, 

E;,~ = k [A2 + a’(&$ + Q,‘)l+, e;.s.g = - A , 

where 

a = (2p, &g).l3d=) (37) 
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Then for the adiabatic potential of the ground state in the space of the 
coordinates Q,, Qu and Q, we obtain the following approximate expression, 

E(Q,,Q~,Q~)=~R(Q~+Q~+Q,~)-~[A~+~~(Q~+Q~)~! 

+ [A2 + a2(Q,2 + Q,“)]+ + [A2 + a2(Q; -I- Q;)]‘i 
(38) 

The shape of this surface is determined by the relation of its three param- 
eters A, K and a. If A > 4a2/K, then the surface (38) has a single minimum 
at the point 9, = Q, = Q, = 0 for which the system is not distorted from its 
initially assumed high symmetry configuration. But if 

A<$ (39) 

the surface (38) has four types of extrema points. 
(I) One maximum is at the point Q, = Q, = Qz = 0, 
(2) Eight minima are at the points Q, = Q, = Q, = Q,, Cl) 

Qbl’ = (&2/K - A2/a2)-k 

and at a depth (read off the point (1)) 

(40) 

E’1 I PJT = 3[4za2/K + A2K/4a2 - 2A] (41) 

In these minima, the Ti atom is displaced along the trigonal axes toward 
three oxygen atoms simultaneously. 

(3) Twelve saddlepoints at QP = Q4 + 0, Q, =O(p,q,r=x,y,z)areminima 
in the p and 4 directions and maxima along Q,. In these points, the titanium 
atom is displaced towards two oxygen atoms situated on the p and Q axes. 

(4) Six saddlepoints are at the points QP = Qs = 0, Q, = Qb2) 

96”’ = (16a2/K2 - A2/02)# (42) 

and at a depth 

E(p2:T = 2 [ 4a2/K + A= K/h2 - 2A] (43) 

For tetrahedral systems, a similar treatment is possibiel’. Here one may 
expect four equivalent minima, in each of which there is one non-equivalent 
(the other three remaining equivalent) metal-ligand bond, shortened or 
elongated. 

Thus the examples considered in this section make it clear that the vibronic 
interaction for electronic states energetically close enough (pseudo-degeneracy) 
leads to the same kind of effects inherent to states of exact degeneracy, 
namely nuclear configuration instability and the presence of several adiabatic 
potential minima. 

The condition of pseudo-degeneracy obtained above (eqn. (34) or eqn. 
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(39)) in principle has the same form for other cases too. It must be empha- 
sized that since it contains three competing magnitudes, the condition for one 
of them, say A, may be very soft, i.e. there may be cases when the pseudo- 
degeneracy condition is fulfilled for great absolute values of A _ 

More exciting than the similarity is the distinction between the degeneracy 
(Jahn-Teller) and pseudo-degeneracy (pseudo-&&n-Teller) cases. Whereas 
in the Jahn-Teller case the vibronic active coordinates can be only of the 
even type, in the pseudo-Jahn-Teller case they may be of the odd type as 
well. An example of the latter wds considered above for the do octahedral 
complex of titanium16. The odd-type distortion leads to dipofe moment 
formation and, hence, the pseudo-Jahn-Teller systems may be dipolar un- 
stable16-18, the effect being impossible for a Jahn-Teller system possessing 
a center of inversion. For a system without an inversion center (e.g. tetra- 
hedral complex) the Jahn-Teller distortions in the T---t2 problem may also 
be of a dipolar type. 

IX SOMS QUALITATIVE RESULTS 

The adiabatic potentials obtained above can be used for the solution of 
the coupled eqns. (9) containing all the information about the properties 
of the Jahn-Teller or pseudo-Jahn-Teller systems under consideration. How- 
ever, solution of eqns. (9) is very difficult practically and is available now 
only for a limited number of particular cases (see Section E). Therefore one 
must recover and withdraw maximum information about these systems using 
only the knowledge of the adiabatic potentials without complete solution 
of eqns. (9). 

As was mentioned above (Section B) in the non-degenerate state, the 
adiabatic potential has the meaning of nuciear potential energy in the aver- 
aged field of the electrons. Its surface consists of a single sheet, at every 
point of which the derivative has the sense of a generalized force acting upon 
the nuclei. In this instance, the nuclear motion can be described well enough 
in a classical way considering the nuclei moving along the potential surface. 
Such a classical (more precisely, semiclassical) approach is very usefui in a 
series of applications, e-g. for investigations of chemical reaction dynamics. 

But in the case of orbital degeneracy,.as shown above, the potential surface 
has several intersected sheets and, strictly speaking, the classical notions be- 
come invalid. However, analysing the adiabatic potentials obtained for the 
general cases (see Figs. 3,4,7,9), one can see that when the vibronic inter- 
action is strong enough, the area near the point of intersection (where the 
surface sheets are close) is relatively small. Far from this point of degeneracy 
and near the bottom of the minima, the energy distance between the surface 
sheets becomes appreciably great (e.g. 4E JT in the E-e problem). Therefore 
in the case of very deep adiabatic potential minima (strong Jahn-Teller 
effect), the states near the bottom of them can be treated approximately 
the same as non-degenerate cases, i.e. considering the nuclear motion in a 
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semiclassical way. In so doing, caution must be taken, bearing in mind the 
quantum effects which are lost in this semiclassical treatment. 

In this section an attempt is made to draw some general conclusions about 
the J&m-Teller and pseudo-Jahn-Teller effects only on the basis of the 
known adiabatic potentials without solving the vibronic eqns. (9), but using 
semiclassical notions and some obvious quantum effects. 

(i) The “relativity rule” concerning the means of observation 

Let us consider the possibility of experimental detection of the distorted 
nuclear configurations for a free Jahn-Teller or pseudo-Jahn-Teller system. 
First we should clarify what physical sense has the notion of nuclear con- 
figuration. According to wave mechanics, the nuclear coordinates are opera- 
tors and only their wave-mechanical averages can have observable magnitudes. 
As we have seen from the adiabatic potentials obtained in the previous sec- 
tion, in all the cases there are several (or an infinite number) of equivalent 
minima points, which are completing one another up to the high sym- 
metry initially assumed for the undistorted system. Therefore the averaged 
nuclear coordinates for an unperturbed system in the vibronic problem under 
consideration will always correspond to the undistorted configuration. This 
result is quite general and is due to the symmetry of the Hamiltonian used 
(it fully supports the statement made in Section B). 

In practice, however, the free system may happen to be at the very begin- 
ning (ab initio) in a distorted configuration, appropriate to one of the 
adiabatic potential minima (as a result of chemical reaction, collisions and 
so on). Since there are other equivalent minima, this configuration is not 
stationary and after a certain time r (the mean lifetime), it turns into another 
equivalent min?mum configuration by means of tunneling, for example (see 
Section E). During the time 7, the system is vibrating near the minimum 
position with a period T = &r/w, where w is the vibration frequency deter- 
mined by the adiabatic surface curvature at the minimum point. 

Now it is obvious that if r 2 2’ the notion of a minimum distorted con- 
figuration loses its real meaning; the general consideration given above has 
a physical sense only when 7 9 T, i.e. when the system is performing many 
(at least several) vibrations in the given (distorted) configuration before 
transition to another one5. 

The distorted configuration mean lifetime r can be determined as a magni- 
tude inversely proportional to the tunneling frequency (see Section E). It 
follows that the deeper are the minima and the greater is the barrier between 
them the greater is r. Therefore the distorted configuration assumes a physical 
sense only in the limit of a sufficiently strong Jahn-Teller effect. 

But even having a physical sense, can the distorted configurations be ob- 
served experimentally and under what conditions? To answer this question 
we have to introduce a characteristic time of interaction of the system with 
experimental means of observation (an effective “time of measurement”) 7’. 
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Then if 

7’ @ T (44) 

a distorted configuration (one of several equivalent ones) will be observed, 
whereas for 7’% 7 an average over all the minima undistorted configuration 
will occur in the experiment. When T - r‘, a more rigorous comideration is 
needed (see Section F). 

Thus, performing the measurement with different means of observation 
having different IF’, one can perceive essentially different information about 
the nuclear conEguration of the same system: distorted and undistorted. In 
other words, zhe nuclear configuration is not an absolute feature of the John- 
Teller systems - it depends upon the means of observation. We come to the 
“relativity rule” concerning the means of observation which can be formulated 
as follows5*fs*20: in a free Jahn-Teller system with strong vibronic coupling, 
the observable nuclear configurations are dependent on the means of observa- 
tion and may vary by changing the method of measurement. 

This rule may be of practical significance for qualitative analysis of the 
manifestations of the Jahn-Teller effect contributing to a better understand- 
ing of their origin. Some difficulties may be encountered in the T’ value deter- 
mination which may involve the solution of the problem of the measurement 
perturbation of the system. As seen in Section F in the EPR measurements 
the magnitude of T’ is inversely proportional to the Zeeman interaction with 
the external field. Since this interaction is proportional to the field intensity 
H, the 7’ value can be easily changed: for values of H great enough, the rela- 
tion ~‘4 7 may be fulfilled, so that the distorted configuration (an anisotropic 
spectrum) is observed, while for small H values the inverse relation may take 
place, 7’s T, and an averaged spectrum is to be expected. A similar transition 
from an anisotropic spectrum to an isotropic one can be obtained for the 
same 7’ value (the same H) by changing the 7 value with temperature, since 
.he tunneling frequency is temperature dependent (Section F). 

