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Abstract

Within an extended Su—Schrieffer—Heeger model, we investigate the localized
phonons in a pristine polyacene chain, in which there is an interchain-coupled
neutral soliton of Dy, symmetry. In addition to three pairs of twofold-degenerate
edge modes (three infrared active and three Raman active), we found in total
nine localized modes, among which four (three B, and one Bj3,) modes are
infrared active and the others (two A, and three Bjg) modes are Raman active.

Recently, there has been great progress as regards organic materials, such as organic super-
conductors [1], organic photovoltaic diodes [2], and organic solid-state injection lasers [3]; all
of these are based on the crystals of short acenes and have renewed interest in the electronic
properties of polyacene chains. Indeed, the properties of polyacene, as a novel conducting
polymer, have long been the focus of theoretical studies [4—11], though a long polyacene chain
has not been synthesized yet. A polyacene chain can be considered as two polyacetylene
chains coupled by cross-alternate interactions. Much theoretical work has been devoted to
the ground state of an infinite polyacene chain [4-9]. By means of a tight-binding study, a
polyacene chain composed of a finite number of aromatic rings has been studied [12] and its
elementary excitations and optical properties have been given. An interchain-coupled neutral
soliton was observed in a pristine polyacene chain [12]. In this letter, we would like to report
a primary investigation on localized phonons in a polyacene chain. In addition to the edge
modes, nine localized modes are found in a pristine polyacene chain. Among these modes,
four are infrared active while the others are Raman active.

Since a polyacene chain can be considered as two polyacetylene chains with alternate
interchain coupling, we use the following extended Su—Schrieffer—Heeger model [11-13]:

H=H0+H1+H2, (1)
where
Hy=— Z [f0 + a(uj,n - uj,n+1)](c;’”’gcj,n+l,a + C;,n-‘.l’o'cj,n,o‘) 2)
j.n,o

describes the intrachain interactions,
Hy ==Y [t = (=1)"6I(c] , Crmo + o Clinc) 3)

n,o
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describes the alternate interchain interactions, and

2
Hy= 1KY (jn = tjne1) )
j.n
is the lattice elastic energy; j = 1,2 denotes the chain index, the site index n runs from

1 to 2m + 1 for a polyacene chain composed of m aromatic rings, the quantity # is the
transfer integral for 77 -electrons in a regular lattice, « is the electron—lattice coupling constant,
and u , is the lattice displacement of the nth site on chain j from its equidistant position.
The operator c;f’nyg (cjno) creates (annihilates) a w-electron with spin o at the nth site on
chain j, K is the elastic constant due to the o-bonds, and #; = t, corresponds to the case of
polyacene. Ab initio calculations on short polyacene chains have shown that the bonds between
the two chains are slightly longer than the single bond in the chain, so we would like to use
2t; = 0.864¢; in our calculations. The other quantities are taken as follows: #y, = 2.5 eV,
a=4.1eV A‘l, K =155¢eV A‘z; then the dimensionless electron—lattice coupling constant
A (EZO{z/JTI()K) = 0.276 [11, 12], which is larger than that for polyacetylene [13].

It is easy to show [12] that cis-phases (1, = uz,) and trans-phases (u; , = —us ) are
degenerate for an infinite polyacene, but for a finite polyacene chain, the bond configuration
will always be in the cis-phase since the edge bonds should be short in a single polyacetylene
chain as well as in a polyacene chain. So we should have u;, = u, (j = 1, 2) for the bond
configuration in the ground state of a polyacene chain, and the electronic wavefunctions must be
symmetric (¢ (1, n) = ¢ (2, n) = ¢*)(n)) or anti-symmetric (¢ (1, n) = —¢(2, n) = ¢@ (n)).
The bond order parameter is defined as §; = (— D! (141 —u;); the bond index I runs from 1 to 2m.

