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Unusual semimetallic behavior of carbonized ion-implanted polymers
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We report a comprehensive charge transport study of ion-implanted rigid rod and ladder polymers
p-phenylenebenzobisoxazolp;phenylenebenzobisthiazole, and benzimidazobenzophenanthroline. The three
pristine materials are strong and stable polymers with a room temperature condugfiyityl0™ 12 S/cm.

After high dosage ion implantation using Kra carbonized and conducting layer forms on the surface of the
film samples withog>10% S/cm. The experimental results suggest that this carbonized layer is semimetallic
with unusual properties. The observed dc conductivity follen3) = oo+ Ao (T), whereAo(T) is weakly
temperature dependent and interpreted within the model of weak localization and electron-electron interaction
effects. The model reveals that the interaction effect is three dimensional for the experimental temperature
range(3—300 K), whereas the weak localization effect undergoes a dimensional crosseved & from three

to two-dimensions with decreasing temperature. The magnetoconductance, thermoelectric power, and micro-
wave dielectric constant results are all in agreement with this semimetallic model. In addition, all these results
consistently point to an enhanced interaction effect at low temperatures due to the reduced dimensionality of
the localization effect. It is concluded thats@? rich and three-dimensional interconnected carbon network
reformed upon ion implantation of the densely packed pristine polymers is responsible for the semimetallic
behavior[S0163-182(08)09231-5

I. INTRODUCTION phology of these implanted polymers. The ion irradiation
interrupts the original polymer structure by scissoring cova-
lon implantation is a well known industrial technique for lent bonds and driving heteroatoms out of the systee
modifying the electronic properties of semiconductbfs. tected by the outgassing of various gases during the
Some insulating polymers treated by this process also havgnplantation.? The extent of this interruption depends on
shown a change in their electronic properties, among whicReveral factors including the type and energy of the ions, but
was a very large ian(—i‘zase in the room temperature condugyimarily on the implantation dosage level. At high dosages,
t!Vltyl TRT from ~10"* to >10° Sicm after ion irradia-  the jmplanted system becomes highly amorphous. Experi-
tion."~* A general insulating conductivity mental results from x-ray diffraction, Raman scattering, and
_ x-ray photoelectron spectroscopy also suggest that the irra-
o(T)=exi = (To/T)’] D Giated samples are highly carboniZetf Therefore, one ac-
seems to be a common result from these earlier repctts. tually obtains a conducting layer of amorphous carbons in
Apparently, a disorder induced Anderson insulator-metalon implanted polymers.
transition is in progress in these systems upon ion implanta- It has been known that carbonaceous materials have a
tion. However, none of these earlier studies observed a truaide range of transport properties from insulating diamond
metallic phase in the systems studied as the temperature di& metallic graphite. In between these two opposite crystal-
pendence of the observed conductivity usually following Eqline forms of carbons, various amorphous carbons have
(1) is not metallic? A value of y=0.5 was frequently ob- shown conduction states covering the whole conduction
served and interpreted in terms of either quasi-onespectrum from the insulating end to the metallic end depend-
dimensional variable range hoppfngr tunneling between ing upon the type £p? or sp®) and order of C-C bonds of
metallic particles embedded in an insulating mediufthe  these systemSHence the structure and composition of the
difficulty in sorting out these results lies in the complex mor-reformed carbon networks in these implanted polymers are
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metallic conductivity is zer6° As a comparison, we also
studied low-dosage implanted PBO samples. These systems
exhibited an insulating hopping conductivity instead of the
metallic one presented in this paper. Obviously, the low-
dosage samples are on the insulating side of an insulator-
metal transition controlled by ion implantation dosa@e.

The combination of interaction and localization effects
are more clearly revealed in the magnetoconductance results.
At T>30 K, magnetoconductancAo(H,T) is positive,
typically observed in disordered metals or doped semicon-
ductors with a dominant weak localization effé¢tAt lower
temperatures, the magnetoconductance data changed sign
from positive to negative, apparently due to an enhanced and
dominant interaction effect. This change of dominance from
localization effect to interaction effect with decreasing tem-
X perature results from a reduction in dimensionality of the
FIG. 1. Pristine structure of PBO, PBT, and BBL polymers. localization effect_ at Iow_ temperatures. The _thermoelectric
power data are linear with temperature at higher tempera-

