
VOLUME 45, NUMBER 14 PHYSICAL REVIEW LETTERS 6 OcTQBER 1980

of electron emission does not seem to be as im-
portant at 7.3 keV electron energy as compared
to lower energies where our experimental data
points are lower than the values computed from
Ref. 15 (not shown in Fig. 2).

Summarizing, we say that our experiments
verified for the first time that depth-selective
"Fe conversion-electron Mossbauer spectra can
be obtained with a spatial resolution which is in
agreement with existing theoretical predictions.

We are indebted to Dr. J. Lauer for preparing
the thin-film specimen. Financial support by the
Deutsche Forschungsgemeinschaft is gratefully
acknowledged.
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Solitons in Polyacetylene: Effects of Dilute Doping on Optical Absorption Spectra
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A joint theoretical and experimental study of the effects of dilute doping on the optical
absorption spectra of trans polyaoety1eu-e, trans (CHi„, is p-resented. It is shown thai:
the optical transition between a band state and the soliton level is considerably enhanced.
However, the existence of a soliton kink strongly suppresses the interband transition.
The agreement between theory and experiment supports the applicability of the solitou
model to trans-(CH)„.

PACS numbers: 78.50.Ge, 61.40.Km

Interest in the study of the physics of polyacet-
ylene, (CH)„, has focused on the proposal" that
neutral and charged a.mplitude solitons dominate
the magnetic, electrical, and optica, l properties.
The soliton picture has received increasing ex-
perimental supPort through analysis of the mag-
netic, ' ' infrared, "transport, '"and phototrans-
port" properties of lightly doped samples. Tom-
kiewicz et al."have asserted, however, that the

soliton domain walls do not exist and that the
properties of doped (CH)„are determined by an
inhomogeneous mixture of metallic islands in un-
doped (CH)„.

In this paper we examine the effects of soliton
doping on the optical absorption spectra. Calcu-
lations of the absorption coefficient (a) show that
a soliton kink on a chain suppresses the inter-
band transition, whereas transitions involving the
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soliton level are found to have a significantly en-
hanced absorption cross section. The results
are in agreement with the experimental absorp-
tion spectra obtained from trans-(CH)„ lightly
doped with AsF, .

Takayama, Lin-Liu, and Maki" considered the
continuum limit of the linear-chain model intro-
duced by Su, Schrieffer, and Heeger' to describe
(CH), . Their analytical results are in agreement
with the numerical results of Su, Schrieffer, and
Heeger and allow explicit calculation of wave
functions and matrix elements. The effective
Hamiltonian" for the continuum model is
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with the Fermi velocity vF = 2t~. The 0's are
Pauli matrices, a and t, are the lattice constant
and nearest-neighbor transfer integral, respec-
tively, of the uniform (undimerized) chain, and
h(x) is th'e order parameter describing the di-
merization pattern. To ealeulate a(~), we need
matrix elements of the momentum operator,
which can be expressed in the continuum model
in the form p„=2M„io, where M„-=—iSfcp(x, y, z)
xsy(x —a, y, z)/Bx dx dy dz and cp is the atomic
m(p, ) orbital of the carbon atoms. '

For a perfect dimerized chain [b, (x) = i),,], the
interband absorption coefficient (per carbon
atom), for transitions from valence band (VB) to
conduction band (CB), is

FIG. 1. The absorption functions for a perfect chain
Lt'; (~)1 and for~ chain containing a soliton [f, (~) and

f; '()1 are shown. The structure of trans-(CH)„ is
shown to the right; & phase, B phase, and a chain
with a soliton (estimated to extend -15').

4tp ~ a,nd e are the electron mass and charge,
c is the velocity of light, and n is the index of
refraction. The energy dependence of f, (~) is
shown in Fig. 1. Although a, (~) diverges as (8&v

E,) "',-this square-root singularity will be
smeared out by disorder, "interchain coupling, "
or fluctuations. "

For a trans-(CH)„chain with a static kink [b, (x)
= i),,tanh(x/$)], the soliton formation energy takes
the minimum value (2/m)b, , with $ = $0—= KvF/b, o,

"
and one bound state appears at midgap. Using
the results of Takayama, Lin-Liu, and Maki we
calculate n„ for transitions between a soliton
level (S) and the band states, to be

o', ((u) =A (m'h, /a)f, ((u),

E,/2 „, ~ [(m~)'-E, '/4]'~'~'")=[(n.) 'E, /4]" -'"'
2 E,/2

(4)

The factor (m $,/a) in Eq. (4) indicates an enhancement of the soliton transition resulting directly from
the delocalization of the soliton wave function ($/a»1). For W= 10 eV and E = ].4 eV one finds
= 7a and ~'$ Ja = 70. As a result, the transitions involving the soliton level should be observable even
at extremely small concentrations. The interband a, (&) (per carbon atom) in the presence of a kink is

n (&u) =A(go/L) f,.'((u), (6)

16
hw " dz sinh(2'') cosh(2nK) K'
wE, J z 'zK'K cosh(mK') —cosh(vK) K"—K'

where z' = (25&v/E~ —z), K' = (z" —1)"', K= (z' —1)"', and L is the chain length.
The energy dependence of f,(&u) and f, (w) are shown in Fig. 1. The existence of a kink on a chain

leads to a strong absorption at midgap due to a, (&u), and to the uniform suppression of the entire inter-
band transition due to the factor g,/L in Eq. (6)."