Then the Hamiltonian can be solved self-consistently using the following coupled
equations:

e (n) = —[to — (=1)"ad,1p\ (n+ 1) — [t + (—1)"ad,_11p (n — 1)

= neltn = (=118 (n), ©)
2a 1
h=—(1'2 ) [qsy)(l)qb,i“(l +D == B0+ 1)}, (6)
1 (occ.) l
where k = 5, a, and n; = 1 for symmetric states ¢fj) and n, = —1 for anti-symmetric states

¢{L”); the summation over occupied states is for both symmetric and anti-symmetric states; the
last term in equation (6) comes from the Lagrange multiplier which is introduced to keep the
total chain length unchanged—that is, )~,(—1)'8; = 0, and the wavefunction ¢ () has the
following properties:
Do) =80/2 D oL MG (1) = /2. (7
n w

The ground state is

Gy= ] a¥0), (®)
u,o (occ.)
where
af =) B (€] o+ TeCh ), ©)
o =Y [0 mall + (3 = 2))pl (ma ). (10)
"

Figure 1 shows the bond configuration {§;}, with the schematic representation of the energy
spectrum given as the inset, for a pristine polyacene chain composed of m = 100 aromatic
rings, obtained by solving numerically the self-consistent equations (5) and (6). It is clear
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Figure 1. Bond alternation parameters 8, of the ground state in a pristine polyacene chain. The
inset shows a schematic representation of the electronic energy spectrum.

that the bond configuration has the symmetry D,;,, but there are only four one-dimensional
irreducible representations Ay, Big, B2y, and B3, for the model that we are considering for a
polyacene chain, and the phonon modes corresponding to B,, and B3, are infrared active while
the modes corresponding to A, and B, are Raman active. Due to the interchain coupling [12], a
pair of localized electronic levels originally at the mid-gap are down-shifted (S;) and up-shifted
(S,) respectively, as shown in the inset of figure 1.

Now we consider a small departure d;, of atoms from the self-consistent bond
configuration {§,}—that is, u; , = u, + (—1)"d; »; the perturbed electronic Hamiltonian due
to the departure {d; ,} is

H = —a Z (—D"djn+ dj,n+1)(C;n’gcj,rwl,a + C;,,H,(,Cj.n,o), (11)
j.n,o
and the total energy of the system is expanded
E,=FEy+E+E)+--- (]2)

in orders of the small quantities d; ,, by perturbation theory. The vanishing of the first-order
term E; in the total energy gives the self-consistent equations (5) and (6). The second-order
term of the total energy is given by

[(elH,IG)” 1
E, IZﬁJ“EK > djn+djnn). (13)
. E;  —E, i
Defining the symmetric and anti-symmetric vibrational variables
(s) 1 (a) 1
dn = _(dl,n +d2,n)v dn = _(dl,n - d2,n)v (14)

V2

the vibrational Hamiltonian can be written as

Hyp =2K Y Y AN d0dy + 1M > Y " (d), (15)

K=s,a n,n’ K=s,a n

V2

where the elements of the vibrational matrices are as follows:

A(K)r = zlt(é‘n(sn,n’ +8n,n/i1) + %)‘ntO(_l)nJm’(Ei(Zr)l’ - E(K) - E(K) o E(K) 1)’ (16)

n,n nn'—1 n—1l,n n—1,n"—

where ¢, = 1 forn = 1 and n = 2m + 1, ¢, = 2 for all other n, and
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Figure 2. Energies of phonon modes. The phonon energies corresponding the modes at g = 0 and
/2 in a uniform dimerized polyacene are indicated by arrows.
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Figure 3. The optical phonon modes corresponding to (a) a)(é)(O) and (b) a)(a)(O) in a uniform
dimerized polyacene.
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u (occ.),v (unocc.) k=s,a
KK !
a@ _ XW(”)X (”)
EUE Z Z (K) e® (18)
u (occ.),v (unocc.) k=s,a
where k = s,k =aandk = a,k = s, and
X' ) = ¢ ML (n+ 1)+ (n+ DL (n). (19)

So we have the phonon frequency @ from (0*)* = w31, where A are the eigenvalues

of the vibrational matrix {An n} given in equation (16) and the bare phonon frequency
wo = /4K /M, which is about 1900 cm~! for polyacene.

