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Effects of light doping on the vibrational modes of finite-length polyacetylene chains
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With a local site-impurity potential in the framework of the Su, Schrieffer, and Heeger (SSH) model,
both the dopant dependence and the chain-length dependence of the vibrational modes related to
charged solitons in a finite trans-polyacetylene chain have been studied. The numerical calculations
showed that the well-known Goldstone mode will be pinned by the dopant potentials as well as by the
chain ends. Two localized modes were found in the acoustic-frequency branch. The results are in agree-
ment with the infrared-active vibrational modes also observed in lightly doped polyacetylene cases. A
comparison with the photoexcitation measurements has been given.

I. INTRODUCTION

The intense infrared-activity absorption induced by
charged solitons is due to the localized vibrational-
phonon modes around the structural defect, which arise
from the symmetrical vibrational modes (Raman-active
modes), but are redshifted with respect to these Raman
modes.! In trans-polyacetylene three doping-induced
principal infrared-active vibrational (IRAV) modes have
been observed and are located at 930, 1288, and 1370
cm ™!, respectively.>”* The intensities of the observed
IRAYV modes in trans-polyacetylene are proportional to
the dopant concentration, but the locations of the modes
are essentially independent of the dopant species. How-
ever, the IRAV mode at ~930 cm ™! was not observed in
photoinduced-absorption experiments® (shown in Fig. 1).
Thus it was believed that the dopant alone is responsible
for this mode, and it was further assumed that this broad
and intense absorption at ~930 cm ™! was the Goldstone
mode shifted up from zero frequency by pinning due to
the Coulomb binding of the charged ions to the charged
solitons.®~7

Recently, Phillpot,® Harigaya,” and Stafstrom!® et al.
have investigated how impurities may affect the static lat-
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FIG. 1. Comparison of the infrared photoinduced (solid line)
with doping-induced (dashed line) absorption spectra for trans-
polyacetylene.

0163-1829/93/47(22)/14905(5)/$06.00 47

tice and electronic structures of conjugated polymers.
They used the continuous (TLM) and discrete (SSH)
models, and adopted site-impurity or bond-impurity
models to describe the effects of the charged dopant ions.
The calculations were performed from both in a closed
ring (periodic boundary conditions) and in an open chain
(fixed-end boundary conditions). They obtained new im-
purity electronic states at the band edges beside the soli-
ton electronic state at the middle of the gap. The results
showed the importance of the boundary conditions in a
short chain.!® In fact, a local impurity potential will
break the original lattice symmetry of the polyacetylene
system, which makes the degree of order decrease. A
change in the number of the localized states is expected.
In order to know whether there exist new localized vibra-
tional modes in one-dimensional doped polyacetylene
chains, in this paper we studied the dynamics of small
amplitude excitations around a soliton in a finite-length
trans-polyacetylene chain by considering the Coulomb
effects of the dopant ions. The calculations were carried
out both in a closed ring with periodic boundaries and in
an open chain with free-end boundaries.

II. THE MODEL AND CALCULATION

The SSH model is generalized to include terms that de-
scribe Coulomb binding of charged solitons to the impur-
ities. The Hamiltonian is given by

H =Hgsy+Hyyp - 89

The first term is the original SSH-model Hamiltonian!!

Hygy=— 3 [to—alu, 1—u,)]

n,s
X( Cn++ l,an,s + Cnfs Cn +1,s )

1

1
+—2—K§(un+l—un)2+2

M3 a2, 2)

where ¢, is the nearest-neighbor hopping integral of the
undimerized chain, a the electron-phonon coupling
strength due to the modulation of the hopping integral,
u, the displacement of the nth (CH) unit, C,’; (C, ) the
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creation (annihilation) operator of the m-electron with
spin S at the nth site, K the force constant between adja-
cent units, and M the mass of (CH) unit. The dimension-
less order parameter ¢,, the coupling A, and the time 7
were introduced as

2
o=~ Ly, A=22

= s = t s 3
to 1TKt0 T CL)Q ( )

where wg=(4K /M )1”2 is the bare frequency. Then the
SSH Hamiltonian will only depend on A.

The second term of Eq. (1) represents effects of the im-
purity potential. A site-type form is adopted,?

Ni
HIMP: 2 VdCr—rtsCm,s s (4)
m=1

where m is the dopant ion position which is next to the
lattice site, N; the number of the dopant ions per chain,
which gives the doping concentration (y =N;/N), and
V, the interaction strength of the 7 electron with the
dopant ion. Here we have omitted the dynamics of the
dopant ion because of its mass which is heavier than that
of the (CH) unit.