The remarkable change in interband oscillator strength caused by the presence of a soliton can
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FIG. 2. Absorption spectra of trans-(CH)„: curve 1,
undoped; 2, -0.01% AsF5,. curve 3, 0.1% AsF5,.
curve 4, compensated with NH&, and curve 5, -0.5%
As F„. The inset shows the temperature dependence
for undoped trans-(CR

be understood on a simple physical basis. A per-
fect dimerized chain has a doubly degenerate
ground state, A phase and B phase (see Fig. 1).
Since the soliton is equivalent to a domain wall
separating A and B phases (Fig. 1), the wave
functions of the conduction (4'„') and valence (4,")
bands may be approximated by those of the A
phase to the right and by those of the B phase to
the left of the kink. Since the broken symmetry
switches the "single and double bonds", (O', 'Q)1
xp„~8„"(A))= - (4„'(B)1p„~+~"(B)) and the total ma-
trix element (C„'1p„14~$ will vanish. Because of
the coherent mixing within the domain wall, the
matrix element is nonzero, but reduced by the
fractional part of the chain which contributes;
i.e. , $,/L. In this context, it seems that in Eq.
(6), L should not be the full chain length, but the
length over which the electronic wave functions
are phase coherent; i.e. , of the order of the elec-
tron mean free path.

The optical absorption spectra of trans-(CH)„
are shown in Fig. 2. Curves 1 through 5 on Fig.
2 show the effects of doping: curve 1, undoped;
curve 2, very lightly doped with AsF, (about
0.01%); curve 3, lightly doped with AsF, (about
0.1%); and curve 4, subsequently compensated
with NH„all data are from the same (CH)„ film.
The doping was carried out in situ with extreme
care so that the results could be directly and
quantitatively compared. Curve 5 on Fig. 2 was

obtained with a separate film doped to a some-
what higher level (-0.5%); quantitative compari-
son was possible through normalization of the ab-
sorption curve prior to doping. The effect of tem-
perature on undoped (CH)„ is shown in the inset;
data obtained at 77 and 4.2 K are indistinguish-
able.

The thin (-1600-A) (CH)„ films were polymer-
ized" at —78'C on glass substrates and subse-
quently heated to 200'C for 2 h to obtain txans-
(CH)„. The controlled thickness of the uniform
films allowed measurement of more than 2 or-
ders of magnitude change in transmission on the
same film. Small base line corrections made by
running an identical substrate enabled an accu-
rate measurement in the low-a region. I ow-
temperature measurements were carried out
with use of a Helitran system.

The doping levels are nominal and were esti-
mated from previous experience. ' To obtain the
0.01% level, AsF, was cooled to T ~ 90 K and the
stopcock opened into the sample chamber for
about one second. This process was then repeat-
ed several times to obtain the 0.1% level, etc.
The same procedures were followed in earlier
experiments' which utilized free-standing films
where weight uptake was used to determine the
concentration scale.

The strong absorption band with edge at 1.4 eV
and peak at 1.95 eV has been attributed" to the
direct interband transition in a one-dimensional
(1D) band structure, and can be viewed as aris-
ing from a transition from the 1D peak in the den-
sity of states in the valence band to that in the
conduction band. The rounding appears to shift
the position of the peaks in the VB and CB densi-
ties of states by about 0.2 eV. In addition to the
main peak, a weak absorption is observed cen-
tered near 0.9 eV, corresponding to a transition
between the peak in VB density of states and a
level inside the gap. Relative to the VB edge, the
gap state occurs at about 0.7 eV; i.e. , near mid-
gap.

On doping with AsF„ the low-energy absorption
grows with increasing concentration and shifts
toward lower energy; compensation decreases z
almost to the same level as before doping. The
strength of the main absorption decreases on dop-
ing with AsF„but it does not recover after sub-
sequent compensation with NH, .

The characteristic features of the low-energy
and main absorption bands can be explained if we
assume that the doping proceeds through forma-
tion of positive charged solitons (S') and that the
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low-energy a is associated with the transition
from the valence band into the S' level to form a
neutral soliton (S'). The low-energy absorption,
seen in the low-temperature data of inset to Fig.
2, indicates that soliton states are also present
in the undoped material. As the number of S' in-
creases with AsF, doping, the strength of the low-
energy transition (S'+e —S') grows proportional-
ly. Further, the calculations presented above
predict that the interband transition will be sup-
pressed with the introduction of soliton kinks,
again in qualitative agreement with the experimen-
tal results. On reacting with NH„ the S' level is
compensated, and the low-energy band decreases
accordingly. On the other hand, the interband
transition does not recover to its initial strength
on compensation, since the m-electron kinks re-
main on the chain; only the charged center is
compensated.

