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Abstract

The metal-insulator (M-I) transition in conducting polymers is particularly

interesting; critical behavior has been observed over a relatively wide temperature range

in a number of systems, including polyacetylene, polypyrrole, poly(phenylene vinylene)

and polyaniline.  In each case, metallic, critical and insulating regimes have been

identified through Zabrodskii plots of the logarithmic derivative of the conductivity.  The

critical regime (in which the conductivity varies as Tβ, where β  ≈1/3) is tunable by

varying the extent of disorder and by applying external pressure and/or an external

magnetic field.  The transitions from metallic to critical behavior and from critical to

insulating behavior have been induced with a magnetic field and from insulating to

metallic behavior with applied pressure.
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1. Introduction

Ioffe and Regel1 argued that as the extent of disorder increased in a metallic system,

there was a limit to metallic behavior; when the mean free path becomes less than the

inter-atomic spacing, coherent metallic transport would not be possible. Thus, the Ioffe-

Regel criterion is defined as

kFl  ∼ 1, (1)

where kF is the Fermi wave number and l is the mean free path. The metallic regime

corresponds to kFl  >> 1. Based on the Ioffe-Regel criterion, Mott proposed2,3 that a

metal-insulator (M-I) transition must occur when the disorder is sufficiently large that kFl

 < 1. In recognition of Anderson's early work on disorder induced localization, Mott

called this M-I transition the "Anderson transition".4 In the limit where kFl << 1 (i.e.

where the strength of the random disorder potential is large compared to the bandwidth),

all states become localized and the conductor becomes a "Fermi glass";5 i.e. a continuous

density of localized states occupied according to Fermi statistics. Although there is no

energy gap in a Fermi glass, the behavior is that of an insulator because the states at the

Fermi energy are spatially localized.

Mott pointed out that the states in band tails are more susceptible to localization.2,3

Consequently, there exists a critical energy separating the localized states from the

delocalized states, called the mobility edge (Ec). For a specific "metallic" system with a
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fixed number of electrons, the mobility edge approaches the Fermi energy as kFl

decreases. When the Fermi energy falls on the side of Ec where the states are localized,

the system undergoes a transition from a metal to a Fermi glass insulator. The scaling

theory of localization demonstrated that the disorder-induced M-I transition was a true

phase transition with a well defined critical point.6  MacMillan7 and later Larkin and

Khmelnitskii,8 showed that near the critical regime of Anderson localization, a power law

temperature dependence is to be expected for the electrical conductivity,

The M-I transition in conducting polymers is particularly interesting; critical behavior

has been observed over a relatively wide temperature range in a number of systems,

including polyacetylene, polypyrrole, poly(p-phenylene vinylene), and polyaniline.9 In

each case, the metallic, critical and insulating regimes near the M-I transition have been

identified from Zabrodskii plots of the logarithmic derivative of the conductivity W =

(∆lnσ/∆lnT) vs T. 10 In the metallic and insulating regime W(T) exhibits positive and

negative temperature coefficients, respectively, while in the critical regime, W(T) is

temperature independent.

The resistivity, ρ(T), and the resistivity ratio, ρr= ρ(1.4 K)/ρ(300 K), have been

successfully used to quantify the relative disorder in different samples and for sorting out

the various regimes. 9,11-14 In general, the resistivity at room temperature increases as the

disorder increases. In addition, ρ (T) increases more rapidly upon lowering the
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temperature; i.e. ρr increases. In fact, the resistivity ratio (ρr) has proven to be useful as

an "effective order parameter" for the metal-insulator (M-I) transition in conducting

polymers. 9,14

2. The Critical regime and Crossover to the Metallic and Insulating Regimes

In conducting polymers, the critical regime is easily tunable by varying the extent of

disorder (i.e. by studying samples with different ρr), or by applying external pressure

and/or magnetic fields. The transitions from metallic to critical behavior and from critical

to insulating behavior have been induced with a magnetic field, and from insulating to

critical and then to metallic behavior with increasing external pressure.9

In the metallic regime, the zero temperature conductivity remains finite, and σ(T) can

be expressed as follows:

σ(T) = σo + f(T), (2)

where f(T) is mainly determined by the electron-electron interaction and localization

contributions to the conductivity.9 , 1 1 - 1 4  The magnitude of σo depends on the extent of

the disorder. Metallic behavior has been demonstrated for conducting polymers with σ(T)

remaining constant as T approaches zero.9 Well into the metallic regime where the mean

free path extends over many repeat units, σo is quite large, approaching that of a metal.
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However, the true metallic regime, with kFl >> 1 such that ρ (T) decreases as t h e

temperature is lowered has not yet been achieved.

