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shapes of f, purely from the numerical data, we
may consider the present results as an a poster-
io7i justification of the assumptions of continuity
and monotonicity of 3(g) in Ref. 2 and as support-
ing the existence of a single scaling variable.
Since the conductivity of a macroscopically large
system is a meaningful quantity, and the ana-
lysis of Egs. (4) to (7) does not depend on the
assumption of only one dominant channel, the
number of contributing channels must not depend
on M for a very large square or cube; i.e., the
number of channels for which A(W, M) ~M? must
become independent of M when M — <, This
strongly supports the assumption of only one
dominant channel and therefore the use of the
Landauer formula for G also in the case of a
multichannel system.!®
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Anomalous Frequency-Dependent Conductivity of Polyacetylene
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The frequency (f) and temperature (7) dependent conductivity (o) is reported for cis-
(CH), , tvans-(CH), , and ammonia-compensated (CH),. A strongly T-dependent dc o to-
gether with a weakly 7-dependent ac o were observed for predominantly cis-(CH), and
for NH;-compensated samples, similar to o(f,t ) of many semiconductors. The trans-
(CH), has a larger “weakly” T-dependent dc ¢ and anomalous strongly T-dependent ac o.
The latter results are in good agreement with Kivelson’s theory of charge transport via

intersoliton electron hopping.

PACS numbers: 72.20.Fr, 71.30.+h

Recently, considerable experimental™? and
theoretical®* interest has focused on the two
isomers of polyacetylene,® trans-(CH), and cis-
(CH),. According to the soliton model,** un-
doped (CH), is a semiconductor due to a com-
mensurate Peierls distortion. For the frans
isomer, the two possible phases of the dimeriza-

" tion are degenerate in energy, and a soliton is
the boundary between regions of the two phases.
The energy level associated with the soliton is at
midgap. When singly occupied the soliton is neu-

tral with spin 3. If the state is doubly occupied
or empty the soliton is charged and spinless. For
the cis-(CH), the two possible phases of dimer-
ization (cis-transoid and trans-cisoid) are not
degenerate in energy. Hence the formation of
solitons is not favored energetically in cis-(CH),.
Magnetic,®”® infrared,® luminescence,® and photo-
conductivity!! studies have been intepreted as
evidence for the presence of solitons in the frans
isomer and their absence in the cis isomer.

In this Letter we report the results of an exten-
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sive series of measurements of the f and T de-
pendence of the conductivity (o= 04, +0,.) of frans-
(CH),, predominantly cis-(CH),, and NH,-com-
pensated (CH),. The results reveal that both
the ac and dc component of o of the {rans isomer
are larger than those of the cis and the NH;-com-
pensated trans isomers. The o(f, T) of the cis
and NH;-compensated {7ans materials are very
similar to the well-known behavior of many
amorphous and insulating materials.'® The re-
sults for frans-(CH), are unique, in that a large,
very strongly T-dependent 0,. is observed. De-
tailed analysis shows this behavior to be incon-
sistent with usual models for o,.. In contrast,
this 0,.(f, T) is in good agreement with the
model of phonon-assisted hopping of electrons
between solitons recently proposed by Kivelson.™

Polyacetylene was prepared by the Shirakawa
technique.® The conductivity was measured in a
sandwich cell configuration as well as along the
length of the film. These films had the previously
characterized morphology,'* transport,'® and
magnetic® properties. The o(f) was obtained at
fixed temperature with use of a General Radio
capacitance-conductance bridge in a three-term-
inal configuration. Care was taken to assure that
contact sheet resistance effects were not leading
to spurious behavior.'®

The experimental results'” for o of c¢is-(CH),
revealed 04.(294 K)=10"° Q"' ecm™'. The o(f)
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FIG. 1. Logo vs logf for trans-(CH), at constant

showed a marked frequency dependence even at
100 Hz with 0,, /%8 As T is decreased 0y
decreases rapidly while o,. changes very slowly
with temperature. This behavior in o(f, 7) is
very similar to that common to a broad class

of disordered semiconductors and insulators.
(e.g., Se,™ anthracene,’® and impurity conduction
in Si'9).

The experimental results for o of trans -(CH),
are summarized in Fig. 1. Measurements on six
samples produced nearly identical results. At
294 K, o is independent of f to 10° Hz,® As T
is decreased, 04. decreases rapidly and a fre-
quency -dependent component is revealed. Both
04 and 0,. are larger in f7ans than in cis -(CH),
at a given temperature. In Fig. 2 the o4, has
been subtracted from the o( f) at each tempera-
ture, leaving the frequency- and temperature-
dependent 0,.. In general, for constant 7, 0,
o f® with s 0.6, There is some deviation from
this simple behavior at higher temperatures.