With a small deviation from the equilibrium
configuration ¢,,, the static condition and vibrational ma-
trix can be derived by minimizing the total energy of the
system.

A. A closed ring

For a closed ring, a periodic boundary condition was
imposed on both the electronic and lattice systems in or-
der to remove end-point effects, i.e.,

Zy,n+N,s=Z;L,n,s 5 un+N=un . (5)

12,13

The following formulas were derived:

¢n+¢n+1=(—1)n7k zlzu,nzu,n+l
"

_1

S ZZyner | ©6)
N,u,n wnu,n
_ 2
Bm,n_H(Sm,n—l+28m,n+8m,n+l)
crcn,
+2(—pmitny Yy A ()
o v (Fup) GH_-GV
Wlth C;Tv:Zy,m (Zv,m+1_Zv,m—l)+Zv,m(Z,u,m+l
~Z, m—1)- The spin symbol S was omitted. B, ,

represents the vibrational matrix elements. Its eigenval-
ues and eigenstates of the vibrational matrix are the pho-
non frequencies and vibrational modes, respectively.
Here ¢, and Z, ,, are the eigenvalue and eigenstate of
electrons. They are determined by the following eigene-
quation:

—[+ (DS, +¢n+1)1Zpn+1

—N+(=0)""YP,—1+6,)1Z,, ,—,
N

+3VidpnZyn=€2Z,, - ©®
m
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B. An open chain

For an open chain, a free-end boundary condition was
assumed. In this case, an extra constraint must be ap-
plied to stabilize the system,

N—1
H'=K"S (u,1—u,) , 9)

n

where K'=—4a /7 (Ref. 11).
In the same way, the static condition and the vibration-
al matrix in an open chain can be derived.

2
¢n+¢n+1=(_l)nﬂ-}" zlz,u,nz,u,n-Fl_; ’ (10)
1

2
Bm,n—;;x[(sm,n +8m,n +1)(1_8m,N)

+(8m,n+8m,n—l)(1_~8m,1)]
cmcn
+2A>-1ymtry y AR (11)

poov(Fp) 6#_61,

with

C;':v:(l—"sm,N)(Z,u.,m-O-lzvm +Z/L,mZv,m +1)
_(l_am,l)(zp,mzv,m—l +Z,u,m—lzv,m) .

Here ¢, and Z,, ,, are the eigenvalue and eigenstate of
electrons in an open chain, respectively. They are deter-
mined by the following eigenequation:

_[1+(—l)n(¢n+¢n+l)](1_8n,N)Zy,n +1
—[H(=D"" -1 +¢,))(1-8,)Z

w,n—1
Ni
+ 2 Vdam,nzy,n =eyz,u,,n ’ (12)
m
where 8, ; is the Kroniker 8 function
1 i=j
8,;= o i#j . (13)

Equations (6) and (8), and (10) and (12) were solved by
numerical iteration for a closed ring and an open chain,
respectively. The equilibrium bond configuration
¢, +é, ., of the ring (or chain) with N; site impurities
can be easily obtained. Then by substituting it into Eq.
(7) or Eq. (11) and diagonalizing B,, ,, all the vibrational
models can be obtained, the localized ones can be picked
out from these modes.

Numerical investigations were performed with the pa-
rameters of trans-Polyacetylene to=2.5ev,a=4.2 ev/A,
and K =18.7 ev/A% The dimensionless electron-phonon
coupling constant A=0.24 and ©=(81)"2w,= 1400
cm ™! (phonon frequency at k =0) were obtained. An im-
purity site is located next to one of the total N lattice
points. The convergence criterion is that the ith
|¢,+¢, 41| minus the (i —1)th |$, +@,,| is less than
1075 for each n.

A negatively or positively charged soliton is eventually
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produced for a donor (or acceptor) dopant with different
Coulomb strength both in an odd-number ring and open
chain. For an open chain, it is energetically favorable for
the dopant ion to be at the center of the chain. For a
closed ring, however, the system is energetically stable
for any site position where the ion is doped, because of
the translation symmetry along its chain. The static
bond configuration ¢,+¢, ., in the impurity-free
(V;=0, dash line) and in the doped V,= —0.4t,, solid
line) soliton-lattice systems are shown in Fig. 2(a). Figure
2(b) gives the energy band and the corresponding local-
ized electronic states in a closed ring with a dopant po-
tential V;= —0.4t;,. A similar band structure has been
obtained in an open chain.

