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JAHN-TELLER EFFECT IN ITINERANT ELECTRON SYSTEMS: THE JAHN-TELLER POLARON

K.-H. Hock, H. Nickisch and H. Thomas*

Institut fir Festkorperphysik, Technische Hochschule Darmstadt, W. Germany
* Institut flir Physik, Universitdat Basel, Switzerland

ABSTRACT

We study the formation of a Jahn-Teller polaron in a narrow-band
conductor with strong Jahn-Teller coupling.

I. INTRODUCTION

In this paper we are concerned with electron-phonon coupling in
crystals containing ions with orbitally degenerate ground-state, so-called
Jahn-Teller (JT) ions. According to the JT-theorem /1/, the interactions of
the degenerate orbital states with the vibrational modes of the crystal have a
destabilizing effect on its lattice surrounding. It was found that this JT-in-
stability provides a mechanism for structural phase transitions not only in
insulating crystals (cooperative JT-effect /1,2/) but also in certain metallic
compounds. Most prominent examples are the phase transitions in the A 15-com-
pounds, e.g. Nb3Sn and V3Sn, which have been proposed to be driven by a so-
called band JT-effect /3/. Here, the JT-interaction leads to a deformation-
potential coupling of the degenerate conduction bands to the elastic deforma-
tions, which may destabilize the high-symmetry phase. This band-JT mechanism
was also expected to be responsible for the structural phase transitions in

the intermetallic compounds LaAg,In,_, and La beAgl_yIn /4/. More recent

experimental investigations, however, give stioﬁg evidenceyfor a phase transi-
tion to an antiferro-distortive low-temperature structure /5/. Thus, the de-
formation-potential coupling is not applicable to these transitions. In addi-
tion, for systems where the JT-stabilization energy EJT is comparable to or
larger than the electron band-width, the conventional band-JT mechanism breaks
down in any case. This raises the general question of the proper treatment of
the JT-effect in narrow-band itinerant electron systems.

As a first step, we investigate the interplay between the JT-effect
and the motion of a single electron through the crystal, the JT-polaron prob-
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blem. We describe the system in terms of a molecular-crystal model with elec-
tronic orbital degeneracy in each cell, and intersite tunnelling. Apart from
the difference in the underlying physics, the model is closely related to the
small-polaron model first introduced by Holstein /6/ in order to discuss
strong electron-phonon coupling in ionic crystals.

IT. MODEL AND METHOD OF SOLUTION

We consider a crystal containing a molecular complex of tetragonal
symmetry in each unit cell 2. The lowest electronic state of each complex is
assumed to be a two-fold degenerate orbital state, (wzl’ wzz)’ which trans-
forms according to the two-dimensional E-representation of the tetragonal
point group assocjated with each cell. According to the tight-binding approxi-
mation we assume the electron to move in a band, which is composed of the lo-
cal doublets (wgl, ¢22)° In competition to the delocalization effect due to
tunnelling of the electron from site 2 to site &', there is a tendency to lo-
calization due to electron-phonon coupling. If the electron occupies one of
the orbitals (wzl’ sz) in an arbitrary cell 2, the system may gain energy due
to a local JT-effect of type E x 8 which gives rise to a symmetry-breaking de-
formation of the molecular complex. The distortion of the complex is described
in terms of a local normal coordinate Q2 which transforms according to the
one-dimensional irreducible g-representation of the tetragonal site group.

In the basis (wgl’ wgz), the Hamiltonian we consider reads

H - Hel + Hlatt + HJT (1)
with
Hel = ¢ I (ct, c, .+ct_ c )-l ' ot _(ee') ct_ ¢ 1
oy 21 %17 %2 %2 E i iy Tty ' (1la)
Y
late _ 1 1, (1b)
B = i [Pf/2M+§M“; Q;] 'ili. Vour 9y 9
and
JrT o _ (1c)
H = A );Qz (€31 Cp1 = ©12 C42) '

where the primes on the sums exclude the terms gz = 2'. czY (CZY) is the crea-
tion (destruction) operator for an electron in state y = 1 or 2 at lattice
site 2. ¢ denotes the corresponding site energy and tY(zl') is the tunnelling
integral. Here, we consider tunnelling only between states with the same sym-

