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Metal-insulator transition in PF ; doped polypyrrole: Failure of disorder-only models
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The free-carrier scattering time and plasma frequency in d¥ped polypyrrole near the metal-insulator
transition(MIT) is obtained by dielectric spectroscof8~700 GHz down to 2 K. The specifif-dependence
allows us to quantify the distance to the MIT for both metallic and insulating samples. The evolution of the
free-carrier parameters when going deeper into the metallic regime conflicts with both the homogeneous and
heterogeneous disorder models. We suggest this failure to stem from the interplay between electronic correla-
tions and interchain charge transfer, which is not explicitly considered in these theories.
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In general the occurrence of a metal-insulator transition Free-standing films of PPy-RFRare prepared by electro-
(MIT) depends on several parameteds the absence of chemical polymerization as described in detail elsewfére.
electron-electron interactions a random potenfidbcalizes  Films have been polymerized at different temperatures
charge carriers due to the interference of multiply-scattered—40 °C<T,<20°C). One sampl¢D) has been slightly
electronic wave$. For this process the scaling theory of dedoped after the synthesis. The dc conductivity ) of
Anderson localization provides a convenient framewbrk. several samples is shown in Fig. 1. The plot of the reduced
Often electron-electron interactions suppress the conductivactivation energyW=d In(oyy)/d In(T) versusT, Fig. 1(b),
ity and eventually lead to the Mott-Hubbard M{TAs re-  demonstrates that samples in the metali¢2M), critical
duced dimensionality enhances the effects of disorder anfC), and insulating(l) regime of the MIT are obtained.
interactions’ the geometry of the electronic system plays aSample M2 (Tpo=—40°C) exhibits a conductivity mini-
profound role as well. For instance, in a strictly one-mum around 13 K, below whichoy./dT<O indicating
dimensional system for any amount of disorder all states arguly metallic behavior. However, for botiM and M2,
localized due to repeated backscatterig. doped conju-  doy./dT=0 at highefT which shows that PPy-RHFs at best
gated polymers, it is widely recognized that structural disora “bad” metal. For increasing ., the conductive properties
der drives the MIT° while recent observations of density deteriorate and the system goes through the MIT. This can be
wave dynamics point to the importance of electronicattributed to an increase of the structural disofder.
correlations'® On a microscopic scale charge transport is in-  The electrodynamic properties have been studied by
evitably anisotropic: the charge transfer perpendicular to theneans of transmission experiméhits the frequency range
chain is weak compared to that along the chain, which en8—700 GHz (0.27-23 cit, 0.033-2.9 meV), which
hances the effects of disorder and electronic correlationoverlaps with both the microwave and far-infrared regime.
Nonetheless, a positive temperature coefficient of théBoth amplitude and phase are obtained by means of an
resistivity" ! and a negative dielectric constant in the micro-ABmm vector network-analyzer. The data are fitted to first-
wave and far-infrared regimé? indicate the presence of a principle transmission formulas to derive the complex con-
truly metallic state. In a previous study we pointed out aductivity o* (w)=0c(w)+iwege(w), without the use of
correlation between the plasma frequengyand scattering Kramers-Kronig manipulatiof® Uncertainty ino and & is
time 7 which together characterize the free-carrierless than 5% in the range 100—-600 GHz afTall
dynamics*? To explain the required finite density of delocal-  The T-dependent () of C andM are shown in Fig. 2.
ized states at the Fermi-level interchain charge transfer had
to be sufficiently strong to overcome the disorder- and : -
interactions-induced localizatidA. 10 -“&2_/_/ .

In the present work we extend the dielectric measure- . ]
ments as a function of frequenay=2=f on PR doped 102}
polypyrrole (PPy) around the MIT from 300 K to 2 K. The 1€
specificT- and w-dependent response enables the character-
ization of the position with respect to the MIT for both insu-
lating and metallic samples. We evaluate the dependence of
w, and 7 as a function of this distance, especially the strong 107 10 100 01y 10 100
decrease of when going deeper into the metallic phase is in T K] T [K]
conflict with the usually applied disorder-only models for the
MIT. This discrepancy provides a strong clue for the role of FIG. 1. T dependence ofr,. (left) and the reduced activation
interchain coupling and electronic correlation. energyW=d In(ay)/d In(T) (right).
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FIG. 2. T dependence of(w) of M andC. Solid lines are fits to
the Drude model. The insets shenw) of M andC at the sam4.
Error bars are less than the symbol size.

