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As the periodicity in crystalline materials creates the optimal condition for electronic delocalization, one
might expect that in partially crystalline conjugated polymers delocalization is impeded by intergrain transport.
However, for the best conducting polymers this presumption fails. Delocalization is obstructed by interchain
rather than intergrain charge transfer and we propose a model of weakly coupled disordered chains to describe
the physics near the metal-insulator transition. Our quantitative calculations match the outcome of recent
broadband optical experiments and provide a consistent explanation of metallic conduction in polymers.
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One of the hallmarks of metallic transport is the negativetallic phase is dominated by the 1D structure. Then, as in
dielectric functione at low-frequencyw, that reflects a time Ref. 10, we use a Landauer-Blttiker approach to model the
lag between induced current and applied field due to théransport and show how interchain coupling drives the intrin-
inertia of delocalized charge carriers. The surprising obsersically insulating 1D phase to a metallic state at the cross-
vation of negatives in conjugated polymers by Kohlman and over from 1D to three-dimension&BD) coherent conduc-
co-workerst which was recently verified by Romijet al. tipn. All transport parameters can be described in terms of
and Lee and Heegé# spurred experimental and theoretical disorder and coupllng strength and the relevant Iength. scales
research into the nature of metallic conduction in these ma@'€¢ the 1D localization length, anxl the length over which
terials. As displayed in Fig. 1, the full spectral response i</Tiers experience sequential mterchaqn events. For weak
quite complicated including multiple zero crossingsséh) ~ CCUPING £<A, transport keeps a 1D signature and effec-

. it tively only a fraction of the carriers is involved in 3D trans-
and nonmonotonous behavior of the conduct )- The ort. Our model reproduces the reported experimental results

low-w dynamics are characterizgd by long sca_tteri_ng timegvell and naturally ascribes the unusual lanwdynamics to
7~ps and low plasma frequencies,~meV. This differs g a1l interchain coupling.

three orders of magnitude from conventional metals where |, metallic conductors. delocalized states exist at the

7~fs and w,~eV, while the carrier density is only one  Fermi level. Delocalization is counteracted by disorder and
order of magnitude less. An empirical scaling relation bethe palance between metallic and insulating groundstates is
tween  and w, has been foundsee Fig. 2, suggesting a critically dependent on the weakest charge transfer steps in
common mechanism governs these paraméte_rs. _ the system. In the disordered polymers, chains are aligned
The initial models for metallic polymers relied either on ithin microcrystallites that are separated by amorphous re-
the Anderson theory of localizati®*f, or on a granular gions, and delocalization may be impeded by eitimter-
picture}° but both predice >0.°Including percolation ef-  grain charge transfer or bynterchain charge transfer. To

fects explains negative,? but the calculated, lies two  jgentify the critical mechanism, we compare the energy
orders of magnitude above the experimental vafuRggo-  gcgles.

din and Epstein suggested that the metallic state is sustained
by atypical resonant tunneling events and used the Landauer-
Buttiker transmission framework to explain small, and

long 7.1% However, the conditions for resonant tunneling are
not always fulfillec? and the detailed physical mechanisms
remain to be untangled.

