00bBAMHBHHBIR
WHOTHTYT
AAGDHB X
HCCABAOBAHKA

RYGHR

E17-86-390

8.L.Drechsler, E.Heiner, V.A.Osipov

TRANS-POLYACETYLENE WITHIN

THE EXTENDED TIGHT-BINDING PICTURE
AND EVIDENCE

FOR NEXT-NEAREST NEIGHBOUR HOPPING
FROM THE DISPERSION

OF INTERBAND TRANSITION EDGES

Submitted to ''Solid State
Communications'




Many physical properties of trans-polyacetylene (PA) can
qualitatively be explained with considerable success by the
well-known Su-Schrieffer-Heeger (SSH)-model /Y and its conti-
nuum versions’/238 | In order to get an improved quantitative
description of real PA there are two main lines of generaliza-
tion. At first, by calculating various quantities one tries to
take into account a more realistic electron band structure
beyond the simple tight-binding (TB)-picture/4—6/ . A more
realistic phonon spectrum in connection with the modified elec-
tron-phonon—-interacting is also of interest /7=9/ , Secondly,
there are many attempts to include some essential features of
the electron-electron-interaction (see, e.g/ 10— 16/ ),

The new electron loss data of Fink and Leising’/ 17/ for hlgh—
ly oriented nonfibrous PA 718/ yvield an important physical in-
formation on a new level in comparison with the results repor-
ted from more or less oriented Shirakawa films which consist
of PA-fibres and air inclusions. Thus, a lot of new theoretical
concepts can be checked now with high accuracy. In 717/ some de-
viations from our simple RPA-TB-theory for the dielectric func-
tion ((q,w)/lg/ are established. In this letter we want to con—
sider only one from them, namely, the unexpected dispersion of
the lower p-p*~interband transition edge (IBTE) at high trans-
ferred momenta q » 1.2 R-te Beyond a critical branching point
q(o‘) = arccos((1_y)/a + YD (y=E,/4t= 014-015 denotes
the Peierls gap in units of the whole p—z* ~band width) pre-
dicted by our RPA-TB-theory a stronger splitting of the lower
IBTE is seen in the imaginary part of the dielectric function
obtained fron the loss data (s.figs. 1,2). Due to the nearly
1D-band structure the lower IBTE gives evidence to strong peaks
in Ime (g 0) (Bquare-root-singularities in our RPA-theory). The
question being raised in 717/ is what kind of the above menti-
oned effects that are neglected in the SSH-model are responsi-
ble for the deviations from the simple RPA-TB-picture. It is
the aim of the present paper to show, that the discrepancy dis-
appears if additional hopping processes to next—nearest neigh-—
bours are taken into account in a SSH-like model.

Therefcre, we start with the Hamiltonian in the site repre-
sentation
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‘ ‘ Fig. 1. Absorption region due to interband transitions
in the energy-momentum plarie. The interband transition
edges and singularities of ‘the joint density of states
(full 1lines) for next-nearest netghbour hopping integral
te =2 0.1*%t, . The TB-result (i.e. tg =0) (dotted 1i-
nes) and the experimental points of /117 (ciycels) are
shown for comparison. Transitions near the line starting
at @ =1 and 9 = 0 qud ending at y = 0.15 and qa= g

p,‘ are strongly suppressed by the matrix-element W(q,k)
S T in eq. (14) .
05| ,.:'.o l ..It:'
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04 : | where both the first terms describe - the kinetic ener-
i Lo gy of then -electrons and the third term: the change in the
63 ': \ i elastic energy (o -binding energy) due to the dimerization pat—
o : i ! tern u, = (~1)"u. The hopping integrals can be expanded to first
T E - order about the undimerized state:
04} Lo : ‘:
i i , E IL - el = = ap(up-ug)s £ 1, (2)
p f‘qg-’ 2 2q¥ o 3 qa From the symmetry conserved by the dimerization we have ay = 0
forf=2m, m = 1,
@

«++ . Usually, the quantity ty in eq.(2) is
depoted by to - The Hamiltonian (1) can easily be rewritten in
the k -representation by a Fourier transform

c+ ¢ v+ v , c+ ¢ v+ v
H=Etk(ck €y = Cy ck)_‘k(ckck*ck Ck)+
) (3)
c+ v v+ ¢
+ Ak(ck Cy + ¢y cp),
where
%=, Z 2o,y cosem + 1)ka, (4)

