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Coexistence of two kinds of stable Jahn-Teller distortions in molecules
with a fourfold symmetry axis

M. Bacci

Istituto di Ricerca sulle onde Elettromagnetiche del Consiglio Nazionale delle Ricerche, Firenze, Italy
(Received 5 December 1977)

The second-order Jahn-Teller coupling of a doubly degenerate E electronic term with a;, 8,, and B,
nondegenerate vibrations has been investigated in molecules with a fourfold symmetry axis. It is shown that
rectangular and rhombic distortions can coexist on the adiabatic potential-energy surfaces at different values
of the totally symmetric coordinate Q,. The effect of the spin-orbit coupling for S = 1/2 and S = 1 is also

discussed.
I. INTRODUCTION

In recent works'“3we have shown that different
kinds of minima (tetragonal, trigonal, orthorhom-
bic) can coexist in O, symmetry when a triply de-
generate state T interacts with ¢, and 7,, vibra-
tional modes. This coexistence, which is forbid-
den in the linear approximation,* is possible, for
reasonable values of the involved parameters, if
quadratic Jahn-Teller (JT) terms and/or anhar-
monic restoring forces are considered. On this
basis we proposed a model for the interpretation
of the luminescence of KC1:T1*-type phosphors;

a similar proposal was made by Fukuda et al. in-
dependently.® This model was checked by an ele-
gant experiment of optically detected magnetic
resonance®; moreover, other experimental re-
sults™® were well interpreted on the basis of co-
existing minima, thus showing that second-order
JT coupling is really effective at least in some
physical systems.

Although the JT effect in octahedral symmetry
has been extensively investigated, few studies have
been reported for lower symmetries.® However,
with regard to molecules with a fourfold symmetry
axis, very recently several experimental results,
in particular on porphyrinic systems, °~!% have
been interpreted by considering the JT coupling.

In a molecule of symmetry D,, (see Ref. 14) a
doubly degenerate E state (E, or E,) couples with
the vibrational modes B, and B,, (Fig. 1).*7!® In
the linear approximation rhombic (Rh) or rectan-
gular (Re) stable distortions are possible according
to the relative magnitude of the coupling constants
¢, (B, modes) and c¢,(8,, modes), which are de-
fined as follows:
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FIG. 1. Jahn-Teller active By, and B,, vibrations.

where Vj is the electronic potential energy opera-
tor and @,, @, are the normal coordinates corre-
sponding to the vibrational modes g,, and B,,, re-
spectively. If K, and K, are the force constants
for the harmonic vibrations in @, and @,, when
c2/K,> c3/K, a pair of Rh minima exists on the
adiabatic-potential-energy surface (APES); in the
opposite case a pair of Re minima is found. In the
special case where /K, =c%/K,, there is a con-
tinuum of minima and the molecule can yofale
freely between the two configurations.”

In the present paper, we intend to show that, as
in O, symmetry, the coexistence of different
kinds of minima is possible, if also second-order
JT terms are considered.

II. ORBITAL PROBLEM

As it can be seen by simple symmetry argu-
ments (see, for example Appendix IV in Ref. 9)
second-order JT coupling for B,, X B8,, terms is
forbidden; however, if the totally symmetric vi-
brational mode @, is considered, nonvanishing
terms in @, Q, and @, @, are found. Therefore, the
Hamiltonian to be considered is given by

H=VI+W, (1)
Q5 K, Q% +K,Q3)

where I is the unit matrix, V=%
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and W is the symmetric 2x 2 JT matrix whose ele-
ments w;; for an E electronic level in the second-
order JT approximation are

Wy = _(cl + cotlQa)Q:U
Wy = (€1 + CuQu) Qs (2)

Wiy =(Cy + Cyz Q) Rz

Here ¢,, and ¢, are the second-order JT coupling
parameters and ¢, and ¢,, which have been defined
previously, are the linear ones.