In the critical region, theory predicts that the resistivity should follow the power

law7,8

ρ(T) ≈ (4π2e2pF/h2)(kBT/EF)-1/η = ATβ; (3)

where pF is the Fermi momentum, h is Planck's constant, and e is the electron charge. A

value of β ≈ 1/3 indicates that the system is just on the metallic side of the M-I transition.

Extension of the power law dependence all the way to T = 0 requires that the system be

precisely at the critical point. The power law is universal and requires only that the

disordered system be in the critical regime.

The power law dependence for σ(T) has been observed over a wide temperature range

in a number of "metallic" polymers near the M-I transition; the results are in good

quantitative agreement with Eqn 3. 9,11-14  Log-log plots of W(T) = (∆lnσ/∆lnT) vs T are

quite sensitive and enable the precise identification of the critical regime.15 Moreover, the

detailed evolution of σ(T) in the critical regime at low temperatures can be observed in

W(T) plots as the system is changed from metal to insulator (by changing the extent of

the disorder or by tuning with pressure or magnetic field). Although W(T) is temperature

independent for a wide range of temperatures below 50K, β systematically increases from
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values less than 1/3 (on the metallic side) toward 1 as the system is moved toward the

insulating side.15

In the insulating regime, transport occurs through variable range hopping (VRH)

among localized states. For Mott VRH conduction (noninteracting carriers) in three

dimensions2 , 3  

lnρ α  (To/T)1/4, (4a)

where

To = 18/k BLv
3N(EF) , (4b)

kB is the Boltzmann constant, Lv is the localization length, and N(EF) is the density of

states at the Fermi energy. In one-dimension and in two dimensions, the exponent is 1/2

and 1/3, respectively. When the Coulomb interaction between the electron which is

hopping and the hole left behind is dominant,1 6

lnρ α  (To’/T)1/2, (5a)

where

To’ = βΙe
2/εk BLv, (5b)

e is the electron charge, ε is the dielectric constant, and βI = 2.8 (a numerical constant).

Thus, in general, in the insulating regime, lnρ is proportional to T-1/x where x is

determined by details of the phonon-assisted hopping.
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The temperature dependences of W(T) in various regimes near the M-I transition are

as follows:

(a) In the metallic regime, W has a positive temperature coefficient.

(b) In the critical regime, W is temperature independent for a wide range of

temperatures.

(c) In the insulating regime, W has a negative temperature coefficient.

Fig. 1 shows a schematic diagram of the electrical conductivity vs temperature in the

vicinity of the metal-insulator transition. Each of the curves shown in Fig.1 is drawn for a

different degree of disorder; for a given conducting polymer system, each curve would

represent data obtained from a sample with different resistivity ratio, ρr.

Precisely at the critical point (where the mobility edge is precisely at the Fermi

energy), the conductivity follows the power law of Eqn 3. On the metallic side, the

conductivity remains finite as the temperature approaches zero as indicated in Eqn 2. On

the insulating side, the conductivity falls below the power law as a result of the

exponential dependence that results from variable range hopping; see Eqn  4 and 5. Near,

but not precisely at, the critical point, the resistivity follows the power law dependence

over a restricted range of temperatures. Toward the metallic side of the M-I transition, the

exponent of the power law is less than 1/3 (values as small as 0.1 have been observed);15

toward the insulating side of the M-I transition, the exponent of the power law is greater

than 1/3 (values as large as 1 have been observed). As shown in Fig. 1, however, at
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sufficiently low temperatures, the power law dependence is maintained only at the critical

point.