essential in determining their conduction properties. In othefures, which is usual for a metallic system. The low-
words, whether a reformed carbon network is 2D/3D interteémperature thermopower data deviate from this linear tem-
connected or resumes more or less the original polymeric 1[9€rature dependence and change toTadgpendence. This
chain-like structure and whetheip? or sp® bonding domi- ~ unusual change in thermopower data is also explained in
nates are the factors determining its transport properties. O¥'ms of the enhanced electron-electron interaction effect,
the other hand, these two aspects of a reformed carbon nethich causes a depletion in the density of states at the Fermi
work are closely related to the pristine polymer backbond@vel at low temperatures. The microwave dielectric con-
structure that serves as a base for the reformed carbon né&f@nt results of these systems are positive and large0f)
work after ion implantation. over the whole temperature range, also consistent with the
In this paper we report a comprehensive transport study oiveak localization modet'? The low-temperature dielectric
ion-implanted  p-phenylenebenzobisoxazole (PBO),  constant T<40 K), decreasing more rapidly with tempera-
p-phenylenebenzobisthiazol®BT), and benzimidazoben- ture due to the decreasing density of states at the Fermi level,
zophenanthrolinéBBL) polymers. The three pristine mate- Provides yet another piece of evidence for the enhanced in-
rials are strong and stable polymers with their polymertéraction effgct in this temperature region. Therefore, all
chains densely packed on the microscopic level, which is &1€se experimental results consistently demonstrate that
key difference from other polymers used in the earlierthese implanted polymers are on the metallic side of the
studies>® PBO and PBT are rigid rod polymers and BBL is Anderson transition with a unusual low-temperature phase
a ladder polymer so named because of the two covalerfiharacterized by an enhanced electron-electron interaction

bonds between repeating unit§ig. 1). These pristine €ffect due to a reduced dimensionality of the localization
polymers have a room temperature conductivig;  effect. The difference between these implanted polymers and

~10"'2 S/cm. After implantation using high-energy Kr thg ones studied earlfet is the pristine s_tructure (_)f these_
ions at a high dosage, theify increases about 14 orders to 9id-rod and ladder polymers that provides a microscopi-
>10? S/cm. Yet the most drastic result from this study is theC@lly compact carbon backbone for the reformed 3D inter-
temperature dependence of the conductivity. Instead of theonnected andp? rich carbon network responsible for the

normally observed hopping or tunneling conductivigg. ~ Semimetallic behavior.

(1)] of the earlier ion implanted polymers, these implanted

rigid-rod and ladder polymers have a very weak temperature- Il EXPERIMENT
dependent conductivity. The conductivity data fit best to a '
semimetallic modeb(T)=o0y+ Ao (T), where the tempera- The pristine PBO, PBT, and BBL polymers were obtained

ture dependent correction terho(T) is due to the electron- in the form of aggregated films, free standing and about
electron interaction and weak localization efféttsthrough 50 um thick (supplied by the Polymer Branch, Materials
the fitting parameters obtained from the conductivity dataDirectorate, Air Force Research Laboratory, Dayton,)OH
this model reveals that the electron-electron interaction confhe synthesis and processing of these polymers were pub-
tribution is three dimensional over the experimental temperalished previously® The implantation was performed by a
ture range 3-300 K. However, the weak localization correcVarian 400-AR ion implantor at Honeywell Systems and Re-
tion effect, additive to the interaction correction effect, issearch Center, Minneapolis, MN, using 200 K&Wr*
found to experience a dimensional transition from three diions at an ion beam current density of.&/cm? and ion
mensions at temperatures above0 K to two dimensions at dosage of & 10'®ions/cnt. The implantatiof creates a
lower temperatures. The extrapolated zero-temperature cogenducting layer[~0.1—0.2 um thick, estimated from
ductivity o(T—0) of these samples is smaller than that usu-scanning electron microscogsEM)] on the surface of all
ally observed in disorder metals as well as 3D Mott's mini-three film samples. The dc conductivity and magnetoconduc-
mum metallic conductivity; however, it is within the scope tance measurements utilized a conventional four-probe pla-
of the more recent scaling theory in which the minimumnar sample configuration with gold wires and silver paint
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FIG. 2. dc conductivity results-(T) of the implanted PBO, FIG. 3. w plot of the implanted PBO, PBT, and BBL polymers.
PBT, and BBL polymers.
- d{In[a(T)]}
used and the data were taken from a computer controlled w(T)=10g10 “d[n(m] @)

current source(Keithley 220 and a multimeter(Keithley

195A). The magnetic field up to 7.5 T was provided by a ) ) o .