Another example of the “relativity rule” manifestation is provided by the 
polarized luminescence considered below. There r’ is determined by the life- 
time of the excited electronic state relative to spontaneous irradiation. In the 
polarizability measurements (Section F), T’ is determined by the rate of molec- 
ular orientation in the applied electric field. 

(ii) Vibronic amplification of distorting perturbations 

So far we have considered only free Jahn-Teller or pseudo-Kahn-Teller 
systems. For stereochemistry and crystal chemistry, the behaviour of tnese 
systems under small perturbations distorting the nuclear configuration is of 
great importance. Such perturbations may arise, for instance, either from 
small differences in the ligands which lower the initially assumed (Jahn-Teller) 
symmetry, or from the influence of the next coordination spheres in the 
crystal structure. 
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If these low-symmetry perturbations are great enough when compared with 
the vibronic interaction (i.e. if they produce an energy splitting greater than 
the Jahn-Teller stabilization), they may completely reduce (quench) the 
Jahn-Teller effects. In the other limit when the perturbations are smaller 
than the vibronic interaction, they do not remove the Jahn-Teller effects but 
modify them. Let us deal now with this latter case. 

Consider the simplest E-e problem in the linear approximation, i.e. a system 
with an adiabatic potential in the form of a Mexican hat (Fig. 3). As was dis- 
cussed above for the free system, the average picture, to be seen in the ex- 
periment, gives an undistorted nuclear confi~tion. Cinder the influence of 
a small distorting perturbation, say elongating the system in the QB direction, 
the circular trough will be distorted, namely an additional potential well in 
the Qe direction (and a hump in the opposite -Qe direction) will appear. 
If the depth of the well is greater than the kinetic energy of the circular mo- 
tion in the trough (in a wave-mechanical approach this condition may be 
softer), then the nuclear motions are localized in this well and an appropriate 
distorted nuclear configuration will be observed in the experiments. 

The most exciting result in this picture is that the magnitude of the distor- 
tion is determined mainly by the vibronic interaction and is almost indepen- 
dent of the perturbation magnitude 21 Indeed, the additional well is formed . 
at a point on the circular trough with coordinates (po, cp,) from which only 
#e depends on the perturbation, and therefore the magnitude of the distorted 
configuration, determined by the pe value, is independent of the perturbation 
(in fact the perturbation distorts the trough circle too, so the p. value be- 
comes perturbation dependent, but for small perturbations it is a second-order 
effect). This pe-value distortion is often called the static limit of the Jahn- 
Teller effect. 

Thus, a small perturbation acting upon a Jahn-Teller system produces a 
distortion which is determined by the static Jahn-Teller effect. Since the 
kinetic energy of the motion along the trough a = h2/8Mp~ is of the ordere2 
of several cm-l perturbation of the order a in the absence of the Jahn-Teller 
effect will produce a very small distortion. Meanwhile the static Jahn-Teller 
effect distortion may be great enough. Hence, we come to the “amplification 
rule” in Jabn-Teller distortions: a small distorting perturbation may be 
amplified by vibronic interactions. 

Let us make some qualitative (or semi-quantitative) estimations of the CO- 
efficient of vibronic amplification Ka. In the absence of tibronic interactions, 
the distortion magnitude Qb can be found born comparison of the perturba- 
tion energy FV with elastic distortion, W = 4 KQ&“, Q& = (ZWL’K)~. If W = a, 
ttidl 

9; = (2&C)+ = hw/2Al, 

where o is the frequency of the Q vibration, Al is the vibronic coupling con- 
stant, and it is taken into account that (L = h2/8Mp%, K = Mu2, 4 Kpg = EJT = 
AfI2K {see Section C). On the other hand, when vibronic interactions are 
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taken into account the distortion value is Q0 2: p. = A J_?? = 2EJT/A1 _ The 
coefficient of vibronic amplification can be obtained directly as the ratio 
Q,/Qb. 

i( -a 
=%z4EJT 

Qb fro (45) 

This K, value may be very great, since for coordination compounds with an 
E term (say, for octahedral Cu” or Mn”‘) the EJT/fim ratio is of the order 
5-10, which gives K, - 20-40 (the minimal ratio EJT/hw appropriate to the 
strong limit Jabn-Teller effect gives K, - 5). These figures, however, are the 
upper limits since eqn. (45) has been obtained for a minimal perturbation 
magnitude W - a. Indeed, if W = pa with p > 1, then Qb = @)8 fro /2A1 and 
instead of eqn. (45) we obtain 

(46) 

In particular, when (p); = M&ha, Xg - 1, i.e. there is no amplification. 
For this case W = pa = EJT , and the Jahn-Teller effect is completely quenched 
by the perturbation, so the distortion Qb - p. is of perturbational origin only. 

So far we have considered the simplest case of the linear E-e problem. For 
more complicated cases the estimations obtained above have to be modified 
(there may also be other means of estimation including the temperature ef- 
fect21). But the general conclusion about the abnormal great “distortional 
susceptibility”, and about the vibronic amplification of distorting perturba- 
tions (having an energy W < EJT) is valid for all the J&m-Teller and pseudo- 
Jahn-Teller systems. 

The notion of vibronic amplification essentially contributes to a better 
understanding of the manifestations of the Jahn-Teiler effect. fn particular, 
it removes completely as incorrect the statements, often met in the literature, 
that the Jahn-Teller effects are not to be expected in systems where the 
differences in the ligands, or other low-symmetry perturbations, formally 
remove the electronic orbital degeneracy (e.g. see ref. 23). On the contrary, 
as shown in this section it is only such low-symmetry perturbations (small 
but vibronically amplified) which lead to observable distortions. In the ab- 
sence of these perturbations, the Jahn-Teller distortions are of a dynamic 
nature and do not manifest themselves in an absolute way in stereochemistry 
and crystal chemistry (in the absence of phase transitions due to cooperative 
JaLn-Teller effect, considered in the next section). 

(iii) Cooperative Jahn-Teller effect and structural phase transitions 

Of great importance for crystal chemistry of coordination compounds is 
the so-called cooperative Jahn-Teller effect. Consider a crystal structure 
containing orbitally degenerate coordination centers which possess character- 
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istic adiabat.ic Totentials described in Section C. Without interaction between 
the centers, the nuclear motion for each is appropriate to its adiabatic poten- 
tial and is independent of the motions in the other centers. Hence the dynamic 
distortions (dynamic Jahn-Teller effect) for different centers are n.ot cone- 
lated. When interaction of the Jahn-Teller centers is taken into account, the 
“molecular field” formed by the environment acting upon the given center is 
not isotrcpic. In this case, the energetically most advantageous is the crystal 
state with correlated (ordered) static distortions. The structure of such a 
crystal will obviously be different from that expected for the same crystal 
without taking account of vibronic interactions. 

The effect of the correlated Jahn-Teller distortion on the crystal struc- 
ture is often called the cooperative Jahn-Teller effect. 

It is obvious that the crystal vibrations and temperature fluctuations will 
tend to destroy Jabn-Teller distortion correlation. Therefore for a given 
energy of distortion interaction there is (at least in principle) a definite tem- 
perature for which the correlation breaks down and the centers become in- 
dependent (with a dynamic Jahn-Teller effect on each), the crystal as a 
whole becoming more symmetric. This temperature-dependent breakdown 
of the correlation of center distortions is nothing more than a structural 
phase transition. 

The qu&tative picture given above in fact, was obtained on the basis of 
rigorous mathematical deductions. Structural phase transitions due to cooper- 
ative Jahn-Teller and pseudo-Jahn-Teller effects were considered in a series 
of papers16*17*24-31. D’ff 1 erent classes of crystals (spinels, perovskites, ortho- 
vanadates, and others) were studied from this point of view, and the critical 
Curie temperature, as well as other characteristic features, were derived as a 
function of the vibronic coupling and other crystal parameters. 

Special cases of structural phase transitions are provided by the ferro- 
electric effects, which were shown to be due to the cooperative pseudo-dabn- 
Teller effect16.26. Since this latter mav give rise to the dipolar instability and . 
dipolar distortions1 6- ’ * mentioned above, their correlation and ordering in 
crystals lead to si spontaneous polarized state and ferroelectric phase transi- 
tions. Several classes of ferroelectric crystal structures of pseudo-Jahn-Teller 
origin were successfully studiedf6.17.26,30*31. 

