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Within a Peierls continuum description of the infinite polyyne chain4C =C?} it is found
that the polymer possesses soliton excitations with charges +2e, £e, and 0 and polaron
states with charges +e, +2e, and + 3e. An excitation (‘polarexciton”) consisting of an
electron and a hole bound by lattice distortion is also found and may be photogenerated

in the polymer.

PACS numbers: 71.50.+t, 71.30.+h, 72.60.+g, 72.80.Le

Linear chains of carbon atoms with alternating
single and triple bonds, i.e., {C =C},, are known
as polyynes. Experimentally, finite polyynes,
with a variety of terminal groups, have been
available for some time'™ and very long-chain
(i.e., effectively infinite) polyynes are thought to
be constituents of carbyne, a crystalline quasi-
one-dimensional allotrope of carbon.!™ Carbyne
has been of interest in astrophysics,’ where it is
thought to be a constitutent of interstellar dust,
and has been proposed as the thermodynamically
stable phase of carbon over a wide range of pres-
sures in the approximate temperature range
2600-3800 K.''* Theoretically, ab initio Hartree-
Fock calculations®'®"® have suggested that, in the
linear carbon chain, the alternating polyyne con-
figuration {C =C}, is preferred energetically to
the uniform-bond-length cumulene structure
4C =C¥,. Inthis Letter, we point out that, within
a simple one-electron description of its electron-
ic ™ states, the infinite polyyne chain is a half-
filled Peierls insulator® in which the electrons
possess an effective internal degeneracy (V) equal
to 4. This leads to an unusual variety of soliton
and polaron states and, in the continuum limit,
to the remarkable result that the infinite polyyne
chain is an approximate physical realization of
the N =4 Gross-Neveu model relativistic field
theory.'®

Within the framework of a one-electron tight-
binding description,'* the 7-electron states of
polyyne are determined by the linear-chain Ha-
miltonian

A=H, - 2 {t;4,, Cj+1,c,>\TCj,O.>\+H‘c'}‘ @)

Js0,

The chain consists of N, (N, ~ <) sp'-hybridized
carbon atoms labeled by j (j=1,2,...,N;). Each
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carbon atom has two degenerate, orthogonal,
atomic p orbitals transverse to the chain axis.
The latter two orbitals are labeled by A (x =1,2).
In (1), ¢;,o, A" and C;,s,r are fermion operators
which create or destroy, respectively, an elec-
tron with spin o in the Ath orbital of the jth car-
bon atom. To allow for the dependence of the
hopping integral {; ., ; on the atomic locations,
we adopt the form'?

tin,g=to=7W; ey =4;). 2)

In (2) «; denotes the displacement of the jth atom
from its position in a uniformly spaced carbon
chain of lattice constant &, while ¢, is the hopping
integral characteristic of the uniformly spaced
chain and -y is the derivative of ¢;,, ; with re-
spect to the interatomic separation. A; describes
the lattice energy in the absence of the overlap

of the atomic p orbitals,

Hy =3M 2502+ 5K 250y 1)), (3)

in which M denotes the mass of the carbon atom
and K a harmonic spring constant characteristic
of the linear sp! sigma bonding. In (1) the elec-
tronic energy is measured relative to the total
atomic p-orbital energy and there is one electron
per p orbital.

The linear chain Hamiltonian (1) describes two
degenerate half-filled 7 bands which couple to
the instantaneous positions of the carbon nuclei
in an identical manner. It follows, therefore,
that if allowance is made for the twofold degener-
acy of the electronic spin and we treat the atomic
displacements {uJ} as a classical field, the
ground state of H is a half-filled Peierls insula-
tor® in which the electrons possess an effective
internal degeneracy N equal to 4. For the half-
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filled Peierls insulator ordinarily encountered,
e.g., polyacetylene,'*'* N =2,

The ground-state displacement field is «;
=+ (-1) u, (all j), where «, is a positive constant,
while the energy spectrum of the 7 states is

8, ¢=t le,2 +A2 sin?(ka)| 2=+ E,,

In the latter, 2 denotes the allowed wave vectors,

- (/2a)<k<(1/2a), €,=2t,cos(ka), and 24 =8y u,
is the magnitude of the Peierls gap. The index