It is tempting to analyze this behavior in terms
of variable range hopping.'®''® In fact, the og4.
is well fitted'®'” by the predicted behavior, oy,
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FIG. 2. Logo,. vs logf for the data in Fig. 1. The
solid lines are drawn as a guide to the eye. The tem-
peratures represented by the different symbols are
given in Fig. 1. The inset presents logoy. vs logT for

temperature. Note the break in the abscissa for dec.
The solid lines are drawn as a guide to the eye.

the data in Fig. 1. The solid line is the best fit with
Oge® T 13, 7'
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= 0, exp| =(T,/T)Y*], with T,=2x10° K, for the
full T range studied. All treatments of hopping
in a manifold of states near the Fermi-level
share the common feature of a weakly 7T-depen-
dent ac conductivity. A classic example is the
result of Austin and Mott,?" which predicts o,
o f°T, with s=0.8, However, while the predicted
0,.(7) is linear in T, experimentally 0,.(7) is
observed to change by a factor of 10° for a factor
of 3 in temperature. Hence the usual Fermi-
level hopping models cannot self -consistently
model the dc and the ac conductivity. Such a
strong T dependence can, in principle, arise
from thermal activation of charge carriers from
localized states in the gap to the mobility edge.*
The 0,. and 04, would then both be proportional
to exp(—E ,/ky T) with E , the activation energy.
However, this functional form is inconsistent
with our observed o4.(7).

Recently, Kivelson has proposed™ a phenomeno-
logical model for hopping conduction based upon I

the separation of the energy (temperature) and
spatial dependence of the rate of hopping among
sites. The wave function overlap is assumed to
vary exponentially with distance while the rate

at which the hopping transition occurs is averaged
over the thermal distribution of initial- and final-
site energies and assumed to be proportional to

a power law in temperature, 7"*', Kivelson®
associated this formalism with the phonon-assist-
ed hopping of electrons between soliton sites. In
this model, charged solitons are Coulombically
bound to charged impurity sites. The excess
charge on the soliton site makes a phonon-assist-
ed transition to a neutral soliton on another
chain. If this neutral soliton is near another
charged impurity, the energy of the charged
carrier before and after the hop is unchanged.
The T dependence of the conductivity is then
determined™ by the probability, »(T), that the
neutral soliton is near the charged impurity and
the initial and final energies are within 237 of
each other:

0y =A*[Y(T)/ kg TNJ(E/ReD)Y,Y an ¥u+Y on) "2exp(—=2BR,/ £) . (1)

Here A=0.45, B=1.39, kj is the Boltzmann constant, y, and y 4, are the concentrations of neutral and
charged solitons per carbon atom, respectively, R,=[(47/ 3)cim)™Y? is the typical separation between
impurities where ¢y, is the concentration of impurities, ¢ is the dimensionally averaged decay length
for a soliton, (£,£,%)"?, and N is the number of carbon atoms per (CH), chain. (7T)/N is then propor-
tional to the fraction of time a pair of solitons are so situated that the initial and final soliton states
are within 2 T of each other. Kivelson shows"™ that band-center optical phonons are most important,
leading to »(T) «« T" ™, so that, from Eq. (2), o(T) < T", with »~10.

The 04, of trans-(CH), shown in Fig. 1 is replotted in the inset in Fig. 2. It is seen that 04.(7)

o« 717 ig a very good fit to the data (reproducible in many samples). The lower measured og4. for T
=84 K may reflect the onset of a decrease in the contribution of acoustic phonons to the hopping in addi-
tion to the T dependence of the optical phonons.

The conductivity at finite frequency in a disordered system is always larger than the dc conductivity.
Physically, this is due to the presence of pairs or larger clusters of anomalously close sites between
which an electron can hop at a rate greater than the rate which characterizes the difficult hops on the
percolation network. Kivelson' has used the pair approximation to obtain an approximate analytic ex-
pression for the excess conductivity (above 04.) at finite frequencies:

0,47 (e2/h)(c1m?/384ks T)n (1 ~n®) & P& 2hf {In] 47/N/n°(1 = n®)W(T)] }*

=K'(f/T)In(Df /T")]*=K'%. (2)

Here 7(®) is the fraction of solitons that are !
charged, and K' and D are constants. Compar-

ison of this model with experiment is now straight-
forward. After scaling the o,. with K', there is

only one adjustable parameter (D). The results

are sensitive to the choice of D; even a change

of a factor of 2 in D leads to significant differ -
ences in the fit to the data. In Fig. 3, we present
the o0,. data of Fig. 2 replotted versus x for D=1
x10%* sec K'*7, The results demonstrate a linear

relationship between o,. and x for over six orders
of magnitude in variation of o, f, and x. This
self -consistent agreement in the functional
form of 0,.(f, T) and 04.(T) demonstrates the
utility of the Kivelson phenomenological formal-
ism.

The data can now be evaluated for self-consis-
tency without any adjustable parameters. Equa-
tion (1) may be solved by using £=3.56x107% cm
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FIG. 3. Logo,. vs logx, with x = (f/T) [In(102%4f/714-H}4
for the data in Fig. 2. The best fit with a slope of 1 is
given by the solid line.