The cooperative Jahn-Teller (or pseudo-Jahn-Teller) effect provides the 
only cases where the absolute static Jahn-Teller distortion of the nuclear 
configuration manifests itself directly. For orbitally degenerate coordination 
centers in crystals, the environment is always expected to be distorted, either 
statically (below the Curie temperature) or dynamicalIy (above it). Thus, if 
the Jabn-Teller effect is known to be strong for-a given atom, ion or coordina- 
tion center, the knowledge of the environmental nuclear configuration at a 
definite temperature may indicate whether the Jahn-Teller phase transition 
has already taken place below this temperature or not. Of course, all the 
additional effects, such as low-symmetry distorting perturbations (considered 
in the previous section), spin-orbit interaction (for 2’ terms), etc., must also 

be taken into account. 
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‘ABLE 2 

hampies of ordered distortions in crystals at room temperatures (cooperative Jahn-Teller 
ffect) (see ref. 5) 

!rystal Tetragonal distortions of the transition metal envirow 
ment MA6 

RN--Al ) (A) R(M-AZ) = R(M-A3) (A) 

1F, 2.27 1.93 
SlClz 2.95 2.30 
k.lBr2 3.18 2.40 
$ZUFQ 1.95 2.08 
fnF3 2.09 1.8 
‘u2(0H)2C03 2.41 2.01 
LnO( OH) 2.33 1.9 

The strongest Jahn-Teller effect (the greatest vibronic constant) is known 
3 be incidental to transition metal coordin&ion systems with an orbit&y 
egenerate electronic E term. Therefore ihese cases are the best known Jahn- 
‘eller subjects. The stronger is the Jahn-Teller effect and the greater are the 
oordination center interactions in the crystal, the higher is the Curie tempera- 
rre for the phase transition. In Table 2 are given some examples of crystals, 
>r which the room temperature is below the Curie temperature and there- 
,re the Jahn-Teller ion environment is statically distorted. For these crystals, 
le Curie temperature is expected to be very high since they contain the 
congest Jahn-Teller ions (Cu Ix Mn”‘), subjected to very strong interactions , 
ue to the presence of common shared ligands. Other examples, including 
&n-Teller phase transition Curie temperatures, are available’ ‘* ’ 7*24 - 3 ‘. 

v) The shape of electronic absorption and luminescerxe broad bands 

Light absorption ar -1 luminescence in coordination compounds are usually 
udied at room temperature where the spectra consist of broad bands 
ithout vibrational (or rotational) structure. These conditions are very favour- 
ale for the use of the semiclassical approach in which the nucle&r motions 
*e considered as classical ones along the adiabatic potential surface. 
Consider an electronic transition between two coordination compound 

rms, 1 and 2, one or both of which being orbitally degenerate. For the co- 
rficient of light absorption as a function of the frequency K12 (St) (in the 
rpression I = I, exp [-K12(Q)r], where I and ie are the intensities of the 
ansmitted and incident light respectively and I is the layer thickness) we 
ive (see ref. 5, p. 282) 

tzcm=N !& - F12(S2) (47) 
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where N is the number of absorption centers in unit volume and Fl 2 (St ) is 
the so-called band shape factor. In the semiclassical approach the latter is 
given by the expression5*32 

where 

Ae (QQ) = ea (&a) - ~1 (Q(Y) (50) 

PI(QA = 
exp I-e1 (Q,)lW 

(51) 
J dQ, exp f-e1 (Qd/kTl 

e1 (Q,) and e2(Qar) are the adiabatic potentials for the two states under con- 
sideration and &I is the dipole moment operator. 

Thus, knowing the adiabatic potentials Ei(Qa) (Section C), one can calculate 
the absorption coefficient as a function of the incident light frequency, i.e. 
the shape of the absorption band. For equilibrium luminescence (for which 
the vibrational relaxation takes place before spontaneous irradiation) the 
formula for the band shape is similar to eqn. (48), in which one has to insert 
the expression p2(Qa) exp (--hSL/hT) instead33 of p1 (Q,). 

The first semiclassical calculations of the absorption band shapes expected 
for electronic transitions to degenerate states were carried out by O’3rie~4, 
Moran3’ and Toyozawa and Inoue 36. Examples of results obtained for the 
A-E and A-T transitions in the linear approximation are illustrated in 
Figs. 11(a) and 12. The shape of the A-E transitions band obeys the expres- 
sion 

fr2(S2-SZfj)2 
4EJT kT 1 

and has a dip at 0 = Jze, where S2e is the A-E energy interval at the point 
Qe = Q, = 0. It may surely be interpreted as due to a characteristic Jabn- 
Teller splitting which after eqn, (52) is temperature dependent (proportional 
to (T”). 

For the A-7’ transition the band shape is very simple, Gaussian-like and 
not split, when the coupling with the e vibrations is dominant in the T term 
(T-e problem) and its adiabatic potential has the form shown in Fig. 7. If 
the tz vibrations are dominant (T--t2 problem), then the band shape becomes 
like that shown in Fig. 12, 

These results were refined and developed by several authors2*37-42. In 
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Fig. 11. Electronic absorption band shape for an A + E transition taking into account 
vibronic coupling to both e and 01 vibrations4’ (a and O, are respectively the coupling 
constant and frequency of the totally symmetrical vibrations al ): (a) u = 0, 

(b) A;Xr > 02X, (cf AzXI < a2X 
fi% hw,\ 

X = coths XI = coth - 
2kT -* ) 

particular, it was shown 3s that by taking into account the totally symmetrical _ 
vibrations, the “acute elements” of the absorption band (e.g. the sharp dip in 
Fig. 11(a)) are smoothed and flattened (Fig. 11(b)). In the case of very strong 
coupling with these totally symmetrical vibrations, they may evep quench 

Fig. 12. Electronic absorption band shape for an A + T transition, the T term being 
dominantly (linearly) coupled to t2 vibrations (T--t2 problem). 



J?ig. 13. Electronic absorption band shape for an A + T transition, the !I’ term being 
coupled to both e and t2 vibrations, taking Into account the infiuence of totally sym- 
metric ~11 vibrations (the curves tor several vahws of B, C and a are shown37). 

F, (PI F,z (9) 

(a) (b) 

Fig. 14. Electronic luminescence band shape for an E -+ A transition (in the linear E-e 
problem approximation): (a) a = 0; (b) a + 0. 

(a) (b) 

Fig- 15. EZleetranic absorption band shape for an E * E transition (in the linear E--e 
problem approximation3s): {a) Ai > AT ; (b) Ai < AT (Ai and A; are the vibronic 
coupling constants for the ground and excited states respectively). 
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completely the Jahn-Teller splitting 3s*4o (Fig. U(c)). The same picture is 
expected for the A + T transition3’ (Fig. 13). Luminescence curves are given 
in ref. 39 (see Fig. 14). The E + E transition band shape3s-41 is illustrated 
in Fig. 15. Examples of pseudo-Jahn-Teller influence on band shapes are 
seen in ref. 42. 

For all these cases, the band shaFe expected depends essentially on the 
relation between adiabatic potential parameters and other vibration coupling 
constants. It was also shown 3Q*40 that quantum corrections to the semi- 
classical band shape curves are essential. (Absorption and luminescence band 
shapes in Renner-type systems are given in refs. 33,41.) 

(v) Polarized luminescence 

Significant information about the nature of the degenerate electronic 
state adiabatic potential minima can be obtained from the investigation of 
polarized luminescence 43*44. This opportunity is based upon selection rules 
which determine that electronic transitions between the initial and final 
minima states are ailowed only for a definite light polarization. 

For instance, a dipole type (electric or magnetic) transition from a non- 
degenerate state to the tetragonal [loo] minimum of an excited T term is 
&owed only for the [loo] polarization, but for incident light polarized along 
[ill] the transition is allowed for all three minima simukaneously. From the 
tetragonal [loo] minimum of the ground 2’ term, the transition to the [loo] 
minimum of the excited T term is forbidden, whereas the transition to the 
[OlO] and [OOl] minima is allowed only for light polarization of the [OOl] 
and [OlO] directions respectively. For transitions to trigonal minima the 
polarization prohibitions are quite different (Tables 3-G provide some 
examples). 

Assume now that in accordance with the “relativity rule” discussed above 
(Section (i)) the lifetime in the minimum T is greater than the lifetime of 
the excited electronic state relative to the spontaneous optical transition 
to the ground r’. If this is the case, the luminescence should have a definite 
polarization determined by the polarization of the incident light. Indeed, 

TABLE 3 

Matrix elements of the electric dipolar moment d components for Al,(,) + !I'lu(g) transi- 
tions, the T term having three tetragonal minima oriented along the fourfold axes. 

T-tt?l?ll 100 010 001 

minima 
-_ 

ds d 0 0 

4 0 d 0 
dz 0 0 d 
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TABLE 4 

Matrix elements of the electric dipolat moment d components for Algtu) -+ Tlu[g) transi- 
tions, the T term having four kigonal minima oriented along the threefold axes 

T-term 
minima 

111 Tii iii Iii 

d 

:: 

a d 

d -d 
d d 

dependent on this, the excited state minima will be differently populated, 
the population relationship being easily obtained from the known electronic 
minima wave functions (see Section C and Tables 3-5) and, again, each of 
these minima gives rise to a definite polarization of the luminescence light. 

Some general conclusions concerning the nature of the adiabatic potential 
minima in an excited T-term state (when the ground state is non-degenerate) 
based upon the analysis given above may be formulated as follows. 

