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5.1   Solitons 



Peierls, Quantum Theory of Solids, 1955, Clarendon, Oxford.

Polyacetylene Degeneracy: Peierls Instability
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• solving the Schrödinger equa9on for a periodic poten9al in one dimension results in energe9cally 
more stable solu9on for bond length alterna9on 

• energy gained by opening a band gap and thus lowering the filled energy levels is larger than the 
energy lost by the dimeriza9on of carbon atoms

• Peierls’ theory: one dimensional equally spaced lafce with one electron per ion is unstable 

undistorted 1D lafce distorted 1D lafce



Degenerate Ground States In Poly(acetylene)
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• poly(acetylene) has two energe9cally & geometrically equivalent, degenerate ground states 
• poly(acetylene) is unique in the sense that it has solitons as charge carriers

• poly(acetylene) is the only π-conjugated polymer with two equivalent resonance structures

E

ground state A ground state B

polyene polyene

Peierl’s distorion



“Spontaneous” Forma9on of Neutral Solitons in Poly(acetylene)
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• layce distor9on results in defect energy level in band gap with limited delocaliza9on 
• neutral solitons are par9cles with spin s = ½ and charge q = 0 plus layce distor9on 
• organic chemistry view: neutral solitons are radicals 
• neutral solitons cannot contribute to conduc9on, but are easily oxidized/reduced

• at finite temperature, “lafce defects” at domain boundaries result in neutral solitons

7 π

ground state A ground state Bdomain 
boundaryq = 0, s = ½

electronic structure layce defect



Heeger, Phys. Rev. LeI. 1979, 42, 1698; J. Chem. Phys. 1979, 70, 1132; Shirakawa, Solid State Commun. 1984, 52, 893.

SSH Model of the Soliton
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• Electron-Nuclear Double Resonance (ENDOR): soliton delocalized over 7–9 carbon atoms 
• Su-Schrieffer-Heeger (SSH) model: solitons are neutral defects with spin s = ½, charge q = 0

• Electron Spin Resonance (ESR) spectroscopy (based on Zeeman splifng ) 

• g factor of  = 2.0026, similar to a free electron (2.0023) 

• spin density of 1.23 · 1019 cm–3 or 1 soliton per 3200 carbon atoms (vs MnSO4 · H2O) 
• spin density insensi+ve to NH3 vapor (used to quench inadvertent charge carriers) 
• Lorentzian peak shape, no hyperfine structure, line narrowing at higher temperatures imply 

delocaliza+on and thermally ac+vated mobility of the soliton defect

ΔE = msgeμBB0
ge
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FIG. B. Probability distribution of the localized
electronic state at the center of the gap.

the pure system by rigidly displacing the tanh
function in Eq. (6) and find ~,-0.002 eV. Thus,
a small activation is predicted, consistent with
the electron spin resonance line narrowing ob-
served in undoped specimens down to 10'K.
The electronic structure of the soliton exhibits

a localized state cp, at the center of the gap, con-
taining one electron for the neutral kink. While
this localized state is spin unpaired, the dis-
torted valence band continues to have spin 0.
Thus the neutral soliton has spin —,'. The static
susceptibility therefore will contain a Curie-law
contribution and can be used to count the number
of soliton defects present. y, (x) is plotted in
Fig. 3 for 4t, =1.4 eV. For larger l, extra pairs
of states enter symmetrically from the conduc-
tion and valence bands.
Since the localized state occurs at the gap cen-

ter, i.e., the chemical potential, the relevance
of the solitons to the doping of (CH)„depends on
the energy for creation of a soliton, E„as com-
pared with the energy required for making an
electron or a hole, 2F, = A. If 6&E„charge-
transfer doping would occur by creating free
band excitations; if 6)E„soliton formation
would be favored. For F. = 1.4 eV considered
above, E,=0.4 eV&6=0.7 eV. Thus, the soliton-
bound hole leads to stabilization over the free
hole by 6—E,=0.3 eV with correspondingly
larger values if the gap is larger. The same
stabilization energy holds for adding an electron,
which would occupy y, (x) of the soliton rather
than being placed at the conduction-band edge.
Self-consistent-field effects arising from elec-
tron-electron interactions would split the ioniza-
tion and affinity levels of y, about the center of
the gap and change these estimates accordingly.
We note that the ionized solitons formed upon
doping with acceptors (or donors) will be non-
magnetic, consistent with the experimental ob-
servations" for AsF, and iodine doping. "'"