By a procedure quite analogous to that described
in Ref. 2, we have obtained the coordinates (Q%)
and the energies (E9) of the stationary points; the
cases follow:

(a) rhombic distortions:

Q0= Ci1Cq Q@ =+ Ky .
) 3
“ KozKl_cél KyK; = Cq
2
0-0. E°= —-Cc1K

2 ’

2K, K, — c2,)

(b) rectangular distortions:

o___CCaz o
Qa_KaKz“ng, Ql O!
K, ~c?
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@ K Ky — iy’ 2K Ky —c 2,) ‘

If we express the orbital electronic state as a,|E®)
+ @ |E®), it can be verified that the solutions
for a,, a, in the first-order case are solutions
for the second-order problem as well. In partic-
ular, for Rh distortions the solutions are: a; =1,
a,=0and a,= 0, a, =1 [corresponding to the sign
(+) or (=) for the coordinate @}, respectively]
and for Re distortions: ¢, =1/v2 and @, =% 1/v2"
[corresponding to the sign (+) or (=) for the coor-
dinate @2, respectively].

The minimum conditions for the above stationary
points can be found by the procedure already de-
scribed®* and the following expressions are ob-
tained:

(c) rhombic distortions:

K,K,>ck,, (3)
.C_21_>i§_ (1 " Car(€1Cuz~Cp Cg1)>2. (4)
K K KK oCy ’

(d) rectangular distortions:

KzKa>C§z: (5)
g4 (1, Calata=e)’ ®
K, K, KK, c,

When c,,, ¢,2 ~0, that is, in the linear approxi-
mation, the presence of Rh minima excludes Re
minima and vice versa (c3/K,2 cZ/K,, respec-
tively); on the other hand, the introduction of the
second-order terms c¢,,, ¢, allows an overlap
between the existence areas of Rh and Re minima.
We should like to remark that, if the condition
c?/K, ~ c2/K, is matched, little second-order cou-
pling is sufficient to stabilize both kinds of mini-
ma (the situation may be visualized in a way quite
analogous to that shown in Fig. 2 of Ref. 3). Any-
way, also rather different couplings to the g, and
B;, vibrational modes may allow the coexistence:
Figure 2 shows Rh and Re coexisting minima when
c?/K, = 2(ci/K,). The values we chose to calculate
these maps (c, = 3x 10° em™/&; ¢, = 10° cm/4;
K,=2x 10* cm™/&%; K, = 1.8x 10* cm~Y/A%; K,
=4x10° em™/&2; ¢, = 10* cm™!/A%; c,,= ~5x 10°
cm~!/A2) are arbitrary, but reasonable for com-
mon physical systems, except the second-order
coupling constants, for which no reliable value is
reported; note that the opposite sign of ¢, and c,,
is not a necessary requirement for the coexistence.

As shown by the maps of Fig. 2, the two kinds of
distortions are at different values of the totally
symmetric coordinate @, and Fig. 3 better visual-
izes the coexistence along the coordinate @ ,; this
latter diagram was computed by using the same
parameters values of Fig. 2 and it represents the
cross section along the projection on the @, axis
of the path connecting a couple of different minima.

We may observe that, as a rule, the introduction
of second-order terms reduces the height of the
barrier between the minima, in particular for
minima of different symmetry, so that dynamical
situations and tunneling between different distor-
tions are favored.

III. SPIN-ORBIT INTERACTION

When the spin-orbit coupling is taken into ac-
count, the conditions (3)~(6) for the existence of
different minima are modified and mathematical

difficulties prevent obtaining analytical
expressions. However, useful information can be

obtained by an inspection of the formulas, from
which the APES’s are computed. In the present
paper we limit ourselves to considering the terms
2E and °E, but analogous conclusions can be drawn
for higher spin multiplicities.