(1) If for absorption light polarized in the direction [lOOj the luminescence 
is polarized in the same direction, and for incident light polarized along [ill] 
the luminescence is completely depolarized, then in the excited state tetra- 
gonal absolute minima occur. 

(2) If for incident light polarized along [ill] the luminescence is partly 
polarized in the same direction, and for [X00] polarized light the luminescence 
is completely depolarized, then trigonal miniia occur in the excited T-term 
state. 

(3) If for the [loo] polarization of absorption light the luminescence light 
is partly depolarized with an intensity relation I,: I,: I, = 2 : 1 : 1, but for 
the [llO] polarization this latter becomes I, : I, : I, = 3 : 2 : 2, being com- 
pletely depolarized for incident light polarized as fill], then the six ortho- 
rhombic minima occur in the excited state. 

TABLE 5 

Matrix elements of the efectric dipolar moment d components for Algtu) --f rluae, transi- 
tions, the T term having six orthorhombic minima oriented along the twofold axes 

T-term 
minima 

110 ii0 101 ioi 011 oii 

z: 
d -d d 
d 0 0 5: : 

0 0 d d d d 
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For transitions between two degenerate electronic terms the polarization 
relationship becomes more complicated. 

When the lifetime of the minimum state is shorter than thz Efetiine of the 

excited electronic state, T < T’, then during the time 7’ the populations of 
the equivalent minima equalize, and (in accordance with the general “relativ- 
ity rule”) a completeiy depolarized luminescence will be observed in all cases. 

E SOLUTIONS OF THE VIBRONIC EQUATIONS 

(i) General solutions 

Until now, only two particular cases of the vibronic eqns. (9) are known 
to have been solved numerically - the linear E-e problem45 and the linear 
T-ts problem 46 In the former, tables of energy levels and wave function . 
coefficients for different vibronic coupling constant values have been ob- 
tained, and by means of these data the band shape for the electronic A + E 
and E + A transitions were calculated. Some of these results are illustrated 
in Fig. 16. One can see that for the A + E transition, the band is split and its 
main features are similar to those obtained in the semiclassical approxima- 
tion (Fig. 11). For the E + A transition, the band is not split, and this result 

1 
1-E !.,llllllllllll~... 

A = 15 

F-d .l,IllIlilI,,... 

Fig. 16. Electronic absorption and luminescence intensities for A + E and E + A 
transitions as a function of frequency calculated by the numerical data obtained from 
the solution of the linear vibronic E-e probIem4f;. (Tbe arrows indicate the zero-phonon 
line position.) 
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,2A1. A2 *SE. 3T, .4T2 

Fig. 17. Vibronic energy levels as a function of the ratio E&/#wt obtained by numerical 
solution of the vibronic equations of the T-t2 in the linear approximation46. 

at first sight contradicts that obtained in the semiclassical approach where a 
Jahn-Teller splitting of the band is also expected (Fig. 14). In fact, however, 
there is no contradiction between the two appoaches, since the band shape 
based upon the numerical results of the vibronic equation solutions46 is cal- 
culated without taking account of the excited. vibronic state population, i.e. 
for T = 0, for which the semiclassical approximation also gives no splitting. 

The energy levei scheme obtained by Caner and Englman46 for the linear 
T--t* problem as a function of the vibronic coupling constant values is shown 
in Fig. 17. IJsing these data, a band shape calculation was also performed47. 
The results are given in Fig. 18. 

Along with the exact numerical solutions of eqns. (9) available for these 
particular cases, different ap@roximate and semi-empirical solutions including 
the other Jahn-Teller cases may be of great importance. In the case of a 
very weak vibronic coupling, a perturbation calculation of the energy levels 
and wave functions may be performed48*4g. 

In the other limiting case of strong coupling, eqns. (9) can also be simplified. 
For the E-e problem, only the lower sheet of the adiabatic potential (Fig. 3) 
may be taken into account (at least when the ground and several low-lying 
excited states iodized near the bottom of the trough are considered). This 
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06 

06 

08 

06 

Fig. 18. Electron A --+ T transition intensities for a T---t2 system as a function of light 
frequency, temperature, linear coupling constant I3 and broadening parameter a! (all 
energies in units of fiwt)47. I (absorption): B = - (6)*, ff = 0.5; (a) kT = 0; (b) kT = 0.5. 
(c) kT = 1; (d) kT = 4. II (absorption): B = - 6, CY = 1, and kT values the same as in I. 
III (emission): (a) B = - 6,ff = 0.1, RT = 0; (b) B = - (6)*,a i 0.5, kT = 4; (d) B = - 6, 
ct=OA,kT=4. 

case was investigated by O’Brien 22. The motion in the trough was approxi- 
mately divided into a radial one along p and an angular one along the Q, coor- 
dinate. The radial motion was assumed to be harmonic with an energy 
hwp (n + r ), while the angular one was assumed rotational with an energy 

?z rn2 (ho, ) /4EJT, where m is the rotational quantum number which is here 
only half-integral. The full expression for the level energies is therefore 

en, =-EJ,+liw,(n+~)+m2~20p2/4EJT, m=~~&,_._, n=0,1,2,... 

(53) 

When second-order vibronic coupling terms are taken into account, the 
problem becomes rather complicated (see eqn. (17)). O’Brien22 suggested a 
solution in which it is supposed that the second-order terms may be regarded 
as small perturbations to the ground vibrational state. Then the angular 
motion is no longer purely rotational but obeys the approximate equation 
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Fig. 19. Vibronic energy levels as a function of the ratio Ipl/~ll obtained by numerical solu- 
tion of eqn. (54) for the second order E-e problem**. 

a2 
-a-+PCOS~O x~(Qs)=E,x~(Q),oL=~*/~MP~,P=A~P~ 

wJ2 1 
(54) 

The results of the numerical solution of this equation for different param- 
eter relations @/CY are given in Fig. 19. 

It should be noted that in the solution given above, there are some un- 
proved approximations. Indeed, the 0 value is shown to be greater than hi,,, 
and therefore perturbation theory which takes into account only the ground 
vibrational state is invalid. There are also other approximations made in 
ref. 22 {e.g. the ce&rifugaI terms in the potential energy are omitted). 

Another solution based on the variation principle has recently been sug- 
gested’l. As trial wave functions for the ground vibronic E and fist excited 
Al levels one may choose 

exp (V cos 39) q+ exp [+24 (4 - lj2 1 

(55) 

*A,(P,@) =?J& cos?$- exp (Y cos 34) q+ exp I+ (q-l)23 
.b 

where v and u are variational parameters (4 = p/roe). Some resu.Its obtained 
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TABLE 6 

Dimensionless variational parameter values for tunneling level wave functions (55).; 
energies and the tunneling splitting (i (in hw12 units}, h = 4 

7 E level A level tunneling 
splitting 

V U % V U CA S =EA-EE 

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 

0.071 4.774 -2.590 0.036 4.544 -2.208 0.382 
0.140 4.908 -2.456 0.071 4.619 -2,134 0.322 
0.206 5.019 -2.332 0.105 4.694 -2.062 0.270 
0.269 5.104 -2.218 0.138 4.755 -1.993 0.225 
0.329 5.165 -2.111 0.170 4.815 -1.926 0.185 
0.385 5.219 -2.013 0.201 4.870 -1.861 0.152 
0.438 5.271 -1.921 0.231 4.926 -1.799 0.122 
0.489 5.298 -1.835 0.260 4.974 -1.738 0.097 
0.536 5.336 -1.753 0.289 5.018 -1.679 0.075 
0.581 5.356 --I..677 0.317 5.059 -1.621 0.056 
0.623 5.374 -1.604 0.344 5.096 -1.565 0.039 
0.663 5.400 -1.535 0.370 5.130 -1.511 0.024 
0.701 5.415 -1.469 0.396 5.168 -1.457 0,012 

for definite vakres of the adiabatic poterkii parameters h = 
7 = ZA/fio, are illustrated in Table 6. 

Approximate solutions of the vibronts problem fo:: some 
cases may be found in refs. 14, W-53. 

(ii) Tunneling splitting 

2EJT/k.+, and 

other particular 

Another approach to the problem which allows one to obtain the ground 
and several excited state vibronic levels in the case of a strong Jahn-TelIer 
effect was suggested earlier 54V55. In this approach, the adiabatic potential 
minimum states are taken as a starting approximation, and then the inter- 
action between them, assumed to be small, is taken into account as a perturba- 
tion, leading to tunneling transitions between the minimum configurations 
through the potential barriers. 

The initial minimum states are taken in the adiabatic approximation as a 
product of the electronic $ i(ru, Qp} and nuclear xK (Qz’) wave functions 

ipiK(rv,Qk”)=J/*(r I Q”‘)x “9 4x (Q”‘) i=l 2 K U¶ * ,***, r (56) 

where the Q$) are the normal coordinates in the ith minimum, which can 
easily be obtained by symmetry considerations, K chracterizes the vibration 
state in the minimum and r is the number of equivalent minima. In the 
harmonic approximation, xa t&g)) can be taken as a product of harmonic 
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x,AQi?) = &‘I t&i") XKZ t@‘) . - - x,JQ$)) 

oscillator functions where K is the number of Jahn-Teller active coordinates 
(equal to 2,3,5 for tetragonal, trigonal and orthorhombic minima respectively). 