(Ref. 13), v,=5%107* (Ref. 8), N=2000 (Refs. 8
and 23), and %y(T) =(500 eV)(7/300 K)** 7 (Ref.
13), to obtain a value for ¢, =y P (p is the
volume density of carbon atoms) of 1,3 x10*
em™ (y.,,=2.35x107%). This is in good agree-
ment with depletion measurements on heterojunc-
tions.** Utilizing this, together with?® ¢,~10
x107® ¢cm and £,=2.5%X10"% ¢cm, we calculate the
constants K! and D in Eq. (2), obtaining K'=6.3
X107 Q~! em™ sec K and D=4.0x10% sec K'*7.
This compares extremely well with the experi-
mental value of K*=3x10"% Q"' ¢cm™! sec K and
D=1.0x10* sec K**7. These small differences
between the experimental and calculated K and D
are within the uncertainty of the values of the
parameters used for input to the calculated K
and D. ’

It is important to examine the applicability of
alternative models such as the hopping of po-
larons®'% to trans-(CH),. Although polaron
hopping in an ordered lattice can lead to a strongly
T-dependent 0,., 04. would then be simply acti-
vated. This is inconsistent with the experimental
results for 04.(7). It remains to be seen if addi-
tion of disorder to the polaron model or other ap-
proaches could account for the observed data.

Upon compensation with ammonia gas, both oy,
and 0,. are reduced to or below the levels of the
cis-(CH),." The T dependence in both o4, and
0,. are now similar to the cis isomer. As the
concentration of spins (neutral solitons) is only
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weakly dependent upon ammonia compensation,?’
this strongly suggests that the ammonia com-
pensates the charged soliton centers, so that only
the underlying traditional ac transport mechan-
isms are observed.

The authors acknowledge useful discussions with
S. Kivelson, A. J. Heeger, and H. Scher, and the
technical assistance of C. Bailey and F, Knier.
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Specific Heat of the Kondo Model
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The magnetic impurity contribution to the specific heat of metals is calculated as a func-
tion of temperature. The calculation, based on the solution of a recently proposed spin-
less model for the Kondo problem, shows the specific heat as a universal function of the
temperature scaled by the Kondo temperature. The universal function is well described
by the analytically solvable resonant-level model over the entire temperature range.

PACS numbers: 75.20.Hr

We report the first renormalization-group cal-
culation of the magnetic impurity contribution to
the specific heat of metals for the full tempera-
ture range O0<kzT <D. The numerical results
show that the specific heat is a universal function
of the temperature scaled by the Kondo tempera-
ture Tk. Over the full temperature range, the
universal function is remarkably well described
by (the analytical expression for) the specific |

heat for the resonant-level model. For Tk Ty,
the specific heat is proportional to the tempera-
ture and agrees with results previously obtained"?
for this temperature range.

Our calculation is based on a recently pro-
posed®* spinless Hamiltonian—henceforth re-
ferred to as the VG Hamiltonian—whose partition
function maps onto the partition function for the
Kondo Hamiltonian. The VG model, depicted in
Fig. 1, is defined® by

Hyg=33€pch' e+ (G/2)00T = b70)(f,"f o~ 2) +VZV (b Tf, +H.c.), 1)
R

where the (normalized) operator f, is J,, c,/V2. |
The conduction energies, measured relative to

the Fermi level, lie in a band — D to D and follow

a linear dispersion relation €=V %k, where the
momenta k2 are measured from the Fermi momen-
tum.

The G term in (1) is a momentum-independent
scattering potential whose sign depends on the
occupancy of the impurity level b. From this
term alone, each conduction wave function ac-
quires a phase shift §; or - 5, depending on
whether the impurity level is empty (657 =1) or
full (b6 =1). Here §;=-tan *(7pG/4), where p
=1/D is the density of conduction states.

The V term in (1) couples the impurity level to
the conduction states, producing a resonance in
the conduction band. In particular, for G =0 the
rate of transitions between the impurity level and
the conduction band—proportional to the square

of the matrix element of Vf,'b between the initial
(impurity state filled) and final (impurity state
empty) states—is twice the resonance width T
=qpV?2 For G >0, this rate is reduced. To see
this, consider the case in which the impurity
state is initially filled (i.e., #T6=1). The con-
duction states are then subject to a repulsive po-
tential G in the final state (where bb"=1) so that
the conduction wave functions in the vicinity of
the impurity site are reduced relative to the case
G =0. The matrix element of VfoTb is consequent-
ly smaller and the transition rate is reduced® to
a value 2I'* < 2T

This effective width I'* sets another energy
scale in the problem. For 7 < T*, the two-pa-
rameter VG model is identical to a one-param-
eter (i.e., I'*) resonant-level model. In particu-
lar the specific heats of the two models are very
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