Application of a large magnetic field tends to localize the electrons; the magnetic

field shifts the Fermi energy toward the mobility edge.17,18  Thus, in Fig. 1, increasing the

magnetic field tends to cause a trajectory from the metallic side toward the insulating

side. A magnetic field induced crossover from the critical regime (power law

dependence) to the insulating regime (variable range hopping) has been demonstrated for

polyaniline.17 Application of high pressure increases the interchain interaction making

interchain hopping more facile. High pressure, therefore, inhibits localization. A pressure

induced crossover from the critical regime (power law dependence) to the metallic

regime has also been demonstrated.9

The magnetic field – induced crossover from the critical regime (with ρ(T) = ATβ) to

the insulating regime (with lnρ α  (To/T)1/4) is shown in Fig. 2 for polyaniline doped with

camphor-sulfonic acid (PANI – CSA) (see ref. 11).

3. Infrared Reflectance Studies of the Metallic State and the M-I Transition

Reflectance measurements provide information on the electronic structure over a

wide spectral range; measurements in the infrared (IR) probe the intraband (free carrier)

excitations, while measurements at higher photon energies probe the interband

transitions. The corresponding optical/IR conductivity, σ(ω), provides information on the
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metal physics the disorder-induced metal-insulator transition, and the joint density of

states associated with interband transitions at higher energies. Not surprizingly, IR

reflectance measurements have played an important role in clarifying the metal physics of

conducting polymers.

In spite of the evidence for the disorder-induced M-I transition as inferred from the

transport9 and optical measurements,19,20 the metallic state of conjugated polymers has

been a subject of controversy. Although disorder is generally recognized to play an

important role in the physics of “metallic” polymers, the effective length scale of the

disorder and the nature of the M-I transition are the central unresolved issues.21,22 In

particular, the question of whether disorder is present over a wide range of length scales

or whether the properties are dominated by more macroscopic inhomogeneities has been

a subject of discussion. In the former case, the metallic state and the M-I transition could

be described by conventional localization physics (e.g. the Anderson transition), while in

the latter case, the M-I transition would be better described in terms of percolation

between metallic islands.21

Recent progress in the processing of conducting polymers has significantly improved

the quality of the materials and reduced the extent of structural disorder with

corresponding improvements in the electrical conductivity. Examples of such improved

materials include polyaniline and polypyrrole doped with PF6, PPy-PF6.9 Extensive
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transport studies on PPy-PF6
23 demonstrated that the improved material is more highly

conducting and more homogeneous than that studied earlier.24

As is typical of conducting polymers, PPy-PF6 is partially crystalline. The structural

coherence length is, however, only ξ ≈ 20-50 Å, less than any length used to characterize

the electronic properties, i.e. less than the inelastic scattering length (Lin ≈ 300 Å) in the

metallic regime, and less than the localization length (Lc   ≈ 200-300 Å) in the insulating

regime near the M-I transition.9,23 Moreover, the corresponding transport data in the

critical regime and the crossover from metal to insulator have been successfully analyzed

in terms of conventional disorder-induced localization.9,23

 Kohlman et al.22,25,26 reported infrared reflectance measurements, R(ω), which they

analyzed in terms of the frequency dependent optical constants. They reported a zero-

crossing in the dielectric function, ε1(ω ), at ω  ≈ 250 cm-1 (well below the π-electron

plasma frequency at 1.2 eV). At frequencies below the zero-crossing, they reported ε1(ω)

becoming increasingly negative. This low frequency zero-crossing is not consistent with

a disordered metal near the M-I transition; they attributed the zero crossing to a plasma

resonance associated with a low density of 'delocalized carriers' with an anomalously

long scattering time (t ≈ 10-11 sec).22,25,26 Metallic PPy-PF6 was therefore described as

inhomogeneous, consisting of a composite of metallic islands (crystalline regions)

embedded in an amorphous matrix. From this point of view, the M-I transition was
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interpreted in terms of percolation between the metallic islands.22,25,26 The inference of a

small fraction of carriers with long relaxation time was used to predict ultra-high

conductivity polymers in which all the carriers were delocalized with similarly long

scattering times.22,25,26

To clarify the nature of the metallic state, high precision reflectance measurements

were carried out over a wide spectral range on a series of PPy-PF6 samples in the

insulating, critical, and metallic regimes near the M-I transition.27 Since the reflectance in

the infrared (IR) is sensitive to the charge dynamics of carriers near the Fermi energy