The energies of the minima states are 

k 

E, =-J?a& + c fiWj(Kj++) 
j-1 

(571 

where wj is the appropriate vibration frequency. Since E, does not depend 
on the minimum index i (whereas the wave function (56) does) the energy 
states (57) are r-fold degenerate. This degeneracy may be removed by taking 
into account the non-orthogonality of the minima states. 

The full wave function of the system can be sought for as a linear combina- 
tion of the minima functions (56). 

*K (r~, Qd = PI ciK*iK trV;, QP) WO 

the coefficients cII( being determined by the minimum variation condition for 
the full energy (calculated by this function). This leads to a secular equation 
of the rth order 

IIH$ - EKqy = 0 (59) 

where Ht are the full Hamiltonian matrix elements, and Sz are overlap inte- 
grals for the functions (56). Owing to the equivalency of the minima we have 
~~=H:2andS:,=S:,,i,j=1,2 ,..., r, and eqn. (59) is esssentially simplified. 
Its solutions - the eK and crx values as functions of the H& and S:, values 
for tetragonal, tigonal and orthorhombic minima - are given in Table 7. 

In the limiting case of a strong Jahn-Teller effect (very deep minima) the 
li;f , and ST, values can be calculated directly. For the E-e problem (Section 
C, Fig. 4), assuming the electronic functions (in the minima) $ i to be indepen- 
dent of the nuclear coordinates (appropriate to the so-called simple adiabatic 
approximatio&), we have 

s:, =-frx 
(66) 

TK = 
s 

XKe t&P’) XK~ t&g’) xtte(Q$‘)) XKE(Q~“) d&e dQ, 

For the ground state K s = K e = 0, and taking, approximately, tie = wE = o 
(note that in polar coordinates og = wP and wE = ocf,, cf. Section C), we 
obtain 

70 = exp (- 3 EJT/2fi~) (61) 
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TABLE 7 

Energies and wave function coefficients Cia (after eqn. (58)) for tunneling levels in three, 
four and six minima model systems; the coefficients Ci, are given in the form Ncr (Cl,. 
Cza. * - - I C,), o! = 3.. 2. * _ _ * ?, where AN, is a common multiplier (S z S&, HI* 3 H$,) 

r symmetry Energy cia 

E 

A 

T 

4 

A 

Tl 

T2 

i 

H12 -- 
1-s 

ml2 

1+2S 

H12 -- 
1-S 

362 
1+3S 

2&z 

1+2S 

=12 

1 
-- 

l--2s 

1 
* (2, -1, -1) 

[6(1-S)]T 

1 
1 (0, 1, -1) 

[2(1-S)]5 

1 
px 1.1) 

[3(1+=)1* 

1 

2(1-S)+ 

(I.,-X,-l, I) 

1 
r_ (l,l,--19-1) 

2(1-sp 

1 
_I_ (l* -l,l,-1) 

2( l-S)2 

1 
A(l,l.l* 1) 

2( 1+3S)* 

1 
r (1, 1, 1, 1, 0, 0) 

2( 1+2S)2 

1 
d (1,0,--I, 0,Ll) 

2(1eS)2 

1 
p,-Lo,L L-1) 

%( 1+2S)2 

1 
p.-l*l,-% 0.0) 

2( l-2S)2 

1 
,(-l,O,l,O, 191) 

2( l-2S)2 

i 

1 
p-l,o* h--l* lI 

2(1-zS)2 
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(0) (b) (cl 

Fig. 20. The tunneling splitting vibronic energy levels for the second-order E-e problem 
(a), linear T--t2 problem (b) and second-order T- (e + t2) problem (c). 

If o e # w E, then introducing the quantity p = w (F Jw *, one can obtain 

Yo = (62) 

In the same appro~mation 

~&=$EJT~o l+&/!?& 
e 2 

Since es > 0, the ground vibronic (tunneling) state is twofold degenerate 
E (Fig. 20(a)). (In the first publications on this topicS4*55 there was an error 
in the sign of the splitting.) 

In the linear T-e problem (Section C, Fig. 7) the electronic states in the 
three tetragonal minima are mutually orthogonal and therefore S;f2 = HT2 = 0, 
and hence there is no tunneling splitting. In the T-t2 case (four trigonal 
minima) the tunneling splitting can be obtained in a similar manner to the 
E term case discussed above. The fourfold degenerate vibronic states in the 
minima are split into two levels, 7’ and A (Table 7) by tunneling, the former 
being lower (Fig. 20(b)) and 

42 =3E:rrK (64) 

‘YO = exp f-4E:, J3fiwt) (35) 

When the second-order vibronic coupling terms are taken into account, 
six orthorhombic minima occur (see Section C, eqa; (29) and (30)). This 
being the case, tunneling between them leads to a splitting of the sixfold 
degenerate level into two, TX and T2 (Table 7, Fig. 20(c)), with an energy 
interval1 5 

6,3Eo 24-28Iv--2N2+99N3 s 
2 JT (4-3N)(4-3P) l-S2 

(66) 

[ --- 3 ETr 12 2ON llp?2 
- - 

S=exp 2fto (4-3N)(4-W) 1 (67) 
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In all cases, the tunneling splitting approach is valid only when the splitting 
magnitude is much smaller than the vibration quantum in the minimum 

6 4iiw (68) 

(iii? The reduction of electronic ~agni~des 

The solutions of the vibronic equation obtained above - the lowest energy 
levels - show that in all cases the ground state remains of the same multiplic- 
ity (the same degeneracy and symmetry) as the initial electronic term (cf. 
the formulation of the Mm-Teller theorem and its discussion in Section Bj. 
Therefore one may expect that the qualitative features of the observable 
properties of the system determined by the ground state only will also be un- 
changed by vibronic effects. It will be shown below in this section that, indeed, 
the vibronic interaction reduces quantitatively all the ground state physical 
magnitudes of electronic origin without changing their qualitative aspect. This 
reduction effect was seen for the first time in our calculation of the spin- 
orbit splitting of the T term56 and afterwards generalized by Ham57 for any 
physical electronic magnitude. 

The reduction theorem may be formulated as follows: let the wave function 
for the electronic degenerate l’ term be $ r_, (rV) (y denotes the component of 
the representation l?) and for the appropriate vibronic term be tk rr (rvr &,). 
Then for matrix elements of any electronic operator FF; (r,), tr~sfo~ing as 
the 7 component of the r representation, the following relationship holds. 

where the cons&nt Kr (? ) < 1, and (for a given term, l’ j depends only on the 
representation r of the electronic operator F. For proof of this theorem see, 
for instance, ref. 52. 

It follows from this theorem (eqn. (68)) that, if the constants Kr (F), called 
reduction factors, are known, then all the ground state electronic magnitudes 
can be determined directly from the matrix elements calculated by the initial 
basic electronic function:; of the degenerate term, i.e. without solution of the 
vibronic problem. In par%icular, the reduction factors Kr (I’, can be obtained 
from a definite experimental observation and then used for prediction of all 
the others. 

The Rr (r;> constants can also be calculated when the solutions of the 
vibronic equations are known. For the linear E-e problem, the two reduction 
constants, KE (A._,) and KE (E), can be calculated from the numerical data 
available5* as a function of the vibronic coupling constant (or the ratio 
EJTfi~). In Fig. 21, the results obtained are shown together with the curves 
for approximate analytical expressions useful in applications57*5s. 

KE TA 2) x exp (--~E;JT~~o ) 

KTUO =+tl + &642)1 I 
(69) 
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0.01 cil 1.0 lCl0 
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Fig. 21. Reduction factors K&T) and K&AZ) as a function of the ratio EJ-@w for the 
linear E-e problem 6g. Th- points are x e act values calculated from the data of ref. 58, 
while the contincous curves show the approximate expressions (69) (the broken line is 
chosen to fit the calculated points over the rangeSs 0.1 < E&hw 5 3.0). 

For the linear T-e problem, the following approximate expressions are 
,&&7.5§_ 

More exact values, taking account a small t2 vibration influences, were ob- 
tamed in ref. 52. For the linear T--f, problem we have57*5s (Fig. 22) 

lir,(T,) = R,(E) = exp (-SE:, /4Rw,) 

1 
(71) 

GG2) = f [2 + GWx11 

These expressions are in good accordance with the numerical data available 
from solution of the vibronic equations46. 

For orthorhombic minima of the T--(e + 
approximate formulae are1 5 

I&(E) = (I-+ 8s + 6z)/(4 + 8s) 

Kr(T1) = (3s + &/(li- 2s), KT(T2) = (1 + 

where 

S=+exp 
C -& @Q& 

s” = $ exp (-&Q& /Rw *) 

+2QfJ 1 

ta) second-order problem the 

(72) 
(W/(2 + 4) 

(73) 
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x 

-X 

Fig. 22. Reduction factors KT{E), Kg (2’1) and _KT(T~) in the linear T--r2 problem a~ a 
Ymction of x = [3 E~T/2ho,]5_ The continuous lines show the results obtained from thP 
mmerical solution of the vibronic equations&, while the broken lines follow the apptoxi- 
nate expressions (71)5s. 