The diagonalization of the vibrational matrix {A( ©) .} gives both the eigenvalue A*) and
the vibrational eigenwavefunction d*(n). To identlfy the localized modes, we define the
localization factor y = ), |d (n)|*/ > ld (n)|?, which will decay as 1/m for an extended
vibrational mode when the size m becomes larger and larger, while it will approach a nonzero
constant for a localized vibrational mode. We have done the calculations from m = 100-
300, and a very good convergence for the localization factor is reached for a polyacene chain
composed of m = 300 aromatic rings, for which all results presented below are obtained.

Figure 2 shows the energies of all vibrational modes. The energy positions of the vibrations
corresponding to the modes at ¢ = 0 and /2 in a uniform dimerized polyacene are indicated
by arrows. The two lowest optical modes corresponding to »'* (0) and w{® (0) are shown in
figure 3; the energies are w?/ a)é = 0.133 and 0.325, respectively. In the weak-coupling model



Letter to the Editor L345

—
04 F ]
03} ]
02} ]
01k ]
[ ©=0 1
200 400 200 300 400
site
0.15 — T T ] 0.30 —r
0.10 0.25 - .
0.20 |- ]
0.05 : :
0.15 ]
0.00 | ; ]
r 010 F ]
-0.05 |- ] . :
L 0.05 | ]
2 r 4
F ©2=0.13202 C
- - Q - L
0.0 T 000 f——" N
0 300 600 200 300 400
site

site

Figure 4. Localized slowly varying phonon modes (g = 0).

of polyacetylene, w2/ a)2Q = 2, which has a value of 0.552 for polyacene. Our results are much
smaller than that value; this is clearly a result of the reduction of the dimerization due to the
interchain coupling [14]. Furthermore, it can be seen that there are three nodes corresponding
to a phase shift of 37 in the mode »' (0) and one node corresponding to a phase shift of 7 in

the mode »(® (0), which indicate there are three symmetric (g\", g%, and ggs)) localized modes

and one anti-symmetric (gfa)) localized mode at g = 0 according to Levinson’s theorem [15].
Our calculation gives these four localized slowly varying modes as shown in figure 4; the

corresponding representations of the group Doy, are By, Ag, By, and By, respectively. The

first mode gis) (the Goldstone mode corresponding the translation of the neutral soliton),

the second mode gés) (the amplitude mode corresponding to the amplitude vibration of the
neutral soliton), and the third mode ggs) are the same as those found in polyacetylene [16];
the energies are @?/ a)2Q = 0, 0.097, and 0.132, respectively. The anti-symmetric mode g%“)
is the relative vibration of the soliton structures in the two chains of polyacene; its energy

w? /wzQ = 0.306 depends sensitively on the interchain coupling 7, . Similar modes (gé“) and
g;")) are not found, due to the strong interchain coupling, and may appear in the system with
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Figure 5. Localized quickly varying phonon modes (¢ = 7/2).

a weak interchain coupling. In addition to the above four slowly varying modes, we found
three quickly varying modes: two symmetric modes (sl(‘v) and sé“)) and one anti-symmetric

mode (sl(a)). All of these modes, shown in figure 5, have a quasi-period of four sites, and can
be regarded as modes at ¢ = 7 /2. The mode sf‘v) (w? /a)ZQ = 0.406) shown in figure 5(a) is
sited at the middle of the phonon gap (w?/wg, = 0.372 for & (77/2) and w*/wy, = 0.438
for w{®)(rr/2)) at ¢ = 7 /2 and has the peculiar property that all even atoms are fixed while
odd atoms oscillate in alternate directions. This mode is nothing but the staggered mode
found in polyacetylene [16]. The similar staggered mode sf“) (a)z/a)ZQ = 0.423) shown in
figure 5(b) is located below the middle of the phonon gap (w?/ wZQ = 0.396 for 0@ (7 /2) and
w?/wfy = 0.474 for w{”(1/2)); this should be caused by the different interchain coupling

effects for localized and extended phonons. The last quickly varying mode (sés)) shown in
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Figure 6. Localized phonon modes (¢ ~ 27 /7).
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Figure 7. Three pairs of edge phonon modes. Each pair contains one mode around the left end
(shown here) and one around the right end (not shown). (a) is for Ay or B, symmetry and (b)
and (c) are for Byg or B3, symmetry.