For C, e<0 only at highT, while for M a negative contri-
bution toe () persists down to loW. The negative agrees
with the findings of Kohlman and co-workefsand estab-
lishes the presence of free carriers in PPy-F3olid lines are
fits to the Drude model:

ngz

T’ @

e(w)=gp—

with 7 the free-carrier scattering time,, the background
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FIG. 4. Dependence ab,, and7 on (Er—E;) at T=300 K
(dotg andT=4 K (squares Also included are PPy-RFlata taken
from Ref. 7. The dependence fgfm* (triangles is shown in the
left panel. The metallic and insulating regimes are characterized by
Er—E.>0 and <0, respectively. Dotted lines are guides to the
eye. Error bars are indicated, or less than the symbol size.

1(a), and og4c— (500 GHz) forM2 2 For metallicM and
M2, 7(T) could thus be obtained, see FigbhB

First we consider the behavior @f,(T) near the MIT.
For M2 andM, o, decreases when cooling but remains fi-
nite at low T: for these metallic samples free carriers are
present aff=0. ForC, I, andD, w, strongly drops when
lowering T which shows thah;—0 asT—0. In comparison
with conventional metals wher@,~1-10 eV, thew,'s in
PPy-Pk are very low. For these systems near the MIT only

dielectric constant due to polarization of the lattice and lo-a fraction of the carriers occupies extended stéfe$% if

calized carriers, and, the plasma frequency:

n;e

)

wy= ——
P Som*,

with n; the free-carrier density electronic chargemn* the
effective mass, and, the vacuum permittivity. The insets of
Fig. 2 showo(w) for C andM at the saméd’s. Note that for
M, doldw<0 at loww at all T as expected for free carriers,

while for C only at room temperaturéo/dw<0 is observed.
By fitting to Eq. (1), the e(w,T) data lead tow,(T) as

shown in Fig. 8a). The T-dependent data do not extend to

low enoughw to deriver from ¢(w). However, according to
Drude the metallic contribution to g equaISwgrso, which
is estimated byoy.— (95 GHz) for M, see inset of Fig.
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FIG. 3. wy(left) and 7 (right) as a function ofT. Solid lines are
explained in the text.

m* equals the free electron mass,; a largerm* would
imply a largern;) with the majority of the carriers residing

in localized state$1? The observed increase of, with T of

both the metallic and insulating samples shows that barely
localized carriers can be thermally activated to higher-lying
extended states. Irrespective of the localization mechanism,
there will be a critical energyH,) separating the lower-lying
localized states and the higher extended st&t&¥sThen, for
given Fermi-levelEg, the density of occupied extended
states follows from

ny(T) = f:fFDmg(E)dE, 3

where frp denotes the Fermi-Dirac distribution function,
g(E) is the density of states, aifit} is defined as zero. Using
Egs.(2) and(3) and assuming thah* is independent of
and thatg is independent oE, the w,(T) data sets for each
sample can be excellently reproducgzblid lines in Fig.
3(a)] with only two free parameter&r—E. andg/m*. The
T-dependence ab,, is fixed byEg—E; the absolute value

is fixed by both. For sampldd 2, M, C, |, andD E—E_. is
found to be: 10650 K, 25-10 K, —70x15 K, —120
+20 K, and—350+150 K, respectively; values fag/m*

are presented in Fig. 4. Analysis of the PPy;B&ta given in
Ref. 7 givesEg—E.=200+100 K. As expected, for metal-
lic samplesE>E_, while for C, I, andD, Eg<E.. While
previous studies resorted to the so-called resistivity ratio to
characterize conducting polymérsthe above results pro-
vide an experimental characterization of the conductive state

201102-2



RAPID COMMUNICATIONS

METAL-INSULATOR TRANSITION IN PFg DOPED . .. PHYSICAL REVIEW B 64 201102R)

with respect to the MIT in terms of a physical quantity. To wp—range?2 Below we will argue that these results contradict

our knowledge, for conducting polymers a comparable quanthe disorder-only modeis® and propose a possible solution

titative analysis has not been reported, and, as demonstratéal this discrepancy.