;he equilibrium coordinates QeO and Qro being given by eqn. (29). 
As is seen from eqns. (69) - (73) the reduction of electronic characteristics 

fue to vibronic interactions is exponentially dependent on the ratio EJ~,/‘F~o 
which determines the magnitude of the Jahn-Teller effect, and it may be 
rery great for a strong Jahn-Teller effect. The most strongly reduced (of 
lil the cases) are TX-type operators, to which the eiectron orbital moment 
md hence the spin-orbit interaction belong. The essential reduction of the 
,pin-orbit splitting (sometimes by one to two orders of magnitude66*60) is 
me of the most pronounced manifestations of the Jahn-Teller effect in T 
,erm systems (the E term is not split by spin-orbit interaction in the first- 
order approximation). 

Other reduced magnitudes are, for example, the anisotropic (orbital) part 
)f the Zeeman interaction, all the (non-totally symmetric) interactions be- 
ween the electrons and nuclei (say, dipoledipole, quadrupole, etc.), the 
Coulomb and exchange interactions between Jahn-Teller centers in cry~tal@~ 
tnd so on. 

It must be emphasized that the reduction picture described above loses its 
implicity and attractiveness when the physical magnitude is not only deter- 
nined by the ground state. In particular, for a strong Jahn-Teller effect there 
s another tunneling level which lies close to the ground state (see Figs. 17 
nd 19) and may essentially influence the observable effects. In other cases, 
vhen Kr(Fj = 0, second-order reduction factors have to be taken into 
.ccounts2. 
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F. ‘SPECTROSCOPIC MANIFESTATIONS OF TUNNELING SPLITTING AND REDUC- 
TION EFFECTS 

There are two somewhat different areas of manifestation of the Jahn-Teller 
effect based on the solutions of the vibronic equations discussed above: the 
tunneling s,nlitting and the reduction effects. Whereas the former are essential 
only in the case of strong vibronic coupling (great E,/tio ratio), the latter are 
most essential for weak (or intermediate) coupling when the energy difference 
between the ground and excited states is very large and the observable magni- 
tudes are determined only by the ground state. 

Before going on to consider these effects in detail, it must be noted that, 
since the tunneling splitting is small and of vibronic origin, observable spectro- 
scopic properties may be essentially affected by small perturbations which 
are always present in real samples. In the case of a &&n-Teller center in a 
crystal, the role of such perturbations may be lattice vibrations and random 
strain resulting from inhomogeneities, dislocations or nearby point defects. 

The vibronic problem of a Jahn-Teller center in crystals in which lattice 
vibrations are taken in account is not yet solved, although some attempts 
have been mades3. Some qualitative conclusions about the lattice vibration 
influence upon the Jahn-Teller center tunneling splitting may be made on 
the basis of a model in which the surrounding crystal is regarded as a viscous 
continuum6*. In this model, the tunneling transitions between the equivalent 
(but differently oriented) distorted nuclear configurations are hindered not 
only by the internal potential barrier, but by the viscosity of the environment 
as well. Since the viscosity decreases with temperature rise, the tunneling 
frequency should also increase by increasing the temperature. 

Qualitatively, the same conclusion can be obtained from a more rigorous 
treatment of the problem in the approximation of the so-called “triple 
adiabatics” in which three subsystems are separated: the quick one, i.e. the 
electronic motions, the slow one, i.e. the coordination (Jahn-Teller) center 
vibrations, and the slowest one, i.e. the lattice vibration8 6. 

The effect of random strain on the observable properties of Jahn-Teller 
systems was investigated in a limited number of cases57*59*66*6’. It was 
shown that, although the splitting produced by these strains can be greater 
than the tunneling splitting (or Zeeman splitting), in most cases only the 
line shapes (but not positions) are affected (an effect obviously due to the 
random nature of the strains and their mutual compensation when averaged 
upon the overall crystal). In other cases, random strain aIso decreases the 
line intensity6’. 

(i) Microwave and ultrasonic absorption 

Microwave absorption may be predicted as a consequence of direct transi- 
tions between the tunneling levels (Fig. 20) under the electromagnetic pertur- 
batiorP. These transitions in the general case are magnetic dipolar ahowed, 
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and for systems without an inversion center they are also electric dipolar 
allowed. Taking account of the comment made above concerning the lattice 
vibration and the influence of random strain, as well as the small value of the 
tunneling splitting, one may expect the absorption line to be very broad (and 
even similar to relaxation type absorption, see ref. 69). 

The observed additional microwave loss due to Mn3+ ions (E term) in 
yttrium-iron gamets70 seems to be of the tunneling nature under considera- 
tion. Indeed, this absorption has clear-cut frequency dependence with a tem- 
perature-dependent maximum position (v,._~ = 15 kMc at 37°K and v,,, = 
56 kMc at 58°K) in accordance with the strong dependence of the tunneling 
splitting on crystal temperature described above. 

In a similar way, transitions between the tunneling levels under acoustic 
perturbations which lead tc ultrasonic absorption can be considered’1*72. For 
the E + A transition between the tunneling levels of the B-e problem we 
obtain the following expression for the absorption coefficient as a function 
of the absorption frequency’lw 

,NR2A1v2 
UE-Ah)=3 

kT t13d 
i?(o)L (74) 

where N is the number of absorption (Jahn-Teller) centers in a unit volume 
in the crystal, d being its density, R is the minimal metal-ligand distance, Al 

is the linear vibronic coupling constant (see eqn. (14)), u is the velocity of 
sound, g (o ) is the form factor of the line determining its shape and depend- 
ing on the relaxation processes in the crystal, 

w 

r g(o)do =l, 
0 

and L is the factor which takes into account the sound propagation direction 
n and polarization m. 

(75) 

(mi and n, are the direction cosines). 
Estimates, say, for hydrated copper complexes (taking Al = 2.5 X l.0e4 

dyn) give CJ = 3 X 10-‘fo2(4n2T)-1, which (without account of random 
strain, see below) is several orders greater than the so-called magnetic acoustic 
resonance absorption 73. The absorption frequency can be regulated by 
means of magnetic fields72. 

Introducing the relaxation time T, we can express the line shape by means 
of the expression 

g(o) =f 1+ fOLWo)2*2 (‘76) 
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where hw e = 6 is the tunneling splitting. As T is strongly temperature depen- 
dent, g(w ) has a maximum as a function of temperature which can be obtained 
from the expression (o-we) 7 (Tmax ) = 1 if the temperature dependence of 
S is neglected. 

Acoustic loss due to Jahn-Teller tunneling was observed experimentally 
by Sturge and coworkers 74*7s in an electronic E-term system Ni3+: AlaO 
(see alsa ref. 76). The author75 claims that this loss is due to relaxation pra- 
cesses, involving the tunneling effects, but not to resonance transitions between 
the tunneling levels, the motivation being that the random strain causes much 
greater splitting, A - 2 cm-l, than the tunneling (estimated as 6 - 10-lcm-l). 

However, these objections are not convincing since it can be showns’ that 
the sound absorption intensity is strongly dependent on the influence of the 
crystal lattice defect and decreases with its increase in the ratio 6 2/(S 2 + A2). 

It follows that the centers which are strongly affected by random strain do 
not, in effect, absorb the sound, and only those centers which are not dis- 
torted (or are only slightly distorted) by the lattice defect do absorb the sound. 
The number of resonance-absorbing centers and hence the total absorption in- 
tensity is, thereby, strongly decreased by random strain; however, this has little 
effect on the experimental observations since, as shown above, the effect itself 
is very strong. For reasons, similar to those discussed above for microwave 
absorption”‘, the ultrasonic absorption lines are expected to be broad and 
relaxation-like. 

(ii) Electron pammagnetic resonance 

In an overwhelming majority of cases, electronically degenerate terms in 
coordination compounds are formed by unpaired electrons with a total spin 
S f 0. This fact together with the small magnitude of the tunneling splitting 
(which often falls in the radiowave range) predetermines the actuality and 
usefulness of the EPR method in investigation of the Jahn-Teller effect. 

Many papers have been devoted to the Jahn-Teller effect in EPR spectra 
(see reviews in refs. 59,75,77 and the appropriate chapters in monographs 
cited in refs. 2,5,78). The physical picture of the phenomenon can be 
clarified by considering the results for the three minima model of the second- 
order E--G problem first obtained in ref. 64. One can obtain the following 
expressions for the tunneling state energies in the E-e problem (say, for 
octahedral complexes of Cu”) as a function of the magnetic field intensity 
H IIOz, by solving the second-order perturbation problem for the Zeeman and 
spin-orbit interaction. 

(77) 
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Fig. 23. Tunneling energy level dependence on the magnetic field intensity HllCk for an 
E-term case and magnet& dipolar allowed transitions between them. 

where h is the spin-orbit interaction constant, A is the energy interval be- 
tween the ground E, term and first excited ?‘a, term, and SK is the tunneling 
splitting. 