It is important to recognize that the soliton
which we are discussing is not a phase soliton or
y particle as discussed by Ricg Bishop, Krum-
hansl, and Trullinger. " Intuitively, one might
assume that the interchange of double and single
bonds corresponds to a ~ phase shift of the elec-
tronic-char ge-density wave. This reasoning
leads to the soliton having a charge +e. Rather,
the soliton discussed here is neutral (unless it
is explicitly ionized). Instead of satisfying a
sine-Gordon —like equation for the phase of a
charge-density wave, the soliton discussed here
is an amplitude distortion of the field P„which
satisfies an equation more akin to the P4 field
theory
In the lightly doped system, the charged soliton

is bound to the charged impurity by the Coulomb
interaction. We assume the impurity to be a
point charge, +e, a distance d-2 A from the
chain immersed in a medium of dielectric con-
stant" e = 10, and the soliton's charge density to
be ae i y, (x) i'. We find the binding energy to be
approximately 0.31 and 0.33 eV for d=2.4 A and
a=2 A, respectively (for E,=1.4 eV, i=7) as
compared to the observed activation energy 0.3
eV for electrical conductivity. '" In the bound
state, if the interaction with the impurity is devel-
oped to second order in the displacement of the
soliton leading to a spring constant K„one finds
the vibrational energy is approximately hu&, = (k, /
M, )' '=0.07 and 0.08 eV for d=2.4 and 2.0 A,
respectively. In this analysis we have used the
equality of the soliton's kinetic mass M, defined
by Eq. (7) and its inertial mass which enters the
analog of Newton's second law. This equality
follows from a work-energy theorem for soliton
motion. " We tentatively associate this mode
with the broad infrared absorption observed" to
peak at -0.10 eV. The width of the peak may be
due to varying distances between the impurity and
the chain throughout the system.
Since the order parameter y„goes to zero in

the center of the wall, one can anticipate a C-C
bond-stretch frequency intermediate between that
of the single and the double bond. This is con-
sistent with the strong molecular mode observed
at 1370 cm ' in the lightly doped polymer. " W' e
are currently investigatigating the oscillator
strength of the shape oscillation mode of the soli-
ton in which l varies, as well as continuum modes
in the presence of the soliton.
In summary, we have presented initial results

of a theoretical study of soliton formation in long-
chain polyenes, including the energy of formation,
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Chiang, J. Am. Chem. Soc. 1977, 100; Shirakawa, J. Chem. Soc. 1977

Chemical Doping
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• chemical doping of poly(acetylene) results in up to 108-fold increase conduc9vity

• doping of poly(acetylene) with halogens or alkali metals  

 polyacetylene + 3
2 y I2 ⟶ polyacetyleney+ (I−3 )y

polyacetylene + y Na+Naph−∙ ⟶ polyacetyleney− (Na+)y
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• different from inorganic semiconductor “impurity doping” (at ppm concentra9ons)  
• “single electron transfer” oxidant/reductant, but must not induce follow-up reac9ons  
• dopant applied at high concentra9ons (0.1–10 mol%), strongly disturbs structure/geometry 
• conduc9vity & mobility increased by several orders of magnitude by chemical doping

• chemically doped poly(acetylene) in the solid state becomes semiconduc+ng or metallic

I2, AsF5, SbF5

poly(acetylene) 
poor semiconductor

p-type doping 
good semiconductor

oxidant 
single electron acceptor

xx x

Na, K, Li

n-type doping 
good semiconductor

reductant 
single electron donor



KEY CONCEPT

Forma9on of Posi9ve or Nega9ve Soliton Charge Carriers

202

• posi9ve/nega9ve solitons have no spin (s = 0) but carry a charge (q = ±e) 
• organic chemistry view: carboca9ons or carbanions (delocalized over 7–23 carbon atoms) 
• weakly doped poly(acetylene) is a semiconductor (isolated charges, limited delocaliza9on) 
• insulator-metal transi9on in strongly doped poly(acetylene) at about 1021 charges/cm–1 

• chemical doping converts neutral solitons into posi+ve or nega+ve soliton charge carriers

Naq = 0 

s = ½

q = –e 

s = 0

I2q = +e 

s = 0

posi9ve soliton nega9ve solitonneutral soliton

+ –



Baughman 1989

Doping-Induced Phase Transi9on
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• doping of polyacetylene results in phase transi9on to new materials with ion channels