(EF), such a systematic reflectance study can provide information on the electronic states

near EF and how those states evolve as the system passes through the M-I transition. The

data demonstrate that metallic PPy-PF6 is a 'disordered metal' and that the M-I transition

is driven by disorder; similar results were obtained for polyaniline.20, 28  The data showed

no evidence of a zero-crossing in ε1(ω) at frequencies as low as ω = 8 cm-1, even for the

most metallic samples. The absence of the low frequency zero crossing implies that the

small fraction of 'delocalized carriers' with anomalously long scattering time does not

exist.

Free-standing films of PPy-PF6 were prepared by electrochemical polymerization.23

Although the preparation conditions are more or less identical for all samples, details of

the synthesis and processing lead to subtle changes in the sample quality, and thereby to
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changes in the electrical properties. Therefore, each of the samples was fully

characterized by performing complete transport measurements (as noted in the

Introduction) ρr can be used as an effective order parameter to characterize the strength

of the disorder). Based on the criteria summarized in the Introduction, sample A (ρr  =

1.7) is in the metallic regime, and sample F (ρr  = 160) is in the insulating regime. For

samples B (ρr  = 2.5), C (ρr  = 2.8), D (ρr  = 6.0), D (ρr  = 7.8) and E (ρr  = 7.8), the

electronic properties gradually evolve from the metallic side of the M-I transition to the

insulating side via the critical regime. Thicknesses of the free standing films were

typically 10-20 µm.

Since even a few percent error in R(ω) is crucial to the Kramers-Kronig (K-K)

analysis, extra care was taken in all procedures for obtaining absolute values for R(ω).

Surface quality is essential for accurate reflectance measurements. Therefore, the surface

morphology of each film was checked, both optically and using scanning electron

microscopy.29 All the sample surfaces were of excellent optical quality and exhibited

specular reflection. Thus, any scattering loss contribution to the measured IR reflectance

was negligible. A gold mirror (R = 1 in the IR) was used for reference. The systematic

error in the R(ω) measurements was estimated to be within 1%.

Fig. 3 shows R(ω) for samples (A-F) as measured at room temperature. For the most

metallic sample (A), R(ω) exhibits distinct metal-like signatures; a free carrier plasma
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resonance as indicated by the minimum in R(ω) around 1.5x104 cm-1 and high R(ω) in

the far-IR (R ≈  90 %  for ω  < 20 cm-1). As PPy-PF6 goes from the metallic to the

insulating regime via the critical regime (Samples A through F), R(ω) is gradually

suppressed in the IR. In the insulating regime (F), R(ω) remains well below that of the

metallic sample (A) throughout the IR (R ≈ 65% at ω = 50 cm-1). Note that the R(ω)

spectra are in excellent correspondence with the transport results (this is especially clear

at low frequencies in Fig. 2); the better the quality of the sample, as defined by smaller ρr

and higher σdc(300K), the higher R(ω) in the IR.

In the far-IR (below 100 cm-1), the Hagen-Rubens (H-R) approximation provides an

excellent fit to R(ω),

RH-R(ω) = 1 - (2ω/πσH-R)1/2, (6)

where σH-R is the ω-independent conductivity. The σH-R values obtained from the Hagen-

Rubens fits are in remarkably good agreement with the measured values of σdc(300K).

The excellent fits and the agreement between σH-R and σdc(300K) imply a weak ω-

dependence in the corresponding optical conductivity, σ(ω), for ω < 100 cm-1.
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For each data set, the complex dielectric function, ε(ω) = ε1(ω) + i(4π/ω)σ(ω), was

obtained by K-K analysis of R(ω). At the low frequency end, the H-R relation (Eqn. 6)

was used to extrapolate to ω approaches 0.