The & dependence on H is illustrated in Fig. 23. The allowed magnetic 
dipolar transitions between these levels, shown by arrows, are more conve- 
niently described by dividing the H range into three: I, the low-frequency 
range ((X/A)flH 4 6,); II, the intermediate range ((X/A)flli - 6,); III, the 
high-frequency range ((X/A))pH S 6 K). In ranges I and III, the CE~ dependence 
on H is almost linear, so the electromagnetic wave absorption can be character- 
ized by means of g factors. In range I they are (X < 0) 

g1 =2-k (6+3y,),g, =Z-2 (2---3y,h& =2-9 (76) 

while in range III, three other transitions are allowed. 

g, =2-%,&,a =2-$(2& 3y,) (79) 

where rK, given by eqns. (60) - (62), is, in most cases, smali and may be 
omitted. in the intermediate range, the intensities of the lines (78) decrease 
and those for the lines (79) increase when going from I to III. For the angular 
dependence, say, of the low-frequency spectrum, we have7” 

g,,, = 2 - 2 rt 9 [l- 3 ([em2 + PW + TnWf]~ 

g3 
=2_9 

where 1, m and n are the H direction cosines (without taking into account the 
vibronic coupling, the angular dependence of the spectra is essentially differ- 
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ent7g*80) * The characteristic angular dependence of the Jahn-Teller EPR 
spectrum was a subject of multiple experimental verification2~5~5g~78*7g~81. 

Note that, on the assumption of a strong temperature dependence of the 
tunneling splitting 6, one can obtain the transition from spectrum I to 
spectrum 111 considered above by keeping the H value constant but changing 
the temperature, the low-frequency range, I, being appropriate to high tem- 
peratures, while the high-frequency range, III, is appropriate to low tempera- 
tures. (If range I is reached at high temperature for which there are quick 
relaxation processes, the appropriate spectra should be completely isotropic.) 
Such temperature transitions in the EPR spectra had been observed in a series 
of compounds before the tunneling splitting effect was revealed82-85, but 
were subsequently interpreted on the basis of tunneling splitting6*. 

The effect of tunneling on the hyperfine splitting of the EPR spectra is 
also essentia15gq86. 

For large tunneling splitting 6 the influence of the upper AI level on the 
ground E-level characteristics becomes negligible and the expected EPR 
spectrum may be determined easily using reduction factors obtained in Sec- 
tion E. If this is the case, the following two lines, each with hyperfine struc- 
ture (u is the appropriate hyperfine quantum number), are expected67*“g. 

hw, = (&OH+P,vf * &zW) &&H+P,v) 

x 11 - 3 {12m2 + i2n2 + m2n2)]4 

where 

(3) 

g, =2-~,g2 c-9 

p1 =-p h+$ ,p2 =-p($+$$) 
( ) 

P = 27flBN F3>, 7 is the nuclear g factor, fi and ON are the electronic and 
nuclear Bohr maOnetons, and h is the contact hyperfine interaction constant. 
As was shown by Hams7 and Chas@, strong (as well as weak) random strain 
does not affect the line positions but their shapes, Expressions analogous to 
eqn. (81) were also obtained for T-term case spectrasg. 

The tunneling splitting also affects the rate of the relaxation processes87-8g, 
since the probability of relaxation transition between non-Kramers conjugated 
levels is greater than for conjugated ones, and some new channels of relaxation 
occur (through the higher tunneling level) which lead to ~other.tempe~t~e 
dependence of the relaxation rate f- e-@fkT) and - T5 instead of - T and 
- T’ for direct and Raman processes, respectively). 

(iii) Zero-grhonon line splitting 

In the electronic spectroscopy of coordination compounds, as already men- 
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Coned in Section D, the high-temperature broad-band absorption and lumi- 
nescence are often investigated. In this case, fine structure due to tunneling 
splitting is not expected to be observed. It is well known, however, that at 
lovv temperatures there may be the so-called zero-phonon lines in crystals 
(an optical analogue of the Mossbauer effect), which are very narrow and 
sharp (see, for instance, the appropriate chapter in ref. 90). For these lines 
the tunneling splitting, say, in the excited electronic state can be ovserved 
experimentally (if greater than the linewidth). Difficulties may be caused by 
the fact that the transition to one of the tunneling levels is usually forbidden 
and becomes allowed only in the next approximation, or in the presence of 
distorting perturbations. 

Caplianskii and Przevusskn -*s1 have observed the splitting of the zero-phonon 
line of the A -+ E electronic transition in Eu2+: CaF,, Euz+ : SrF,, Sm: CaF,, 
and Sm2+: SrFs (the splitting being of the order of 15.3,6.5,27 and 26 cm-‘, 
respectivelyj and Chases2 interpreted these splittings as due to tunneling. 
One of the lines, as expected, is not seen until appropriate external stress is 
applied. A splitting of 40 cm-’ in the electron;c *AI -+ 4!Z’2 transition in 
V2*: MgO was observed by Sturge 6o, but its inierpretation as due to tunneling 
splitting of the excited T term is still not definite, although its Jahn-Teller 
origin is beyond doubt. -K 

(iv) Hyperfine structure of M6ssbauer spectra 

It is quite obvious that the Jahn-Teller dynamic processes in the electronic 
shell and nuclear configuration directly affect the positions and shapes of the 
Massbauer resonance r-quanta absorption lines. Consider the E-term case with 
strong vibronic r.oupling and let the Mijssbauer nucleus be in a symmetric 
coordination complex which in the absence of vibronic interactions has no 
quadrupole splitting. Using the wave functions of the Wnneling levels given” 
in eqn. (55), it was showrig that for a transition i = l/2 -+ I = 3/2 (say, for 
the iron nucleus; I is the nuclear spin) six lines are expected in the spectrum, 
their frequencies (read off from the undisplaced line) and intensity relations 
being as follows. 

t(1+x)f],hW2,s=+2a,hW3,6=~[1’(1+x)~1r (82) 

I 1.6: I2.5: 13.4 = 
2x 

Xf [l+(l+x$lZ 

: 1. 2 [1+(1+X)+ 
. 

xC[l+(l+xQ]2 
(831 

Mere a = & (E) * a’, where a’ is the usual quadrupole coupling constant and 
Ks (14;‘) is the reduction factor given in eqn. (69), x = 2(B/S )2, B = ba, b being 
a coefficient of the order of unity depending on the second-order potential 
barrier height (S is the tunneling splitting magnitude). 

It is seen from the expressions (82) and (83) that the‘& lines in the 
Mtissbauer spectrum under consideration are of two groups, three in each, 
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Fig. 34. MUssbauer absorption line shapes as a function of relaxation parameters x1 and 
A2 for an E-e problem system: (a) Al = As = 0; (b) hl ‘x2 = 0.1; (c) Al = 1, x2 = 0.01, 

(d) AI = 0.01, A2 = 1; (e) hl = A2 = 1; (f) X1 = X2 = 10 (all magnitudes in linewidth units). 

symmetrical in position and intensities (Fig. 24(a)). For very deep adiabatic 
potential minima when 6 -6 a, the lines in each group have close frequencies 
(and intensitiesj and are situated near the points F 2~. The picture of the 
spectrum as a whole is like the usual quadrupole splitting in a static distorted 
complex, but with twice as small a magnitude of the splitting (this is due to 
the reduction factor value KE (E) = X/2). 

Sy increasing the tunneling splitting 6, two lines (from each group of three) 
split off, one displacing towards the center of the spectrum and increasing its 
intensity, the other moving away from the center and simultaneously lower- 
ing its intensity. If the individual lines are not resolved completely, the result- 
ing spectrum as a whole manifests a quadrupole splitting, the magnitude >f 
which decreases when 6 increases. Taking into account the increase of 6 with 
temperature mentioned above, one may make a general qualitative conclusion 
that at low temperatures in the systems under consideration a quadrupole 
splitting in the Mijssbauer spectrum is expected which decreases its magnitude 
by a temperature increase. Such a temperature behaviour of the quadrupole 
splitting was observed in crystals containing FeC&‘+ groupss4, and in FeCrsO~ 
(ref. 95). 

The picture discussed above is incomplete since the relaxation processes, 
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essential in the temperature dependence of the line shapes, have not been 
taken into account. In order to do so, let us introduce two relaxation transi- 
tion probabilities, hl and ha, which characterize the relaxation rates between 
the two states of the ground E level and between the E and Ax tunneling 
levels, respectively. The line shapes taking these relaxations into account were 
calculated numerically using a stochastic modelg3. Some results for several X1 
and A2 values and a = 3, b = 4, and 6 = 8 (all magnitudes in line width units) 
are ilIustrated in Fig. 24(a) - (f). 

As one can see, by increasing the relaxation probabilities (which for a given 
system is equivalent to an increase of the temperature) the spectrum first 
turns from the sextet to a doublet and then to a common singlet for an un- 
distorted system. Note thatthe two constants, X1 and Xa, affect the character- 
istic features of the spectrum differently’ 3. 