• sub-stoichiometric amounts of dopant, unlike impurity doping in inorganic semiconductors

undoped polyacetylene

Heeger et a/. : Solitons in conducting poIyrners

agent, and the (PF6 ) counter ion enters the structure to
assure charge neutrality; the reaction is carried out in a
suitable solvent. Similarly, for n-type doping, the follow-
ing reaction may be used:

y(Na+)(Naphth )+(CH) ~(Naphth)n, u«, i

+[(Na, +(CH) ']
+ asThe (Naphth ) act as the reducing agent and the Na as

the counter ion.
In the case of electrochemical doping, the reaction is

carried out in an electrochemical cell with the polymer as
one electrode (MacDiarmid and Kaner, 1986, and refer-
ences therein). The polymer is reduced or oxidized (i.e.,
electrons are added or removed) electrochemically
through the external circuits. Electrical neutrality is pro-
vided by an ion from the electrolyte. For example,
olyacetylene can be used as one electrode and Li metalpoy
as the counter electrode, with I.i C104 as the electro-+
lyte (dissolved in a suitable solvent).
The electrochemical method is the most elegant of the

doping methods, for it is reversible, it allows control at
the resolution of parts per million, and it makes possible
a novel experimental methodology based on in situ exper-
iments (Heeger, 1985). Moreover, the doping is accom-
pis elished by directly controlling the electrochemical poten-
tial p of the polymer (the cell voltage is precisely p mea-
sured with respect to the reference electrode). Since the
doping involves first-order phase transitions (Chen et al. ,
1985; Moraes et al. , 1985; Shacklette and Toth, 1985),
both electronic and structural, it is useful to control p
rather than the dopant concentration whenever possible.
The technique of electrochemical voltage spectroscopy

(EVS) has been used to measure p vs y (the doping level)
(Kaufman et al. , 1983; Kaufman, Chung, and Heeger,
1984). A series of phase transformations (with dopant or-
dering) were discovered by EVS measurements on alkali-
doped polyacetylene (Shacklette and Toth, 1985); these
show up as steps in p vs y, and were identified as
structural transitions by examining samples at fixed con-
centration with x-ray diffraction.
The process of doping is structurally very demanding,

since it involves diffusion of the dopant species into the
structure with associated rearrangements of the polymer
chains (Baughman et al. , 1985; Shacklette, Murthy, and
Baughman, 1985; Shacklette, Toth, et al. , 1985). It is,
nevertheless, true that reversible structural changes have
been observed [at least at moderate doping levels (Moon
et al. , 1987)]. The reversible doping-induced structural
transitions have been studied by x-ray scattering carried
out in situ on Na-doped polyacetylene (Winokur et al. ,
1987). The results indicate an unusual sequence of rever-
sible transitions within a channel structure, in which the
local unit is a column of Na ions surrounded by three
(CH)„chains. The ability to monitor continuously the
evolution of the scattering data made it possible to
characterize the fuH series of transformations as a func-
tion of dopant level. (i) At the lowest doping levels

D. Charge carriers and eIectrical conductivity

The electrical conductivity of conducting polymers re-
sults from mobile charge carriers introduced into the ~-
electronic system through doping. At 1ow doping levels,
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FIG. 7. Structure of Na-doped po1yacetylene, [(Na+ )~(CH)+~]
(from Winokur et al. , 1987): (a) comparison between data (dots)
and calculated diffraction profile (solid curve) for the commen-
surate &3&(&3 superlattice channel structure, y=0. 11; (b)
comparison between data (dots) and calculated diffraction
profile (solid curve) for discommensurate-domain structure
shown in the inset, 0.06 &y &0. 10.

(&0.5%), the Na+ ions appear to go into the (CH)
structure at random. (ii) At moderate doping levels, Na+
channels form (with three polyacetylene chains per chan-
nel) and develop into a strongly modulated incommensu-
rate lattice in the plane normal to the polymer chains [see
Fig. 7(a)]. Below 6 mol %, this incommensurate lattice of
Na+ channels coexists with the lightly (random) doped
PA. (iii) At higher doping levels (=11mol%), the sodi-
um lattice becomes cominensurate, forming a +30( 3
superlattice relative to the average triangular spacing of
the rearranged (CH) chains [see Fig. 7(b)]. (iv) Finally,
at the highest doping levels ( ~ 11 mo1%), the sodium su-
perlattice transforms into a dense disordered state, which
is best characterized as a highly modulated Quid. These
features represent an unusual example of two inter-
penetrating mass-density waves with continuously vary-
ing periodicities; the strong interaction between the two
results in the formation of a novel discommensuration-
domain channel structure (Winokur et a/. , 1987).

Rev. Mod. Phys. , Vol. 60, No. 3, July 1988

doping transi+on Na-doped polyacetylene



Etemad 1981; Feldblum 1982; Chen 1985; Moraes 1985. 

Charged Solitons
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• charged soliton liquid undergoes first-order transi9on to a layce of polaron-like defects

• charged solitons are supported by both theore+cal models and experimental evidence

UV-vis-NIR: appearance of 
absorp+ons within 
bandgap upon doping 

broad features implies 
mid-bandgap band

IR: addi+onal vibra+onal 
modes upon doping 

isotope-shiS allows to link 
to modelling