Due to the attractive dopant potential, the soliton in
the doped case becomes more localized, compared with
the impurity-free case. For an open chain, an obvious
characteristic is that an oscillation occurs in the bond
configurations and is even stronger at the ends of the
chain. Thus results from the breaking of bond symmetry
at the chain ends. As the electron-hole symmetry is bro-
ken by the dopant, the soliton energy level deviates from
the middle of the gap. In addition, a shallow energy level
emerges at the bottom of the VB for the donor or at the
top of the CB for the acceptor as shown in Fig. 2(b).

Further, the vibrational modes have been calculated.
In the discrete lattice model (SSH) used here, calculations
were performed on a chain consisting of 101 lattice sites.
The number of extended modes were found to be 50 in
the acoustic branch and 47 (with a weak localized mode
g4) in the optical branch for the undoped system. The
first three of the five localized modes (g, g5, g3, &;, and
g,4) are purely optical and g, is half optical and half
acoustic. g, is the lowest optical frequency mode; its lo-
calization is very weak and depends upon the strength of
electron-lattice coupling and the boundary conditions.
For the doped system, the number of extended modes in
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FIG. 2. Static characteristics of a site-doped polyacetylene
chain: (a) Bond configuration ¢, +¢, ., in ¥, =0 (dashed line)
and V,;= —0.4¢, (solid line); (b) energy band and localized elec-
tronic states (V, = —0.4¢,).
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FIG. 3. Configurations of the localized modes in the
impurity-free case (¥,;=0).
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FIG. 4. Configurations of the localized modes in the doped
case (V; = —0.4t,) with (a) periodic boundary condition or (b)
natural boundary condition.
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TABLE 1. Frequency dependence of mode g, on the chain length in the natural boundary condition

(w/wy).

L(C) 13 17 21

25 41 81 o Exp.

g 0.523 0.393 0.291

0.217

0.001 <1074 0 0.393

the optical branch was found to still be 47, but in the
acoustic branch, the number becomes less (48) due to the
emergence of two new localized modes g} and g3. Com-
pared with the localized models in the impurity-free-case,
the intensity of the localized optical modes becomes weak
as shown in Figs. 3 and 4. But the calculations show that
some extended modes around (g,,g7) or (g,,g5) have a
little sign of localization. We infer that the number of
the localized modes around (g, g7) or (g,,g,) might be
varied with the potential strength of the dopant ion.
Such changing of the number of extended (or localized)
modes should be attributed to the breaking of the local
symmetry in the chain by the dopants.

The chain-length dependence of the five localized
modes obtained in the impurity-free soliton lattice system
has been studied. The calculated results showed that the
three infrared-active modes, g,, g3, and g,, exhibit
different behaviors. In a short open chain, the frequency
of the mode g, shifts from zero to a finite value due to the
breaking of the translation symmetry at the ends. When
the chain length is 17C (C is the undimerized lattice con-
stant), the frequency of mode g, is calculated to be 550
cm ™! (shown in Table I). This value is in good agreement
with the experimental result. A similar result has been
given with a molecular-orbital method.!'® Recently,
Kim'* and Mulazzi'® have also predicated that the pho-
toinduced IRAV mode at 500 cm ™! exhibits a more or
less pronounced structured shape depending on the seg-
ments of different length contained in samples. Here, the
end boundaries pin the Goldstone mode. The Goldstone
theorem still holds, provided the chain is long enough
(>81C). Modes g3 and g; do not change much with the
chain length. Mode g,, however, becomes extended at a
very short chain length, and mode g, is always extended
in the open chain no matter how long the chain is.

In the doped soliton lattice system, the calculations
give four IRAV modes, two of which are modes g; and

g;,> the third is the Goldstone mode g, which has been
pinned by the local dopant potential and the last is a new
even-parity mode gj, which results from the dopant.
Some properties of the localized modes are listed in Table
II. One can see that the frequencies of modes g, and g}
are close to one another. V,;=—0.4¢,, we obtained
©;=929 cm™! and ©]=943 cm ! in a closed ring, and
©;=922 cm™! and w;=946 cm~! in an open chain.
These data are in good agreement with the experimental
observations (~930 cm~!) in the doping-induced studies
carried out on polyacetylene with dilute doping concen-
trations.2”* We can see from Fig. 1 that the IRAV peak
at ~930 cm ! is very broad, so it might consist of many
couplies of g; and gi-like modes, since in real polyace-
tylene material the potential ¥V, is not a constant, but has
a distribution.