metry label y. For nearest-neighbour tunnelling, off-diagonal terms are in any



Vol. 56, 1983 The Jahn-Teller Polaron 239

case forbidden by symmetry. Further, Qs is the Einstein-frequency, M the ef-
fective mass of the local JT-active coordinate Q,; V,,. is the lattice-dynam-
ical interaction, which gives rise to an optical phonon branch. The Tast term
describes the JT-coupling which we have restricted to an interaction of the
electron at lattice site £ with the local coordinate Q, at the same lattice
site. The distinctive feature of the JT-coupling is the fact that the interac-
tion occurs with a symmetry-breaking coordinate Q,, in contrast to ordinary
electron-lattice coupling where the electron interacts with a fully-symmetric
lattice distortion only. Typical coupling strengths of strong JT-ions yield
JT-stabilization energies Eyrz-Az/ZM ﬂg of the order of several thousand cm™>
This is two orders of magnitude more than the ordinary electron-lattice cou-
pling strength in non-polar materials, and of the same order as in polar semi-
conductors. We are especially interested in the case of narrow-band conductors
with band-widths (~ t) of the same order of magnitude as EJT‘ The JT-coupling
gives rise to a local lattice distortion around the electron. For a given dis-
tortion pattern {QQ}, the JT-term (1c) represents an effective potential for
the electron, which has to be determined self-consistently. For sufficiently
strong coupling, the electron may become trapped in this self-consistent po-
tential and only the composite consisting of the electron and the surrounding
lattice distortion - the JT-polaron - can move through the lattice as a whole.
In contrast to an ordinary polaron consisting of an electron trapped in a ful-
ly-symmetric distortion pattern, the JT-polaron consists of an electron trap-
ped in a distortion pattern of s-symmetry. The whole object may be character-
ized by the total crystal momentum k and - in the absence of off-diagonal tun-
nelling terms - by the symmetry label v.

In order to evaluate the ground-state energy for given k, we make a
variational ansatz of the form
o LkY) (b} ,-b, )

ik-R 28" (ky)
lyp> = CxexZen e L a,u ¢l l0>
ky . X : X e 2y (2)
with ’fl M Q'
= \’— + = i 8 b* -b .
Q, 2M o (bp +b,) and P, W T3 (by —by)

Here, the operator g. exp [aéZT) (bz.-—bg)] generates a deformation of the mo-

lecular complexes at sites ' around a given site %. The shape of the deforma-

tion is determined by the variational parameters aiET). The operator
%H agix) cE"Y creates an electron wave packet centred at site 2, with a form

determined by the variational parameters agzx). The wave function (2) satis-
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fies the Bloch condition
-ik-R
Ty Io = e K8y > (3)
for arbitrary lattice translations Th’ if

o(kr) (k) (Ry,0) = aiflz ; agty) _ a(ky) (R ,) = a(kv)

%og! 28" 8-l
W1th_522. =‘B£ - Rz" Inversion or reflection symmetry requires

(kv) (ky) ,_ . (ky) (ky) ,_
& (Bﬁ.ﬁ‘l) o ( E,Q,,Q,') L] da (B,Q,,Q,‘) a ( ‘Blﬂ.l).

With (2), the variational energy is obtained as

) _1@%__M)
ike ( -R 2 2 =" 2—-g"
1 _ = TR , 1 2 . p
<ka|He W = & Y > - o C2 z e 2" e zf' t (") a e
e
(4a)
1( (k) _60«))2
glatt _1 ik* (Reo=Re,) 2N, A (ky) , (kr)
<kaI Ika> 3 N h ns <¢rkTqukY> +h Q c2 Z e lﬂ:l e i" al1 vy zz_n
1 2 [o}
[z (00 SO0 _ 1 oo [ 000 (kv)) (K0 otk \]
T a = 'V, la, 00 o g Y =
« Ly 11 L 12—1 2 il \12 2 R=% e %,k 2') (4b)
e ) _1 (u(kY) - gt )=
ke RepRe 2\ e, e
IH‘Jle >=-ha CZaAz e 27 L % ila +o:")a _
k* Y 2., o PRSI T P Y A P T P
(4c)
and the normalization constant C is given by
5 -1 (a(kY) - gk )2
(Rg,~Rg.) 2\ 2,-2' (BT A
gl = 1= % ReyRey 1 2 r ol a0 (4d)
il L 1 2

%1%

A(h/2M 9g)1/2/h Qg
2. In order to ob-

Here t.(28') = ty(2e')/fi ag, h g Vpp, = Vgpi/2M 03 , A
with A2 = EgT/h 95 oy =1 fory =1and oy = -1 for v
tain the approximate ground-state energy, we first minimize

<ka|H - By (ks {a(kY)} ljwky> with respect to the set {a( )}. This Teads to
a secular equation wh1ch has to be solved for the ground- state enerqgy
E;°)(£; ugkY)) The parameters {a(kY)} are then chosen to minimize E‘O)(k)

1l

If the wave packet Zu agfzz CR"Y]0> has small width, the wave func-

tion (2) is a superposition of terms describing an electron which is ﬁe11 lo-
calized near Tattice site &, in a deformation pattern given by the u&-}r. The
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phase factors eingl are chosen to yield a state with given total crystal mo-
mentum k. This is the fully developed JT-polaron state which we expect in the
lTimit Egp >> t, © Q.