figure 5(c) is the second staggered one; its energy is w?/ a)zQ = 0.437 just below 0 (1 /2), the
edge of optical phonon at ¢ = /2. The anti-symmetric counterpart of the second staggered
mode is not be found, like that for slowly varying modes. The group representations for these
localized quickly varying phonon modes have been indicated in figure 5; sfx) is infrared active
and the other two are Raman active. In figure 6, we show two degenerate localized phonon
modes tl(”) and tz(”) (0? /a)2Q = 0.577) located on the top of the optical phonon continuum
band, which are new findings for a polyacene chain. These two modes have a quasi-period of
seven sites, corresponding to the wavevector g & 2m/7, which is exactly the wavevector of
the phonon with the top energy at the optical phonon continuum band [14]. Finally, we point
out that there have been found three pairs of edge phonon modes, shown in figure 7; since
we are considering a finite-length polymer chain, all these edge modes are located above the
optical phonon continuum bands and each pair contains one mode around the left end and its
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counterpart around the right end. A recombination of these degenerate modes gives one pair
(0*/wy = 0.510) with Ay and By, symmetries and the other two pairs (w? /w7, = 0.578 and
0.603) have B, and B,, symmetries. In total, three edge modes are infrared active and the
other three are Raman active.

In summary, the localized phonon modes in a pristine polyacene are investigated. We
find that there are nine localized phonon modes around the interchain-coupled neutral soliton;
four modes are infrared active with the energies w? / a)ZQ =0,0.132, 0.406, and 0.577, and the
other five modes are Raman active with the energies w?/ wZQ = 0.097,0.306, 0.423, 0.437, and
0.577. And there are three pairs of edge phonon modes; all are quickly varying modes with
energies w? / a)zQ = 0.510,0.578, and 0.603, and both infrared and Raman active. The localized
phonon modes can be considered the fingerprint [17] of localized excitations in polymers.

The work was supported by the National Natural Science Foundation of China (Nos 90103034
and 19725414) and the fund for Postdoctoral Researchers (the State Ministry of Education,
China).

References

[1] Schon J H, Kloc Ch and Batlogg B 2000 Nature 406 702
[2] Schon J H, Kloc Ch, Bucher E and Batlogg B 2000 Nature 403 408
[3] Schon J H, Kloc Ch, Dodabalapur A and Batlogg B 2000 Science 289 599
[4] Salem L and Longuet-Higgins H C 1960 Proc. R. Soc. A 235 435
[5] Kivelson S and Chapman O L 1983 Phys. Rev. B 28 7236
[6] Whangbho R H and Woodward R B 1979 Proc. R. Soc. A 366
[7] Tanaka K, Ozheki K, Naukai S, Yamabe T and Shirakawa H 1983 Phys. Chem. Solids 44 1069
[8] daRosa AL S and de Melo C P 1988 Phys. Rev. B 38 5430
[9] Srinivasan B and Ramasesha S 1998 Phys. Rev. B 57 8927
[10] Bozovic I 1985 Phys. Rev. B 32 8136
[11] Sabra M K 1996 Phys. Rev. B 53 1269
[12] AnZ and Wu C Q 2002 Phys. Rev. B at press
[13] Heeger A J, Kivelson S, Schrieffer ] R and Su W P 1988 Rev. Mod. Phys. 60 781
[14] Zhao H, Wu Y J, An Z and Wu C Q 2002 at press
[15] Levinson N 1949 K. Danske Vidensk. Selsk., Mat.-Fys. Meddr. 25 9
[16] Wu C Q, Sun X and Fu R 1985 Chin. Phys. Lett. 2 561
Sun X, Wu C Q and Shen X C 1985 Solid State Commun. 56 1039
Chao K A and Wang Y 1985 J. Phys. C: Solid State Phys. 18 L1127
Terai A and Ono Y 1986 J. Phys. Soc. Japan 55 213
[17] Jiang H, Xu X H, Sun X and Yonemitsu K 1999 Chin. Phys. Lett. 16 836