Recently, Prigodin and co-workers successfully explained
the w dependence in the insulating phase using quasi-one-
dimensional(1D) variable-range hopping theory with inter-
chain transfer as a rate-limiting st€pBy accounting for
quasi-1D conduction, Kaiseat al!? gave a description for
metallic conductivity of granular polymers, which works for
blends as welt> Recent optical experiments by Lee and
Heeget and the present authatsould be explained in a 1D FIG. 1. Optical dielectric function and conductivity of metallic
picture as well. Also Kohimaret al. discussed 1D effects. polypyrrole. Symbols: experimental results taken from Ref. 2.
Here, we attempt to elucidate the nature of metallic conducbrawn lines: theoretical prediction for weakly coupled disordered
tion in polymers in more detail. We first argue why the me-chains(see text
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Intergrain charge transferFor the best conducting poly- while adjacent chains are not chemically but Van der Waals-
mers the crystalline fraction i§,=50% (polypyrrole, PPy, bonded and hence interchain electronic coupling should be
and polyaniline, PAni even up td.=90% for polyacetylene much weaker. It means thép intrachain carrier delocaliza-
(PAo©); the typical microcrystallite siz®. amounts to 2 nm tion extends over several grains a¢ig formation of truly
(PPy), 5 nm (PAni), or 10 nm(PAc). For isolated graing}  delocalized states is governed by the small interchain charge
geometrical considerations imply a width of amorphous redransfer. Therefore, we propose a system of weakly coupled
gionsWa:DC(fgm’—l), giving W,=0.5, 1.3, and 0.4 nm, re- disordered chains to model conducting polymers. Our ap-
spectively. Prigodin and Epstein estimate the localizatiorproach is as follows: we limit ourselves to an isolated disor-
length along the chaig=1.2 nm° A different approach is dered 1D chain where quantum mechanics leads to localized
based on the potential barrier heightof the amorphous 1D wave functionsW;p. We argue that, staying within a 1D
region, which from transport activation energy measureframework, interchain carrier exchange is equivalent to
ments we estimateB=0.01-0.1 e\A* A wave function dephasing of theV’;ps and derive the condition for delocal-
penetrating this barrier falls off exponentially with ization. Finally, we apply our model to describe the carrier
{=(2mB/%#?)1?=0.6—1.9 nm. This corresponds to fully dynamics of conducting polymers using known microscopic
backscattered waves, expected for strong disorder, angarameters and a tight-binding approximation for the inter-
agrees with the experimental valge 0.8 nm for insulating  chain coupling.
polythiophené?® Another approach is based on a result by First, we briefly review the case for isolated chains. Even
Thouless,/=a(Eg/B),>1® which easily yields 10 nm using for minimal disorder, the electronic eigenstatés;, are lo-
reasonable paramete§:-=0.5 eV, B=0.1 eV, anda=4 A calized due to repeated coherent backscattéfigconve-
the microscopic length scale, e.g., a monomd@eking a  hient approach to solve the transport problem is the
conservative estimaté=1.2 nm, the intergrain transfer inte- Landauer-Biittiker transmission framewdfk.Assume a
gral through amorphous regions along 1D chaihs|, transmission coefficienf<1 per unit lengtha. Then, over a
X exp(—2W,/{), with 1,=2.5 eV the intrachainm-electron distancez> a, the envelope of an unreflected wave falls off

transfer of the unperturbed chain, equals at least 1.1, 0.3, a$ T7%, implying an intrachain localization length
1.3 eV for PPy, PAni, and PAc, respectively. {=alln(1/T). Disorder determines the microscopic transmis-
Interchain charge transferln conjugated polymers, the Sion probabilities and hence setsThe mean level spacing
m-electron system is formed by hybridization gf,2rbitals ~ Of the localized states ia=1/(g¢) with g the density of
on adjacent carbon atoms that constitute the polymer baclgtates per unit length and unit energy. The dimensionless
bone. Interchain charge transfer stems from the overlap afonductanc&s=T/(1-T) and it follows that at short length
the m-electron clouds on neighboring chains. We estimatedgcales(z<¢) G is finite and given by the classic&Dhmic)
the interchain charge transfer for parallel chains of carbon result G(z)=¢/z, while for a long chainG(z)=exp-z/{)
2p, orbitals using the Slater wave-function approximation.scaling is non-Ohmic and the conductivit§ z becomes
Our calculations suggest an optimum packing distance otero forz—cc. The conductivity due to resonant transitions
3 A, wherel , =10 meV is maximized. For larger separa- between localized states is appreciable only#er~ A. For
tion, 1, falls off exponentially with interchain localization %w>A, this Lorentz oscillator response approaches the
length~1 A, in agreement with experimental resiftsEx-  Drude conductivity with plasma frequenéy,~eV and in-
tensive tight-binding calculations by Mizes and Conwelltrachain scattering timey~fs.
yielded|, =30 meV for PAcY’ The above discussion is essentially based on a one-
Thus, forf,=50% the energy scale for interchain chargeelectron Schrodinger equation assuming phase-coherent
transfer is at least an order of magnitude smaller than that faransport along the chain. Interchain transfer introduces a
intergrain charge transféf.This is not surprising when it is probability e for interchain transitions and formally the iso-
realized that intergrain transport is essentiallyimnachain  lated chain eigenfunctions are no longer appropriate. For
process that proceeds along the covalently bound chainsmalle, however, the isolated chain picture remains accurate
for short time and length scales: thig;’s obtain a finite
102 : : lifetime. In case of strong coupling such a picture is not

q realistic and the carrier transport problem should be consid-
o 10"k ered for the fully coherent 3D system. In conjugated poly-
£ mers, the interchain charge transfer is weak and a 1D trans-
210% port model including the effect of coupling seems a good
E starting point. Particle conservation implies that interchain
§10'1 3 coupling occurs in the form of carrier exchange with a res-
Q ervoir, where the carrier’s initial stat,, ; differs from the
10“2|00 1'01 162 0° final state¥, ,, which thus introduces the finite lifetime of

the 1D states: interchain transport leads to dephasing reflect-
ing that theW;p’'s are not “true eigenstates” of a system of