The integrated intensity of the low-energy ab-
sorption band after -0.1 doping (curve 3) is
about one-tenth of that of the main absorption
band of the undoped sample. We infer from Eq.
(4) a value for z'$, /a - 10' in good agreement with
the theoretical value. The uniform decrease in
intensity of the interband transition is also evi-
dent in curve 3 and corresponds to about a 10%
reduction relative to the undoped sample. Assum-
ing soliton doping, we have about one per 10' car-
bon atoms implying that each kink removes about
10' carbon atoms from the interband transition,
in general agreement with Eq. (6).

The data indicate a gap state about 0.7 eV above
the VB edge; i.e. , at the center of the 1.4-eV gap.
This is consistent with recent studies" which
showed that the enhanced photoconductivity in
trans-(CH)„ is directly related to the presence of
localized states generated by isomerization and/
or doping with energy near midgap.

Alternative explanations must be considered in-
cluding the analog of conventional doping' and the
formation of metallic islands. ' The large effects
observed at such low concentrations are difficult
to explain. For example, if one assumes high-
concentration metallic island formation at these
low levels, then more than 99%%u~ of the sample
would be unaffected, implying no change in the in-
terband transition. Experiments' with other dop-
ants indicate that the properties are independent
of the dopant size, charge, etc. , in contrast to
the detailed changes expected for conventional
doping. Finally, the uniform suppression of the
entire interband transition, the concentration de-
pendence of the low-energy a on doping, and the

onset of photoconductivity near midgap" rule out
the possibility of exciton formation.

Within this simple single-particle picture, com-
pensation would convert S' to S', suggesting that
the transition to the conduction band (S'- S' +e)
would dominate. This is not observed, implying
that the compensation is more complicated, per-
haps involving a chemical reaction with the S+

carbonium ion to form a neutral covalent complex.
In conclusion, calculations within the soliton

model lead to two specific predictions: (1) The
intensity of transitions involving the soliton level
should be enhanced by about 2 orders of magni-
tude. (2) The existence of a soliton domain wall
on a chain suppresses the interband transition.
Both of these effects are observed experimental-
ly with magnitudes in approximate agreement
with the theoretical results.
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The effect due to the tunneling of conduction electrons into the negative-U centers at
the disordered metal-semiconductor interfaces on the superconductivity of metal-semi-
conductor eutectic alloys is considered. Gorkov's formalism is used to calculate T~ for
(i) +I « 1 and»0, (ii) ~= 0. Where nz is the concentration of the pairing centers and

~ is the phonon-mediated electron-electron interaction in BCS theory. Our results can
qualitatively explain the increase of 1; in Al-Si, Al-Ge, and Be-Si eutectic alloys.

PACS numbers: 74.10.+v, 73.40.Ns

Recently, there has been some interest in the
study of superconductivity in metal-semiconduc-
tor mixture systems both experimentally' ' and
theoretically. " Substantial enhancement of the
superconducting transition temperatures T, have
been observed for Al-Ge, Al-Si and. Be-Si eutec-
tic alloys. " However, no increase of T, has
been found for thin Al films grown epitaxically on
Si substrates. ' The observed enhancement of T,
(Ref. 2) was attributed to the exciton mechanism

of Allender et al. More recently, Simanek' sug-
gested that the disordered interfaces are essen-
tial for the enhancement of T, . The ideas of
Anderson' and karma and Pandey, ' who proposed
-that metal-semiconductor bonds at a disordered
interface exhibit a net negative correlation ener-
gy due to the bipolaron interaction, have been
employed to study the superconductivity for var-
ious kinds of systems. " The effective Hamilton-
ian can be written as

H=HBcs+Q„„&~a~~ a„„+P,„E~b, b,„+P,Q~ „[u~a~„be x(ipk. R„)+H.c.]+~,n, t n~),

where H B && is the BCS Hamiltonian which de-
scribes the phonon-mediated electron-electron
interaction. a~ (a~ ) is the creation (annihila-
tion) operator for conduction electrons with en-
ergy e~ and spin z in the metallic matrix I,„
= b,„tb,„and b, „t (b, ) is the corresponding oper-
ator for the localized electron at the covalent
bond of the metal-semiconductor interface at site
j. E„ is the energy level of the localized electron
measured from the Fermi energy.

The above equation is a simplification of the
original Hamiltonian" which involves electron—
local-phonon interaction g and the local-phonon
frequency ~, . The "s-d" tunneling matrix ele-
ment v,„ is substantially reduced from its value
in the original Hamiltonian by the orthogonality
blocking (phonon overlap). The effective interac-
tion U between the localized electrons can be
attractive (U&0) if the value of u&, is high. We
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