“r =m§12t2mcos2mka, (5)

i Ak:mEO 4a2m+1usin(2m+1)ka.
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‘ Fig. 2. The same as in fig. 1 for ty = + 0.05* ty and
Y = 0.14. The experimental data of Fink and Leising / 11/
. X are tndtcated by squares.
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The Hamiltonian (3) is diagonalized in the standard way result-
ing in :

c
H= X Ekn: - E n (7

c,v . .
The n,’ are fermion number operators. The new band energies
are defined as

c , . v , o
Ek=-Gk+Ek' Ek=-€k—Ek, (8)
s 2 NS

BE=(e /+A0) " . } 9)
Generally, the indices ¢,v mean condition or valence band, res-

pectively. The formulae for the new wave functions exhibit the
usual SSH-structure

c

c s s N
Vo=a,x, - isign(A)B, ka, (10)
v v ‘ w "
Y= a x) - isien(A )8, x5 (11)
Only the diagonalization coefficients are slightly changed
1 -~ %
= —_ 12
o= L5 (l+ e /BN, (12)
L = %
By = [Ef(l‘ €. /E N (13)

Thereby the x;hv are expressed by the Wannier functions
(s.(3.13) in 7Y ). The terms with hopping integrals for even
number neighbours break the electron-hole symmetry. This is
a qualitatively new effect beyond the TB-picture (e.g., as has
been mentioned by Kivelson and Wu’%  the creation energy of
opposite charged solitons is splitted due to such terms). The
terms with hopping integrals for odd number neighbours deter-
mine the gap energy. The main effect is already included in the
TB-picture. Therefore, we may restrict ourselves to the con-
sideration of the influence of the next—-nearest neighbour-hop-
ping terms only because the small contributions of the higher
terms yield no qualitatively new results. Besides, the order
of the neglected anharmonic terms in the 0—-binding energy is
expected to be comparable. For t3 < 0 and tp= 0 for m 2 3 the
results of Springborg (eq.(19) in 78/ Yare involved in eq.(8).
As an application of the above given theory we consider now
the imaginary part of the dielectric function (compare
eq.(3.11) of 719/ ) neglecting again local field effects (their
influence will be discussed in a subsequent paper):
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m - p— =
(qa)2 _”/eEc(k+q)—Ev(k)—2@-iB toflo

= 0,35-0,45., (14)

where Q  is the volume of the PA-unit cell (in the simplified
picture of equivalent chains). The first mentioned number cor-
responds to the data of 711/ 4t = 12.8 eV and the second one

to the often used value 4t, = 10 eV. Besides, in eq.(15) dimen-
sionless notation has been introduced ® = hw/4t, ;E“V=E v/ 2t,.
The lower IBTE (and other singularities of ¢(q,w)) 1is determi-
ned by the minimum (extremum) (with respect to k) of the expres—
sion

—

- 2t2 2 2

o = (8 (k+a)+ 8 (k) + TD—-(sin (k + q)a - sin ka)), (15)
where Spx) = (1—(1—-y2)sin’2x)l/z . The resulting transcendental
equation exhibits for q <q,” ' or q;:q$f+) two real solutions
and otherwise four (s. fig. 3). The corresponding interband
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Fig.3. The soluttons of the transcendental eqaution
do (0,k)/d k=0 with @ from eq.(15) versus momentum for to= —0.05*t,
and v = 0.14. The branching points 8% which occur in fig.2
are shown too.




transition region in the w ~q plane is shown in figs.l and 2
using different ratios ty/t, . The branching points qu") and
a{?*) are shifted now to the interior region. The interband
transition region is slightly broadened in comparison with the
TB-case. The largest deviation occurs at qa=#/2. Thus, the lo-
wer TB-line is "splitted" at this point by @ = 0.5(1+y#2t,/t,).
Note that the modified "butterfly-like" absorption region is
independent of the sign of ty . For |tg|/ty =~ 0.05 almost all
available at present experimental points lie on the calculated
curves. This optimal value is nearly one half of the ratio cal-
culated by Springborg within a LMTO-procedure . By comparing
eq.(8) with the 3D-pseudopotential band structure of Grant and
Batra’/®0/ it is unclear to what extent the next—nearest
neighbour hopping alone or hybridizations with other bands
and/or finite interchain coupling (that results also in an
electron-hole symmetric breaking) are responsible for the ob-
served enhanced splitting. Also the discrepancy of our estimate
of t, with the result of Springborg may be connected with the
same effects. Furthermore, the magnitude of ty depends crucial-
ly on the long range tails of the Wannier functions where oscil-
lations are expected. Therefore, under pressure the splitting
energy may be changed considerably. Finally keeping in mind,
that the above-mentioned splitting of the creation energy for
opposite charged solitons (< 0.1 eV) depends on the Coulomb
interaction too’% , the obtained ratio tz/to should be of in-
terest for the estimate of the former quantity. The photopro-—
duction of neutral versus charged solitons depends also criti-
cally on the value ofltzl/to/glﬂ

.
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