FIG. 2. Scaling relation between plasma frequency and 3D scatcoupled chains. Usually, phase breaking is associated with
tering time. Dots: experimental results taken from Ref. 4. Full line:inelastic events occurring at nonzero temperature. However,
calculation for disorder-driven metal-insulator transit@fiT) (see  phase breaking is not necessarily dissipative when the initial
text). and final states have the same enéfgillowing “elastic

plasma frequency (meV)
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phase breaking” implies that the true eigenstates are ex- 10° . .
tended over the entire system of coupled chains since then Metal

the energy level spacing?/(gL3) vanishes forl. — o (b in-
terchain distance i.e., the system is gapless, or in other A h/Tk S gA |
words, a metal. The condition for which this becomes pos- )
sible determines the zero-temperature MIT and will be dis- g
cussed further below.

Phase-breaking events are modeled in the Landauer- 10"}
Buttiker framework by incorporating current-conserving Insulator
phase-randomizing scatterers into the chain. Each scatterer e
randomizes phase with amplitud@, yielding probability e 0 . ,
for phase breaking. The total transmission probability is 10104 10?2 10" 10°
given by T,,,=T.+T,;,*° with T, the direct coherent intrachain g
transmission probabilityno interchain evenjsand T; trans-

mission including at least one interchain transition. The con- _F'C: 3. Metal-insulator phase diagram of coupled 1D chains as
a function of interchain coupling and intrachain localization length.

bare 1D level coupling on
(e=0) (e>0)

®
oo*®

ductance Below the drawn line the system is insulating, above it is metallic.
Tt T, T, Dots: disorder-driven MIT in conducting polymers. The inset gives
G= = (1) a graphical representation of the leitmotif behind the MIT criterion

1-Te 1-Te-Ti 1-Tc-T, discussed in the text.

consists of two contributions: proportional 7@ and T;, re-
spectively. However, the relations are not straightforward, a§on hve=g™* valid for 1D conductors, the criterion for delo-
the denominators contain bofh and T.. calization translates inta/{=(B/Ep)?<e In(1/¢€). Alterna-
The carrier fractione that suffered dephasing @=0 tively, one can use the conditioB>1 for a metal on a
will, on average, suffer a subsequent dephasing event gharacteristic length scale. When applied to the carrier frac-
z~N=ale. We can discern two limitz<\ andz>\. When tion that is effectively involved in the interchain transport on
zZ<\, Te> T~ O(e), Eq.(1) simplifies to that of the isolated length scalex, this givesG.(\)=G(\)/e=exp(-\/{)/e>1,
chain,G=T./(1-T.). Whenz>\, T, is exponentially small leading to the same result. The phase diagram for coupled
and G=T;/(1-T;). Strong coupling, i.e., every scatterer disordered chains as function of disordgra) and inter-
dephasege=1), A=¢, corresponds to the classigéamcoher-  chain coupling(e) is shown in Fig. 3.
end case,G=\/z={/z. For strong disorder and weak cou- Let us now apply our model to the metallic polymers.
pling, A\>¢, the transmission amplitud& becomes sup- First we derive € using a tight-binding approximation.
pressed by localization effects. The'rﬁ.p consists of the Interchain Charge transfer WOUId, in the absence of disorder,
product of the dephasing probabilityand a factorz/a that  lead to an interchain bandwidthl ;. However, as a result
counts the number of channels available for the interchai®f disorder, electronic statesV;p on adjacent chains
transport on the scalg where the wave functions have ap- typically have an energy mismatctA/2. Provided that
preciable amplitude, multiplied by ekp\/¢), the 1D coher- 1. <A/2, the bandwidth available for interchain transport
ent transmission amplitude between subsequent dephasifigduces to /A, which corresponds to an interchain
events, yieldings=e(¢/a)(\/2)exp(-N/)=(¢{/2)exp(-N/¢).  coupling e=4(1,/A)? governed by both interchain transfer
Thus, for weak coupling, the classical expectation value fo@nd disorder. Next, we derive the relevant transport time
the conductance is suppressed by 1D localization effectée€nergy scales. Crossover to full 3D conduction occurs
Delocalized carrier transport remains piecewise 1D and th€n & time scalersp=7,/€. Following the reasoning for the
length scale of interest i$. with a 1D transport time MIT criterion, the bandwidth for interchain transport is
n=(¢lvp)exp(\/{). At 7, scale, only fractiore of the carri- €A exp(—\/¢{) and, usinqtight binding, the effective mass for
ers is involved in interchain transport and thus crossover t@D transport becomesy =8#> exp(\/{)/(eAb?). 1D local-
full 3D conduction occurs at;p=1,/€. ization suppresses the transmission probability on skale
The above results demonstrate that in the presence @nd the effective carrier density involved in 3D transport
dephasing, the dc conductivity remains finite for . This  reduces taeg=n exp(-\/{). This gives
holds for any dephasing mechanism, in particular, inelastic