The optical constants, σ(ω) and ε1(ω) are shown in Fig. 4. The corresponding σ(ω)

are not typical of a Drude metal for which σDrude=(ωp
2τ/4π)/[1+ω2τ2], where ωp is the π-

electron plasma frequency, and τ is the mean scattering time. Even for the most metallic

sample (A), σ(ω) decreases with decreasing ω below 2500 cm-1 and thus deviates from

Drude behavior. On moving toward the insulating regime (from A to F), σ(ω) is

suppressed, and the maximum in σ(ω) gradually shifts to higher frequencies. For all

samples, however, there is a change in slope in σ(ω) at around ω ≈ 100 cm-1; at lower

frequencies, σ(ω) is essentially frequency independent and, in each case, accurately

approaches the measured σdc(300K) value. Indeed, such a weak ω-dependence for ω <

100 cm-1 is expected from the excellent fit of R(ω) by the H-R approximation in this

frequency range.

The dielectric function, ε1(ω), also deviates from the functional dependence expected

for a Drude metal. Even for the highest conductivity and most metallic sample (A), ε1(ω)

is positive in the IR, increasing to larger values for ω  < 2500 cm-1, and remaining

positive at frequencies at least as low as ω  = 8 cm-1; see Fig. 4. The frequency-

independent σ(ω) implies that ε1(ω) will remain positive as ω  approaches 0; KK
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consistency requires that for ε1(ω) to go negative below 8 cm-1, σ(ω) would have to

sharply increase as ω  approaches zero. The excellent agreement between σ(ω) as

ω  approaches zero and σdc(300K), evident in the inset to Fig. 4 confirms the accuracy and

precision of the R(ω) measurements and indicates that such an increase in σ(ω) as ω

approaches 0 does not occur.

The positive dielectric function in the far-IR indicates that PPy-PF6 is a ‘dirty’ metal

with ωpτ~1; the overdamped plasma oscillation prevents the zero-crossing even at ωp. In

the critical (sample D) and insulating regimes (sample F), the overdamping of the plasma

oscillation is even more clearly evident.

The ω-dependences of σ(ω) and ε1(ω) shown in Fig. 4 are not consistent with those

reported by Kohlman et al.22,25,26 Based on reflectance measurements on PPy-PF6 samples

with transport properties comparable to those of sample A, a negative ε1(ω) with a zero-

crossing around ω ≈ 250 cm-1 was reported. However, the corresponding σ(ω) inferred

from their measurements extrapolates to ~600 S/cm as ω approaches zero, a value which

is a factor of two larger than the measured σdc (≈300 S/cm at 300K). The negative

ε1(ω) at low frequencies was attributed to the most delocalized electrons, and a Drude

response with an unusually long τ (≈10-11 sec) and mean free path (l~1µm) was inferred

for a small fraction of the carriers. Such a long mean free path at room temperature has

no precedent even in single crystals of pure metals such as copper and certainly not in
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disordered materials where the crystalline coherence length is only 20-50 Å. Thus, an

attempt to quantify the nature of the disorder in conducting polymers in terms of the

percolation of weakly connected “metallic islands” via amorphous regions must be

viewed with considerable skepticism.

Based upon Fig. 4, there is no zero-crossing in ε1(ω) down to ω ≈ 50 cm-1 even for

the most metallic sample (with ρr ≈ 1.7 < 2 and σdc(300K) ≈ 340 S/cm). The origin of the

discrepancy might simply arise from small errors in the absolute value of the reflectance.

The σ(ω) and ε1(ω) data shown in Figs. 4a and 4b do not exhibit the features of a two

fluid model. Instead, in agreement with earlier work,28,30 the optical constants are fully

consistent with the "localization-modified Drude model" (LMD). The suppressed

σ(ω) and the increase in ε1(ω) as ω approaches 0 arise from weak localization induced by

disorder. Moreover, the gradual evolution of σ(ω) from the insulating regime to the

metallic regime implies that the M-I transition proceeds in the context of the Anderson

transition. The σ(ω) data from the various regimes were fit with the functional

dependence predicted by the LMD model:

σLD(ω) = σDrude{1 -C [1 - (3τω)1/2]/(kFl)2}, (7)

where in the insulating regime, C=1 and in the metallic regime, C is determined by the dc

conductivity.  In this model, the additional parameter, kFl, is introduced in the first-order

correction term.31 Fig. 5 illustrates the excellent agreement of the fits to the data with the
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parameters summarized in the inset (except for the phonon features around 400 - 2000

cm-1 which are not included in the LMD model). There are small deviations for ω < 100

cm-1 (more important in the less metallic samples), below which phonon-assisted hopping

makes a measurable contribution to σ(ω) (and to the dc conductivity).