¢ combines the electronic spin ¢ and band index

A and may be assigned the values £ =1, 2, 3, and

4 corresponding to the four possible configurations,
(v,1), #,1), (+,2), and (#,2), of the subscript
(o,)). Within this scheme the one-electron ener-
gy level with wave vector # may formally contain
up to four electrons. The total ground-state ener-

gy is
E=(Ny/2)(K/4*)A% =204 Ey,

which on minimizing with respect to A leads to
the equation

1= (472/KN0)2k, §Sin2(ka)Ek-l 4)

for the equilibrium gap parameter A. For A /2t,
<1, which is the criterion for the validity of a
continuum description'* of (1), (4) may be evalu-
ated analytically to yield A = (8¢,/2.718)exp(- 1/
e p). Note that the dimensionless electron-pho-
non coupling constant . ,=8y?/1Kt, is twice that
of the case N =2, If we take as representative
values for polyyne the values {,=3 eV, K =68.6 eV
A" 2 andy =8 eV A1 employed for polyacetylene,!®
we obtain 2A =5.0 eV. Clearly the condition A/
2t,<<1 is not well satisfied, implying strong elec-
tron-phonon interaction for polyyne. However,

the exact solution of (4), obtained numerically,

is 2A =5.88 eV, indicating that the weak-coupling
limit is not a prohibitively bad approximation.
Another important physical property of the
Peierls insulator is the long-wavelength optical-
phonon frequency'® £.. For the present model of
polyyne it immediately follows from a related cal-
culation by Rice and Melel” that

Q.2=(16y2A2/MN )Y, csin*(ka)E, 3
=~ (32y2/mt M) for (A/2t) <1,

)
(6)

Evaluations of (5) and (6) with the representative
values introduced above yield £, =1941 cm™! and
Q,=2200 cm™!, respectively. A definitive experi-
mental value of Q. for polyyne is, to our knowl-
edge, unknown, but the latter calculated values

of Q. together with our estimates of 2A are con-

sistent with the results of ab initio calculations
performed by Karpfen.®

We now focus on the main topic of this Letter.
Although we expect that the continuum limit'* of
the discrete model (1) will provide only a semi-
quantitative description of polyyne, we can, how-
ever, expect it to yield accurately the polymer’s
spectrum of soliton and polaron states. In the
continuum limit of (1) the one-electron eigenval-
ues €, and the local gap parameter A(x) are de-
termined by the coupled equations®* (7 = 1)

en. §u'I,§(x) =_ivva“n,§(x) +A(x)U,,'g(X), (73.)
€n.§Un,§(x) =ivvaUn,§(x) +A(x)un,g(x), (7b)
A(x) == (4)/2/K)E,',,g[u,,,g*(x)u,,,g(x)+ C.C.], (70)

where vy =2t and the eigenstate correspond-
to €, ¢ is the two-component spinor ¥, ¢=Un, Vs, 9,
normalized according to [ dx ¢, ¢, (=1, where
the integration extends over the length of the
polymer L =N,a—~ <. The total energy of the poly-
mer is

K L/2 dx 2

E=Sre 42 [T a2,
nZ,>€ mET 42 1, 2 «

(8)

The prime on the summation symbol in Egs. 7(c)
and (8) denotes summation over occupied states.
These equations apply for the case of a sfatic in-
homogeneity. The ground-state solutions of Egs.
(7) are plane waves with €, (= €, =% (A% +v %322
where, here, the wave vector 2 is measured rela-
tive to the zone edge 7/2a and 24, denotes the
(homogeneous) ground-state dimerization gap.

By established techniques,'® Egs. (7) can be
shown to be identical to the static, semiclassical
equations for the N =4 Gross-Neveu model rela-
tivistic field theory.'® Hence, all the exact soli-
tary-wave solutions can be readily cataloged.
First, there are the “kink” soliton solutions for
which A (x) =+ A, tanh(x/¢,), where the soliton half-
width {,=v5/A, (*2.5a for polyyne, versus =~ 8.5a
for polyacetylene). The corresponding eigenspec-
trum consists of a localized midgap state €,, (=0
and a continuum of phase-shifted plane-wave con-
duction-band and valence-band states with ener-
gies €, (=t €, (¢#0). However, since N =4, the
presence of the soliton removes a total of 2 =4
X & states from the filled valence band.'®* Conse-
quently the charge associated with the occupation
of the midgap state will always be “screened”’ by
a charge deficit of precisely two electrons. Since
the midgap state may accommodate up to four
electrons it follows that the solitons arise with
the charges £ 2¢, e, and 0, where ¢ denotes the
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charge on an electron. The formation of these charge states is depicted in Table I. The variety of
spin states and internal degeneracies with which they arise is also indicated in Table I. Topological
constraints imply that solitons can be created from the ground state only in KK pairs, and from Eq.
(8) we find the minimum energy of such a pair to be 2E, =2(4a/w). The creation of the pair involves
the excitation of four electrons from the valence band.