The dopant potential has little influence on modes g3
and g, as the data in Table II show. The frequency of g,
increases slightly with the strength of V,, and for g, the
situation is the opposite. At V,;= —0.4¢,, the calcula-
tions give @3=1347 cm ™' and w, =1335 cm ™! in a closed
ring, and w;=1354 and cm ™! @, =1334 cm ! in an open
chain.. These results can explain the other two observed
peaks in Fig. 1.

The calculations also give two non-IRAV modes, one
of which is the second modes g,, which has been weakly
pinned by the dopant potential; the other is a new odd-
parity mode g} resulting from the dopant. The frequency
of both is close to one another. The weak localized mode
g4 found in the impurity-free system (periodic boundary
conditions) becomes extended when the dopant effect is
considered whether in an open chain or in a closed ring.
These three are inversion symmetric (odd parity) and are
not IR active.

In order to get a more general conclusion, we extended
the dopant potential to a screening Coulomb form,!’

TABLE II. Frequency dependence of the localized modes on the dopant potential V,, both in a

closed ring (C.R.) and in an open chain (O.P.).

Frequency (w/wg)

V,=0 Vy,=—0.2t, Va=—0.4t,

Mode Parity C.R. O.C. C.R. O.C. CR. O.C. Exp.
g1 even 0 0 0.473 0.468 0.664 0.659 0.663
g1 0.485 0.485 0.674 0.676
2 odd 0.802 0.805 0.824 0.830 0.852 0.867
g3 0.831 0.836 0.864 0.877
g3 even 0.925 0.929 0.946 0.950 0.962 0.967 0.979
g5 even 0.960 0.959 0.958 0.958 0.954 0.953 0.920
g4 odd 0.963
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TABLE III. Frequency dependence of the localized modes
on the screening factor in a closed ring (@ /).

B 0.1 0.5 1.0 4.0
g1 0.751 0.710 0.688 0.665
g 0.758 0.721 0.695 0.675
2 0.886 0.871 0.867 0.852
g 0.898 0.882 0.881 0.865
g3 0.970 0.964 0.963 0.963
gs 0.951 0.952 0.953 0.954

HIMP 2 V n)cr:scn,s ’ (14)
where

(n) e’
V, (n)==
" €,[(n —m)*C*+(¢,/€,)d?*]'?
Xexp[ —Bln —m]|] (15)

is the interaction between electrons on site n and the
dopant side by site m of the chain, e is the magnitude of
the unit charger, €, and g, represent the dielectric con-
stant perpendicular and parallel directions to the chain
respectively, C is the lattice constant of the undimerized
system, d is the perpendicular distance between the chain
and the dopant ion, and B represents the potential screen-
ing along the chain. “+” is taken for an acceptor and
“—> for a donor.

Calculations were performed with €,=10.0 and
€,;=3.5 to obtain the vibrational-phonon modes in a neg-
atively charged soliton lattice system. Other parameters
in Eq. (15) are C=1.22 A, d=2.4 A, and e*=14.3
ev/A. With the same convergence criterion, we obtained
the localized modes for different screening factors, .
The frequencies calculated for a closed ring with a site-
type screening Coulomb potential for all localized modes
are listed in Table III. We can see that the frequencies
change little with the interaction screening factor B in the
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range 0.1-4.0. This indicates that the main results do
not depend on whether the impurity potentials are short
or long ranged. A similar conclusion is obtained in an
open chain case.

III. CONCLUSIONS

In the present paper we have numerically investigated
the lattice configurations, electronic energy structures,
and localized phonon modes of the charged soliton by
considering the short-range and long-range site-type
dopant potential in the framework of the SSH model. A
comparison with IRAV observations on dilute doped
trans-polyacetylene has been made. The calculations
presented both in a closed ring and in an open chain
showed that the boundary conditions are not important
to the localized modes if the chain is long enough. But in
a short chain, the translation mode g; will be pinned by
the chain ends. This leads to the moving up of the fre-
quency of mode g,. The local dopant potential breaks
the original symmetry of the chain, making the degree of
order of the system lower. It cannot only affect the soli-
ton states, introduce impurity states away from the band
edges, but also affect the phonon spectrum and the vibra-
tional modes. The intensities and frequencies of the g,
g,, and g4 modes of charged solitons will be changed to
some extent due to the Coulomb binding of the dopant
ion. The even-parity modes g; and g, both are intrinsic
modes and are slightly dependent on the dopants. The
most important point is that two new localized modes (g
and g3) have first been shown to exist in the acoustic
branch in doping cases. These conclusions are indepen-
dent of the choice of the boundary condition as long as
the chain is long enough compared with the soliton
width. The results have shown the importance of the
doping effect.
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