In the Timit of small displacements “£512’ on the other hand, the
state described by Ika depends on the value of the Fourier transform a&kY) of
agle: f aékY) + 0, then |¢kY>represents an electron moving freely through
the crystal with crystal momentum k. If agle = a = const., then |¢ky> repre-
sents an unbound pair consisting of an electron with zero crystal momentum and
a phonon with crystal momentum k. These are the ground states for given k 1in
the limit of small JT-coupling, depending on whether egy < hw, or ey > ﬁwk,
respectively, where ey, is the bare electronic energy and Wy is the optical
phonon frequency. Thus, the variational ansatz (2) is able to reproduce the
true wave function in the limiting cases, and may therefore be expected to
yield reasonable results also in the intermediate cases. In fact, in the case
of a two JT-centre one-electron model, the wave function gives ground-state

energies which differ less than 1% from exact numerical results.

IIT. RESULTS AND DISCUSSION FOR A LINEAR CHAIN

We apply the method described above to the case of a linear chain
with nearest neighbour tunnelling

t(ar') = (8, Lt 8 4iq) | - (5)

i.e. band width 2t, and an Einstein model (Vy,, = 0) for the lattice
vibrations. Here, we consider the case EjT 2t and restrict the number of var-
iational parameters a£5z? = aﬁ%fi to ten: {a(kY) = aék), — agkY) = agk)}.
The distortion parameters a(§Y2 = a(ﬁz% are restricted to agkY)"associated

2

with the on-site electron amplitude agk), and the nearest-neighbour values
a%ky). Investigations, including a larger number of variational parameters
will be presented in a forthcoming paper. Clearly, due to (5), the symmetry-

related states |¢k7>, y =1, 2 are still degenerate with aékl) = = uékZ) and
(k1) _ (k2)
o = L . ;
1 1
By minimization we obtain an energy-momentum relation for the JT-
polaron which is shown in fig. 1 for various values of the JT-stabilization
energy Ejr = -A2and fixed T = 4. We use h Qs = 1 for the unit of energy. As

can be seen from fig. 1, the ground-state energy E‘O)(E) varies quadratically
for small values of the crystal momentum k and can be written in the usual
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Eqxi .
Fig. 1
E,=3 JT-polaron ground-state ener-
” gies E© (k), vs. crystal mo-
Ejr=3.5 mentum k for various values
A of the JT-stabilization ener-
Al gy Eg7 (energies are given in
Ejp=b.5 units of 11 Qg = 1).
EJT=5
1 1 | 1 1 | i 1 | 1 ]
0 4 L 31(/1. K n
form Eg® = Ef® + (h2/2 mc0) K2 . (6)

For K = 0 we find values for the ground-state energy EéO) and the on-site JT-
distortion aéo’, which are displayed in fig. 2 as a function of Eg7 for the

case of t = 4. The results show that for Egr << t the JT-distortion is small,
the electron travels through the lattice with a tunnelling constant slightly
perturbed by the coupling. With increasing EJT, the JT-distortion increases

and for Ej7 >> t, the ground-state energy E<°> and the JT-distortion aéO) ap-
proach E(O’ > -A2 = -A2/2M 02 and (01 = A «aA/M 0%, respectively, the values

)

0.8

0.6

0.4

0.2

; i |
0 2 L 3 8 A

Fig. 2 Left scale: Ground-state energies E (@ (K=0) and E (@ (K=r) for fixed
t =4 vs. Az“i*EJT The broken line indicates the 1imit value
EgT = -A?/2M g of an isolated JT-complex. Right scale: Normalized on-
site JT- d1stort1on aé°’/A and reciprocal effective mass,
(mefe/mg)~1 vs. A2, m, is the effective mass of the bare electron.
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f an isolated JT-active molecular complex, i.e. one obtains a fully developed
olaron. _

With increasing localization we expect a quenching of the tunnelling
ue to the exponential factors in (4a). This competition between energy gain
ue to tunnelling and due to localization on the other hand, is clearly dis-
layed by the values found for the effective mass Mogs s associated
ith the complex, which is defined by the form (6) of the ground-state energy
or small k. Eigure 2 shows that (meff/mo)-l is diminished drastically in the
egion EjT & t, where localization occurs. The same effect is shown by the
otal band width, E¢® - E(%, which can be read off from fig. 2.

In conclusion, we have shown that the competition between the delo-
alization effect of tunnelling and the localization effect of JT-coupling
ives rise to a transition from an itinerant electron state to a JT-polaron
tate with very high effective mass.
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