Second, there are the polaron solutions, for which A(x) has the form

Aglx) =4, - Kovpitanh[Ko (v +y4)] - tanh[K o (v -y o)l (9)
in which Ko =£, * sinf, l

Y6 = (£,/sind) tanh™ *[tan(6/2)],

states, and internal degeneracies of the polaron
solutions admitted by (10) are exhibited in Table
and 6 is an angle defined in the range 0 <0< (7/2) II. The principal polaron states are a polaron
and determined by (@ =te), a bipolaron (@ =+ 2e), and a tripolaron
_ (@ =t 3e). These constitute the lowest-lying ioni-
o _[(n +h)/ 4](71/2). (10) zation states of the polymer. Their respective
The physical significance of #» and % is as follows.  gap states lie at + 0.924,, +0.71A,, and + 0.384,

‘The polaron distortion (9) leads to an eigenspec- while their corresponding widths 2y are 1.07¢,,
trum consisting of two localized intragap states 1.23¢,, and 1.76&,. It is evident from Eqgs. (10)
with energies €, =+ A, cosf and a spectrum of and (11) that a fourth electron or hole added to
conduction and valence-band states with energies the polymer leads to the spontaneous formation
€, ¢=t €, (k#0) that are phase shifted in the re- of two (widely separated) doubly charged solitons.
gion of the polaron distortion. The occupation of It is noteworthy, in contrast to the case N =2,
the upper gap state €, is denoted by n (0 sn <4) that an exact solution for an excited state, in-
while the number of Zoles in the lower gap state volving the promotion of an electron from the low-
€. is denoted by 2 (0-<h <4). The phase-shifted er to the upper gap state (son=2, h=1orn=1,
valence-band states give rise to a local charge h =2), exists for the singly charged polaron.
deficit of precisely four electrons and the net We note from Table II that there also exists a
charge on the polaron is @ =(2 —4)e. The forma- neutval polaron solution (z =k =1). This corre-
tion energy of the polaron state is
E, (0) =2Esinf. (11) TABLE II. Characteristics of polaron states of poly-
The charges, gap-state configurations, spin yne.
charge gap-state spin internal stable
occupancy'® states degeneracy excited state
TABLE I. Characteristics of soliton states of polyyne.
3e oo S=1 4
= 600
charge gap-state spin internal
occupancy(a' states © degeneracy *o—
2 S=1,0 6
2% *00e S=0 1 . >~ S=1s 4 -
= *o-o-o —e-o-o
oo — S=1/ 4 - _
e 2 0 S=10 16
0 - S=1,0 6 e —_— S<1 . -
e oo 2 oo
—e - S=1 4 ~2e S=1,0 6
-2 _— S=0 1 -3 - S=1yp 4
aEach solid circle denotes an electron. The gap aEach solid circle denotes an electron. The gap
states are screened by a valence-band charge deficit of states are screened by a valence-band charge deficit of
two electrons. four electrons.
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sponds to an excitation in which an electron and a
hole are bound by lattice distortion, i.e., a
“polarexciton.” Since its excitation energy is
E,°=2E sin(1/4) =V 2E <2A,, it is the lowest-
lying individual electronic excitation of the poly-
mer (i.e., a relaxed electron-hole pair excited

in one of the two degenerate ™ bands). However,
we note that two polarexcitons are unstable with
respect to decay into a soliton pair since 2E,°
=2V 2E,>2E,. Thus, the lowest-lying thermal ex-
citations of the polymer will be solitons. We ex-
pect, however, that the photoexcitations of the
polymer at low temperature will be polarexcitons.
An electron-hole pair photogenerated in the poly-
mer will initially relax into a polarexciton. The
latter will remain the dominant photogenerated
species provided that the electron-hole recom-
bination rate for the polarexciton proceeds much
faster than the rate for the thermal decay of the
polarexcitons into solitons.

Finally, let us comment on two obvious limita-
tions of our treatment of the infinite polyyne
chain: (1) the absence of electron-electron inter-
actions in H and (2) the neglect of quantum fluc-
tuation effects (QFE) in {uJ} First, if we imagine
treating (1) by adding a Hubbard U term to 4 we
see that physically the interaction should, to low-
est order, affect only electrons in the same orbi-
tal. Thus, it will split the degeneracy of the kink
soliton states, even those with the same charge
but different orbital distributions. This effect, if
eventually observed experimentally, could pro-
vide important insight into the relative impor-
tance of electron-electron and electron-phonon
interactions in quasi one-dimensional conjugated
polymers. Second, with use of arguments previ-
ously applied to polyacetylene (i.e., N =2),'%2 the
QFE can be “bracketed’ by considering the M
- and M- 0 limits of H. For M-~ <, the QFE
vanish, and the mean-field-theory results we
have derived become exact.!® For M- 0, A (in
the continuum limit) becomes identical to the N
=4 Gross-Neveu model at the full quantum level *°
The spectrum of this quantum field theory is
known exactly® and is, in fact, the same as the
mean-field-theory result for N =3. Hence we
know that even for M =0, QFE will not destroy
either the dimerization or the rich variety of
soliton and polaron states.