below, provides a new perspective on the mechanisms be- According to the scaling theory of Anderson localizatfon,

hind the MIT. Er—E. increases when the amplitude of the disorder poten-
Let us now turn to the deriveds, see Fig. &). In view  tial decreases, antb<(Eg—E)? with p>0.5!° becomes

of commonly reported—~ 10" s values in normal metals, larger. Hence, Anderson theory gives=I/vo(Eg

the scattering times in the disordered PPy-BFfe extremely —— Ec)P~ Y2 which is a monotonically increasing function for

long. If all carriers were delocalized in a three-dimensionalEF>Ec and therefore conflict§Fig. 4(b)]. Furthermore,

band” and hences~2E¢ /m* ~5x10° m/s, these long strong changes otg and m* are not _expected if only the

s lead to anomalously long mean free paths0.2 um strength _of the dlsorder_ pc_)tentlal varies. Thus, the homoge-

and 2 um for M2 and M, respectively. However, only neous disorder model is in conflict with our experimental

X . . .. Observations. It has been proposed that the MIT in conduct-
aboveE, carriers are mobile, hence the free-carrier velocnying polymers is better viewed in terms of percolation of me-
does not depend on the total carrier density but only on th‘?allic islands”® Then Er—E, characterizes the barrier

. Cc

density of free carriers abo&,."® In conformance with the heights between the metallic domains and depends on the
@p a{nalyss, the propeil-dependent carrier velocity i8  concentration of these domains. In a percolating metallic net-
=n¢ [ frogV(E—Ec)/m*dE. Up to a proportionality fac-  work 7 corresponds to either the intrinsic free-carrier scatter-
tor, the T-dependence ob is fixed by the value ofEr  ing time within the metallic islands, and is then independent
—E¢, which follows from thew, vs T-data; the value of of-E,:—EC, or reflects_ scattering due to finite-size effects. In
Er—E_ enters viafp. If | is constant, thd dependence of this latter case, an increase Bf—E. should lead to an
the scattering times=1/v(T) can be calculatefsolid lines ~ increase ofr as well, due to the |mprc_>ved connectivity of the

in Fig. 3(b)]. These lines reproduce the data well, althoughh&twork. Furthermore, the free-carrier parametpesid m*

for M2 the agreement is ambiguous due to the error bar&'€ In this case properties of the metallic islands themselves,

The T-independence dfsuggests that static-disorder scatter-and can not depend on the distance to the kéIncentration
ing is dominant. Ifm* =m,, =20 nm, and =200 nm for of such islands Therefore, also the heterogeneous model

M2 andM, respectively(larger m* would give shortet). can not account for the experimental results shown in Fig. 4.

. . . Clearly, we must conclude that the free-carrier dynamics in
This apparent decreaseldh less disordered, better conduct- Y y

. . i . the metallic regime can not be understood in terms of the
ing samples already point to a shortcoming of d'Sorder'onlydisorder-onIy scheméds?
models. '

) In both the homogeneous and heterogeneous disorder
Figure 4 showso, and7 versusEg—E. at 300 Kand 4 K yqqels the intrinsic anisotropy of electronic transport is ig-
together with the ratig/m* versusEgr—E, and is the main  nored. Nonetheless, even in the absence of disorder, to obtain
result of our study. The free-carrier parameters clearly correa macroscopicallyconducting state interchain charge-transfer
late with the distance to the MIT: a strong dependence in thec is a prerequisite: in the limit of Vanishing carriers are
metallic regime, and a weaker dependence in the insulatingound to individual polymer chains giving rise to an insulat-
regime. First, let us consider the growth ef, with Er  ing state. A smalt, will impede the formation of a metallic
—E¢. In the insulating regime the free-carrier density de-state as will be visible in the low-frequency conductive
pends on the thermal activation of barely localized carriersproperties:® To explain the effect of,, a tight-binding pic-
the less negativEg— E, is the easier it becomes to occupy ture is illustrative. The bandwidth for interchain transport is
extended states and the highey will be. ForT—0, only in  directly proportional tat;, while the effective mass for in-
the metallic regime a free-carrier density survives and, acterchain transport is inversely proportionaltta However,
cording to Eqs.(2) and (3), w,=\(Er—E.)g€’/eom*. In for.smalltflghis band becomes unstable for electronic inter-
the metallic regime the increase @f, is clearly stronger than actionsV.>* The interchain charge transfer is typically
(Eg—E.)Y2 This implies thatg/m*, which stays nearly ~0-201_0-1 eV (Refs. 1519 and 20 and V
constant in the insulating regime, rises over a factor of 100~ &/(47m&cepr), with r the separation between charges. For
when traversing the MIT, see Fig. 4, i.@.jncreases and/or optimal doping O_f 1 charge per 4 monomers, the distance
m* decreases with increasing metallicity. This thresholdlike_bem'een phargems afew nm and/~0.1 eV. It shpws tha_t
behavior suggests the properties of extended electronic stat('eusdeeo'tc is of the order of the electron-electron interaction