The Hamiltonian to be considered is H =VI + W
+ ALS, where X is the spin-orbit coupling constant.
For a term 2E two APES’s are obtained, which
are given by

€= Vi +wh, +1a2)/2, &)

where V, w,,, and w,, have been defined previously.
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FIG. 2. Coexistence of Rh and Re minima on the
Eg(y) level. The map in the @1Q; plane is computed with
c;=3%10° em™/4; ¢,=10° em™/A; K =2x 10* cm™/
A% K =1.8%x 10 em/8% Ky=4x 10° em™1/A%; ¢y
=10* em™1/&%; ¢ p=—5x 103 cm™/A%, The energy dif-
ference between two successive iso-energetic curves is
50 cm~!. (a) Section for @Y, =0.115 A, Eyr (Rh)
=-346.2 cm™, (Db) Section for Q¥ =0.091 &, E;r (Re)
=-181.8 cm™,

Each APES is twofold degenerate, because
Kramer’s degeneracy is not removed by the JT
effect.

" The expression (7) is quite analogous to that
given in Ref. 17, save that in w,, and w, also sec-
ond-order JT terms are included. As a general
rule, the spin-orbit interaction tends to cancel
the JT effect and for sufficiently high X(|3 )| > |w,,|
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FIG. 3. Cross section along the projection on the @,
axis of one of the possible paths connecting Rh and Re
minima. The parameter values are the same as in
Fig. 2.

and |w,,|) the different kinds of minima coalesce
at @, =0 (? =a,1,2). On the other hand, if the
conditions for the coexistence of Rh and Re minima
are matched,. the introduction of a small spin-or-
bit coupling still allows this coexistence, but the
coordinates of the minima approach to zero. Note
that, as in the orbital problem, the Rh and Re
minima have @) and Q} =0, respectively. The co-
existence is possible, if |5A| is smaller than both
[w,,] and |wy,]. When the value of |3 2| is comprised
between |w,,| and |w,,| only one kind of minima is
possible that is Rh minima if fw,,| > ;| and Re
minima vice versa.

In the case of a term 3E we have four APES’s
two of which are accidentally doubly degenerate.
The expressions for the energy are

€, =Vt @3 +wi A2z (8)

€5,4=V2 (w§1+w§2)1/2. 9)

Equation (8) corresponds to the two doubly degen-
erate surfaces and it is very similar to Eq. (7),
save that A% substitutes ;2%; therefore analogous
considerations can be drawn and are summarized
as follows:

[N <oy, by, possibility of Rh
and Re coexistence

[wgs] < [N < fwy,), Rh minima
by, < Al < |wy,|, Re minima
> hoyl, boyl, no JT distortions.

However, if one looks at Eq. (9), the term *E be-
haves in a different way from the term 2E. In fact
if any coupling with other terms is neglected, the
intermediate APES’s givenby Eq. (9) are unaffected
by the spin-orbit coupling; as a consequence, when
Rh and Re minima coexist on the lower potential
surface given by Eq. (9), this coexistence persists
independently of the spin-orbit coupling value.
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IV. CONCLUSIONS

Besides a purely theoretical interest, does some
physical system exist, for which such a coexis-
tence is possible? Indeed there is experimental
evidence for the coexistence of different JT dis-
tortions (tetragonal and trigonal) in O, sym-
metry, ®*® and therefore it is likely that this latter
does not constitute an isolated case: porphyrinic
systems are, in our opinion, probable candidates.
However, at this point, a question is necessary:
if there is the coexistence, how can we reveal it?
When minima coexist on excited states, measure-

ments of the polarization degree of the lumines-
cence bands® or optical detection of magnetic
resonance® are very effective. When coexisting
distortions are on the APES of the ground state,
only one distortion is stabilized at low temperature
and/or for high-energy barriers between the min-
ima, "unless the stabilization energies are compa-
rable; otherwise a dynamical situation is found
and the molecule appears undistorted. At present
it is our intention to determine what experiments
are the most proper in order to reveal the coex-
istence on the ground state.
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