The parameters obtained from the fits are reasonable. The screened plasma frequency,

Ωp = ωp/(ε∞)1/2  ≈ 1.5x104 cm-1, is in good agreement with the frequency of the minimum

in R(ω), and τ is typical of disordered metals (τ ≈ 10-14 - 10-15 s). The quantity kFl is of

particular interest for it characterizes the extent of disorder and is often considered as an

order parameter in localization theory.31,32 For all four samples represented in Fig. 5, kFl ≈

1, implying that all are close to the M-I transition. As the disorder increases and the

system moves from the metallic regime (sample A with kFl = 1.38) to the critical regime

(sample E with kFl = 1.01), kFl approaches the Ioffe-Regel limit, precisely as would be

expected.  In the insulating regime (sample F) kFl = 0.94 < 1, consistent with localization

of the electronic states at EF.

4. Conclusion

The data obtained for metallic polymers indicate that they are 'disordered metals' near

the disorder-induced M-I transition. The critical regime, and the metallic and insulating

regimes near the critical regime, have been studied in detail. There is remarkable
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consistency between the conclusions obtained from transport studies and from IR

reflectance measurements.
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Fi g ur e 1:  S c h e m ati c pl ot of L o g σ  vs L o g T n e ar t h e M-I tr a nsiti o n.  A p pli c ati o n of a

m a g n eti c fi el d c a n t u n e m et alli c s a m pl e s a cr o s s t h e M-I tr a n siti o n, a n d pr e s s ur e

c a n t u n e i ns ul ati n g s a m pl es a cr oss t h e tr a nsiti o n.  Al o n g t h e criti c al li n e, σ = Τ β .
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Fi g ur e 2: ( L eft)  L o g ρ  v s l o g T f or P A NI- C S A; d ot s, H = 0, pl u s e s, H = 4 T, a n d

di a m o n ds, H = 8 T. T h e s oli d li n e r e pr es e nts ρ ( T) α T - 0. 3 6.  T h e i ns et s h o ws
t h e r esisti vit y vs m a g n eti c fi el d at 1. 2 K.

( Ri g ht) L o g ρ  v s  T 1/ 4 f or P A NI- C S A; d ot s, H = 0, pl u s e s, H = 4 T, a n d

di a m o n ds, H = 8 T. T h e s oli d li n e r e pr es e nts V R H wit h T o  = 5 6 K.
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 ( L eft) Fi g ur e 3: R( ω ) f or  P p y- P F s a m pl e A- F at 3 0 0 K. T h e i ns et s h o ws  R(ω ) of t h e

m et alli c s a m pl e, A, b el o w 1 0 0 c m - 1; t h e s oli d c ur v e w a s o bt ai n e d wit h a f ar-I R

i nt erf er o m et er,  t h e  tri a n gl e s  w er e  o bt ai n e d  wit h  a  s u b- m m  s p e ctr o m et er,  t h e

d as h e d c ur v e is t h e fit b y t h e H a g e n- R u b e ns f or m ul a wit h  σ = 3 1 0 S/ c m.

( Ri g ht)  Fi g ur e  4:  σ( ω) a n d   ε( ω); t h e  i n s et s  s h o w  t h e  s p e ctr a  i n  t h e  f ar-I R.   N ot e  t h e
e x c ell e nt a gr e e m e nt b et w e e n t h e d c c o n d u cti vit y a n d σ( ω)  e xtr a p ol at e d t o ω  = 0

fr o m t h e K- K tr a nsf or m.

F r e q u e n c y ( 1 0 3  c m- 1)
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Fi g ur e  5:   C o m p ari s o n  of  t h e  o pti c al  c o n d u cti vit y  wit h  t h e  t h e or eti c al  fit  t o  t h e

L M D m o d el a s d e s cri b e d i n t h e t e xt, wit h t h e p ar a m et er s s h o w n i n t h e i n s et.  T h e

s p e ctr a i n t h e f ar-I R ar e s h o w n i n t h e s e c o n d i ns et f or m or e d et ail e d c o m p aris o n.