. energy.
to change abruptly at the MIT. Given thatg . L
~1-10 states/(eV ring}>"we estimatam* to be in the What could be expected for the carrier dynamick iénd

V play a role in the MIT? Since at present theories incorpo-
1-10xXm, range. p'ay b P

. rating both strong disorder and strong interactions are not
The dependence of on E—E. seems peculiar: when gy 4ijaple, we have to limit ourselves to the following neces-
coming from the insulating regime and crossing the MIT  gqyijly qualitative discussion of whanight be expected.

drops sharply. This behavior persists in both the degeneratgyhen decreasing., m* increasegeven for the most delo-

(Er—Ec)>kgT, and nondegenerateE{—E;)<kgT, re-  calized carriers in highly-ordered regions the overlapping
gimes and agrees with a recently pointed out empirical corr-electron clouds of adjacent chains lead to transfer integrals
relation TOCC!);X (x~1.3) over two orders of magnitude that are relatively small when compared to the common
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three-dimensional electron systenand it has even been packing make the allowed bandwidth exponentially narrow
suggested to diverge near the critical pdthOn the other and the effective mass exponentially large. Due to this ex-
hand, the density of delocalized stagwanishes near the treme sensitivity, a disorder-induced decreasé,ofith re-
MIT.*** This implies a strong increase gfm* andw, with ~ Spect toV may be the dominant driving mechanism for the
increasingEg — E,. in qualitative agreement with our experi- MIT instead.of disorder—induced localization. We note that
mental findings, see Fig. 4. To our knowledge, a relation-ray diffraction studie$~*°demonstrate that a high conduc-
betweeng/m* and distance to the MIT is not available. The tiVity in PPy requires a close packing of adjacent pyrrole
divergence ofn* leads to a strongly decreasing free-carrier""9S which should be favorable fog. The dependence of

H 19,24 : H
velocity voc\(Er—Eg)/m* near the critical point. Since the MIT on pressure, which enhancgs confirms this

1 A 12 1 -1 ~ point of view.
7 v and 7 g as well;” we expectrxg~"y " to de In summary, we have studied the free-carrier dynamics in
crease strongly in the metallic regime. Note that now th

decrease ofr not necessarily implies the counterintuitiveeppy_P% near the MIT. The specifit-dependence ab, and

. ) . . 7 can be reproduced by only two free parameté&is:-E
shorterl in the metallic phase since increases. Hence the b y ony b P o

g . andg/m*. The decrease of in better conducting samples
unusual decrease efand increase aj/m* with Er—Ec can  coniradicts the conventional disorder-only models. We have

be understood when the MIT involves an interplay between, g e that the found carrier dynamics in the vicinity of the
tc andV. MIT can be qualitatively explained when also the competi-

How can we reconcile this picture with the well- ion petween electronic correlations and interchain charge
established observations that structural disSrfidrives the transfer is considered. and where the value of the latter is

MIT? The interchainm-electronic overlagi. depend$xpo-  girongly influenced by the amount of structural disorder.
nentiallyon separation and orientation of adjacent ctseg-

ments and is therefore particularly sensitive to the local or- This work was supported by the Dutch Science Founda-
dering of polymer chains. Deviations from the optimal tion FOM-NWO.
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