events due to finite temperatieAs argued above, “elastic T3p = (whil 215 gh)expa/dl; g*), 2
dephasing” is a necessary condition for the formation of a
truly metallic state. In our 1D model, the interchain transfer wp = \n&b?2 gZI2h2eq exp(- al42 20 (3)

couples aV¥,p , to a different¥p , on length scale\, and

this gives a typical level splittingA of these states. When For wrp<1, the 3D transport channel is open and
the finite widthh/ 7, of the 1D energy levels on length scale the conductivity iso(w)=o03p/(1+iwTsp). At intermediate

N\ (Thouless energyexceeds the level splittingA, energy  energy, i/ mp<fiw<A, the 1D signature of delocalized
matched (elastig interchain transitions are possible and carrier transport becomes visible. Screening in 1D conduc-
hence a metallic phase can be formed. The inset of Fig. rs is poor and the dynamic response is described as
schematically indicates this mechanism. Applying the relao(w)=o0,(w)/[1+0,(w)/(iwC)], where on(w)=0,/(1
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+iwn), the noninteracting case, and capacita@@e e’y  creasing coupling(lower |,) the transition time to 3D
quantifies the 1D screening efficien@.For Aw>A the  conduction increases exponentially, while simultaneously the
isolated chain respons@.orentz oscillatoy is obtained: plasma frequency decreases at the same rate. Let us consider
(,(w):00/{1+i[(w2_w§)/w]70}, with w, a measure for level the case of a disorder-driven MIT. We chogg=1.2-4.0 fs

separation. In case the time scales are sufficiently separate®f @ typical range ang=4ve7, (Ref. 10 to reproduce the
the total optical response is experimental results in Fig. 2 using known microscopic pa-

rameters for conducting polymetst, =50 meV, a=4 A,

T30 oy oo b=3 A, g=05evta?l, andn=7x10?" m=3, which corre-
o(w) = 1+] + + 2_ 2 - sponds to optimum doping of 0.25 carrier per monomer. A
|(l)T3D . (Y . W" T Wy e . .
l+ion+—= 1+ T similar calculation can be performed for a MIT purely driven
loC w by interchain transfer, but agreement with experiment can be

(4) achieved only for an unrealistically large changelin of
20-90 meV. This agrees with the general consensus that the

Here 03[3:800)57'30, oy=o3p because the factorg in  MIT in polymers is disorder driven. Using the above param-

_ 2 _ ; ; ; :
n=€mp and wp;,=wy/e [proportional to bandwidth eters, we have calculated the phase diagram for the disorder-
A exp(-N\/{)] cancel, and 00=8OQ§TO=neZTo/m is the driven MIT (see Fig. 3, illustrating the transition to the me-
intrinsic intrachain conductivity. Indeed, Fig. 1 demonstrategallic state. Indeed it shows the conducting polymers are on
our theory and gives an excellent description of the experithe edge of being metallic or insulating.
mental results, using7=3fs, 7,=0.4ps, 73p=5 ps, In summary, we have discussed a transport model for
o3p=03,=220 S/cm, 03=380 S cm, wy=0.23eV, and weakly coupled disordered chains. Under appropriate condi-
C=101F/m. Thus\/{=3.5 ande=0.08, which, assuming tions, (B/Ef)?< € In(1/¢), a crossover from 1D to 3D trans-
a=4 A, leads to/=1.4 nm and\=5.0 nm. port occurs, and a metallic phase is formed. Expressions for

We conclude by addressing the scaling relation betweethe optical conductivity, 3D scattering time and plasma fre-
wp and 73p. Equations(2) and (3) express the extreme sen- quency have been derived. Based on established microscopic
sitivity of the 3D carrier dynamics for disorder and inter- parameters, the model quantitatively explains broadband data
chain coupling. For increasing disord@dower {) and de- on metallic PPy.
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