We are grateful to F. Wudl and A. J. Heeger
and to J. S. Miller for discussing their ideas on
the synthesis and experimental study of polyynes
and to W. J. Forrest, A. S. Webster, and P, Thad-
deus for discussion of the astrophysical relevance

of polyyne chains.

IFor a review see, e.g., A. M. Sladkov, Sov. Sci.
Rev. 3, 75 (1981).

%y, V. Korshak, V. I. Kasatochkin, A. M. Sladkov,
Yu. P. Kudryavtsev, and K, Usenbaev, Dokl. Akad.
Nauk SSSR 136, 1342 (1961).

3R. Eastmond, T. R. Johnson, and D. R, M, Walton,
Tetrahedron 28, 4601 (1972).

‘A. G. Whittaker, Nature 276, 695 (1978), and Science
200, 763 (1978).

°A. Webster, Mon. Nat. Roy. Astron. Soc. 192, 7P
(1980); A. G. Whittaker, E. J. Watts, R. S. Lewis, and
E. Anders, Science 209, 1512 (1980); see, however,
W, J. Forrest, J. R. Houck, and J. F. McCarthy,
Astrophys, J. 248, 195 (1981).

81, V. Stankevich and O. B, Tomilin, Vysokomol.
Soedin. Ser. B 15, 575 (1973), and Zh, Strukt. Khim.
18, 772, 799 (1977).

™. Kertesz, J. Koller, and A. AZman, J. Chem.
Phys. 68, 2779 (1978).

8A. Karpfen, J. Phys. C 12, 3227 (1979).

’R. E. Peierls, Quantum Theovry of Solids (Clarendon,
Oxford, 1955), p. 108.

R, F. Dashen, B. Hasslacher, and A, Neveu, Phys.
Rev. D 12, 2443 (1975); D. J. Gross and A, Neveu,
Phys. Rev. D 10, 3235 (1974).

See, e.g., L. Salem, The Molecular Orbital Theory
of Conjugated Systems (Benjamin, Reading, Mass.,
1966).

2w, P. Su, R.J. Schrieffer, and A, J. Heeger, Phys.
Rev. Lett. 42, 1698 (1979).

'SM. J. Rice, Phys. Lett. 71A, 152 (1979).

Y9, Takayama, Y. R. Lin-Liu, and K. Maki, Phys.
Rev. B 21, 2388 (1980); S. A, Brazovskii, Zh. Eksp.
Teor. Fiz. 78, 677 (1980) [Sov. Phys. JETP 51, 342
(1980)]; 1. V. Krive and A, S. Rozhavskii, Pis’ma Zh.
Eksp. Teor. Fiz. 31, 647 (1980) [JETP Lett. 31, 610
(1980)].

BE, J. Mele and M. J. Rice, Phys. Rev. B 23, 5397
(1981).

6M, J. Rice and S. Striissler, Solid State Commun.
13, 1931 (1973); H. J. Schultz, Phys. Rev. B 18, 5756
(1978).

M. J. Rice and E. J. Mele, Phys. Rev. Lett. 49,
1455 (1982).

8Compare D. K. Campbell and A. R. Bishop, Phys.
Rev. B 24, 4859 (1981), and Nucl. Phys. 200B (¥S4),
297 (1982).

Compare R. Jackiw and R. J. Schrieffer, Nucl. Phys.
190B (FS3), 253 (1981); M. J. Rice and E. J. Mele,
Phys. Rev. B 25, 1339 (1982).

%J. E. Hirsch and E. Fradkin, Phys. Rev. Lett. 49,
402 (1982), and Phys. Rev. B 27, 4302 (1983); E. Frad-
kin and J. E. Hirsch, Phys. Rev. B 27, 1680 (1983).

21A, B. Zamolodchikov and Al. B. Zamolodchikov,
Phys. Lett. 72B, 481 (1978), and Ann. Phys. (N.Y.)
20, 253 (1979); R. Shankar and E. Witten, Nucl. Phys.
141B, 349 (1978),

2139