The T-term case may be even more important in the Miissbauer spectra 
problem than the E-term, since it is appropriate for the commonly investi- 
gated octahedral complexes of high-spin FeZi and low-spin F’e3+. For this 
case, the effect of tunneling splitting on the hyperfine struc+re of the 
Mtissbauer spectra was evaluated taking into account the magnetic hyperfine 
interaction with the electronic spins S = 0,1/2 and 2 as well, but without 
taking account of relaxation in the electronic subsystemg6*97. Unfortunately, 
the influence of the random strain on the Mijssbauer spectra of Jahn-Teller 
systems has not yet been investigated. The question was considered in ref. 98 
without taking into account the Jahn-Teller effect. 

(v) Pure rotational spectra of symmetrical molecular systemP 

As was discussed in Section C, some of the Jahn-Teller Pctortions are of 
a dipolar type. The latter may occur either as pseudo&&n-Teller distortions 
for any system, or as &&n-Teller distortions for systems without inversion 
centers in a T-term state. It is well known that high-symmetry systems, say, 
of cubic type, without a proper dipole moment have no pure rotational ab- 
sorption. It will be shown below that such high-symmetry molecules, being 
dipolar unstable, may have a characteristic pure rotational ahsorption 
spectrum, as well as other properties, inherent in molecules having proper 
dipole moments16-18~ss~100. 

Let us assume that the system under consideration has four equivalent 
dipolar type minima of the adiabatic potential, as in the !Z’,-t2 problem of 
a tetrahedral coordination compound (Section C). The tunneling states for 
this case are 2’2 and AI with wave functions and energies given in eqn. (58) 
and Table 7. 

Taking into’ account the rotations (but not vibronic-rotational interaction) 
one has to add to every vibronic level a series of rotational levels. This results 
in 
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where B is the rotational constant, the wave functions being a product of the 
function (I%), \kKr (rV, Q,), F = Z’s, AI, and of the rotational function of a 
spherical top, #pJKM, K, M = 0, +l, *2, . _ . , %I. With the known functions one 
can 4culate the intensities of the induced dipolar transition FJ + I”J’, 
which for each unit of incident radiation density and N absorbing centers in 
a volume unit areg9 

where 2 is the statistical sum 

2 = F (W + v2 b&2, +dlJ exp (-&)] exp [-‘cB~~+ ‘)] 

g’J being the statistical weight due to the nucleus spin f 

L 

(w+l)(w+3) , S=J+l 

CJj = (w+ 1)s , J’=J (86) 

(W+l)(W-l), S=J-1 

and p. is the absolute value of the dipole moment of the system in the dipolar 
minimum. 

As is seen from the expressions obtained, the transition with J’ = J + 1 
(R branches) can be of three types: T2J + T,(J + 1) (R), AI J --f T2 (J + 1) 
(R ‘) and Te J + AI (J + 1) (R”), while the Q transitions (J’ = J) and the P 
transitions (J ’ = J -- -I) are allowed only as T2J + AI J (Q branch) and 
T2J + AI (J - 1) (P branch). The conditions for these branches to occur, their 
frequency and intensity dependence on temperature, as well as on the 6 and 
B constant relationship are given in ref. 99. In particular, for high tunneling 
splitting values, 6, and 6 > B, all the branches R, R’, R”, P and Q may occur 
in the experiment. (Note that in the cornman pure rotational spectra for 
systems with a proper dipolar moment, only one R branch occurs, three 
branches R, P and Q being incidental only for the rotational structure of the 
vibrational spectrum.) An example is illustrated in Fig. 25. 

The intensity of this new spectrum is proportional to pg and, hence, it is 
(p~/p~)~ timL.d weaker than the common pure rotational spectra, where PM 
is the dipolar moment of a usual rigid dipole molecule. Although quantitative 
numerical estimates of the p. value are not yet available, it seems to be of 
the order of 0.1 debye (higher limit) for strong dipolar unstable systems, 
which value leads to (p,,/~~~)~ - lo- 2. Experimentally, it is possible to check 
such an absorption and even much weaker ones (the observed Coriolis inter- 
action induced absorption is of the order of lOlo times weaker than us~al’~‘). 
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Fig. 25. The calculated (eqn. (85)) pure rotational (infrared) spectrum of a four minima 
T-t2 problem tetrahedral system with 6 = 15, B = 5.24 and kT = 50 (all in cm-‘). The 
R-branch lines are not marked, while the R’ and R” lines are marked by crosses and rings, 
the Q and P lines being shown by full and broken arrows respectiveiy. 

(vi) The polarizability of dip&r unstable symmetrical systems 

As is well known, two types of molecular behaviour in an external electric 
field are known: (1) for rigid dipole molecules, which have a temperature- 
dependent polarizabihty OL = P&/3kT, and (2) for highly symmetric non- 
dipolar molecules where polarizability is independent of temperature. For 
dipolar unstable molecules, as will be shown below, the polarizability behav- 
iour is quite unusual bvoiving both types of temperature dependence_ 

Consider a two (dipolar) minimum system with a tunneling splitting 26 
and energy levels 

EI’JKM =-c6+~JK=+~+BJ(J+1)+(A-B)K2 (37 j 

where EJK are the rotational energies of a symmetrical top, and A and B are 
the appropriate rotational constants. (c 

The averaged dipolar moment of a totality of such molecules in an electric 
field E can be determined by the expression 

P =_aE = 
6E 

C (3) ew (-2) , 
22 -$ exp 

” ( ) 
@8) 

where E, is the energy of the nth state under the electric field E. 
Inserting in eqn. (88) the values given in eqn. (87) and assuming that 
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p,,E< 16- mI3 I where m is an integer, one can obtainlOO 

5-c g $2 cv+ w 1 -K2] ES tanh (6/kT) -B(fS+ I)] 
(39) 

0 (J + 1) [62-B2(J+ 1)2] 

+ (J”--X?) [6 tanh (6/M’) + BJI + (W + 1) K2 than (6/W) 

J(62-B2J2) 6 J(J+ 1) 
I 

exp (_EJK,kTJ 

2 = J% (2J + 1) exp (--&x/W) 

If, as in the Langevin polarization theory, the molecular rotations in the 
electric field are taken into account in a classical way, then this expression 
may be essentially simplified to 

The numerical calculations show that the differences between these two 
formulas (especially when the temperature is not very low) are negligible. 

For a system with four dipolar-type minima, a formula similar to eqn. (90) 
can be obtained. 

-_ PiE exp (--6/kT) + (kT/6) sinh (6/kT) 
p -3kT exp (-ti/kT) + cash (6/k?‘) (91) 

The temperature dependence of the polarizabilities (in conventional units) 
sp$3 are illustrated in Fig. 26. As one can see, there are two limiting ranges: 
(1) for high temperatures, the polarizability is linearly dependent on 2-l and 
coincides with that expected for rigid dipole molecules; (2) for 10-g tempera- 
tures, the polarizability becomes independent of T, i.e. it behaves as for 
highly symmetrical molecules which have no dipole moments. The position 
of the intermediate range (between the limits) depends on the tunneling 
splitting value 6 : the smaller is 6, the further to the low-temperature ranges 
(great T-l) is th e intermediate behaviour displaced. 

Thus the same molecules may behave in an electrical field both as rigid 
dipole and as high-symmetry non-dipol,v molecules dependent on the tempera- 
ture range at which the measurements are performed (cf. the relativity rule 
concerning the means of measurement, discussed in Section D). Thereby the 
fundamental distinction between the two types of molecular polarizability 
vanishes: they are just two limiting cases for small and large 6 values, respec- 
tively. 

G. CONCLUDING REMARKS 

The aim of this short review is to draw the attention of chemists and 
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Fig. 26. Averaged polarizabilities (in conventional units) as a function of temperature, 
tunneling splitting 6 shown right (in cm -‘) and rotation& constant B (0 <B < 9.3 cm-l). 
For details see ref. 100. 

physicists engaged in the investigation of coordination compounds to a wide 
range of new effects, inherent in these compounds, which may be of great 
importance for their work. 

From the theoretical point of view, the novelty of these effects is mainly 
due to their origin from a specific nuclear motion determined by the electronic 
structure, whereas in most other cases of theoretical cheinistry, the electronic 
structure for a definite nuclear configuration is considered. 

One significant aspect of the problem was not discussed above, namely, 

the Jahn-Teller and pseudo-Jahn-Teller effects in reactions of coordination 
compounds. It is obvious from general considerations that the Jahn-Teller 
instabilities may be of great importance in the area of determining the reac- 
tion mechamsms. Indeed, as is shown in Section C, a mixing of the ground 
and excited states by nuclear displacements leads to an instability of the 
ground state nuclear configuration with regard to some definite nuclear dis- 
placements. This statement, applied to chemical reaction intermediate states, 
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may lead to definite conclusions about the direction of its nuclear configura- 
tion instability and hence about the direction (mechanism) of the chemical 
reaction, This approach to the problem can be found in refs. 102-104. 

On the other hand, in a distorted configuration, identical ligands are 
differently bonded and therefore differently subjected to chemical sub- 
stitution. This is the reason why, for instance, octahedral complexes of Cu” 
with different ligands are mainly trans-substituted5*105. The importance of 
these and related problems for chemical reaction mechanisms calls for partic- 
ular attention and discussion. 

The Jahn-Teller problem in coordination compound chemistry is at present 
far from being exhausted; further contributions seem to be of great signifi- 
cance. 
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