Janis Supervaritemp Dewar flask. The temperature in thes¢ersus 10g«(T). For an insulating conductivity with the gen-
experiments was controlled from 3 to 300 K using liquid €ral form of Eq.(1), thew plot yields a straight line with a
helium in the Janis Dewar flask by a LakeShore DRC g2d"egative slope-y (y>0). For example, the activation type
Temperature Controller and LakeShore DT500 thermoserRf conduction of semiconductors would give rise fo=1
sors. The microwave dielectric constant was measured by @d Mott's variable range hopping conduction fe=1/(1
cavity perturbation technigié using a homemade cavity *d). where d is the dimensionality of the sample
(TMgyo mode at 6.5 GHewith the microwave source pro- concerned. Eor dlsor(J!ered metals or doped semiconductors,
vided by a Hewlett-Pachard 83508 Sweep Generator. The@ Semimetallic behavios(T) =oo+Ao(T) has been com-
moelectric power experiment used a sample holder similar tgnonly observed:*'***The w plot of such a temperature-
that of Ref. 15 and the data were recorded by two Keitmeyﬂependent conductivity yields a curve with a positive slope.
180 nanvoltmeters and a Hewlett-Packard 7004 re- Figure 3 shows thev plots of the three samples. None of
corder. A standard copper-tungsten thermocouple was usdfe curves possesses a negative slope over the whole tem-
to measure the temperature gradient across the samphgrature range. In other words, theseplots exclude the
achieved by heating one of the two sample mounting quartgeneral hopping or tunneling conduction mechanism (E&p.
blocks wrapped with heating wires using a Keithley 220 cur-for these implanted polymers. In addition, the fitting of the
rent source. The temperature control for these two expericonductivity data to a weak localization and electron-

ments is similar to that of the conductivity experiments. ~ €lectron interaction model to be discussed in Sec. lllA3
yields a nonzero conductivity at zero temperatgbrude

conductivity o) for these systems. The& plot and nonzero
Il. RESULTS AND ANALYSIS o results together provide direct evidence that these three
implanted polymers, in the form of reformed carbon net-
works, are on the metallic side of an insulator-metal transi-
tion. Hence these implanted polymers are qualitatively and
1. Conductivity and the w plot quantitatively different from the previously studied im-

Figure 2 plots the temperature-dependent dc conductivitp'@nted polymers that have a zero conductivity at zero tem-
results of the three implanted polymers. A sample thicknesBerature and are O_b,V'O‘?fSW on the insulating side of an
of t=0.15um estimated from a measurement of 0.1-0.2 Insulator-metal transitiof;
<um by SEM was used to calculate all conductivity data.

The three sets of data are very similar in magnitude and 2. Scaling theory of localization and the Coulomb
temperature dependence. The difference between the three interaction model

results,<5%, is well within the experimental errors in the  Nymerous experimental studies of disordered metals such

sample Qimension measurements. The similarity between theg alloys and doped semiconductors suggest that a scaling

electronic properties of these three implanted polymers sugneory of localization and electron-electron interaction is uni-

gests that the conducting carbonized layers formed fromyersa| in describing various disordered metallic systéfns.

three different pristine polymers are similar as far as the typerhis model predicts that in such a semimetallic system the

and order of C-C bonds are concerned. o temperature dependent correction terms, arising from local-
These weakly temperature-dependent conductivity dat@ation (L) and interaction k) effects, are additive to the

have a conductivity ratiaggy/c(4 K) less than a factor of 2 p,de conductivityo, in the lowest order,

for all three materials. In order to reveal the exact tempera-

ture dependence of the conductivity, a procedure employed

by Ref. 16 is used, which is to plot the quantity o(T)=og+Ac (T)+Ac(T). 3

A. dc conductivity
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TABLE I. Fitting functions applied to the implanted PBO conductivity data and the corresponding fitting
errors[Eq. (8)] for three different temperature ranges: 3—300 K, 3—-30 K, and 30—300 K.

a(T) Errors(3—300 K Errors(3—30 K Errors(30-300 K
oo+ BIn(T) 27.4 45%10 2 11.0
oo+ mTH2 0.827 0.449 0.61
oo+ mTY2+ BIn(T) 0.826 2.3x 1072 8.60x 102
oot mTY2+ BT32 0.687 5.1%1072 1.07X10°2
The localization correction term due to coherent back- o(M=0g+ATP or o(T)=0y+AIn(T). @

scattering processes in between dephasing inelastic scattering _
events, characterized by the Thouless lerigth, is given  These two temperature dependences have been reported in

by?:° many disordered metallic systefh$However, these func-
tions do not fit the data of these implanted polymers well
2 e? over the whole temperature range. Using the implanted PBO
ActP(T)=—; =—T" (4)  conductivity data as an example of various fittings, Table |
2mhilyy 2amh lists some related and meaningful fitting functions with their
corresponding fitting errors. The fitting error is given by
- e? 1 apé€?
Ao"(T)=——~In =52 In(T) (5) N
27h Th/  27°h N [o—o(T)]? (8)
i=1

for the 3D and 2D cases, respectively, wharend « are _ _ . _
fitting parameters. The value af should be close to 1The ~ whereN is the number of data points anq is theith mea-
Thouless length is given by,=(D7,,)¥2 whereD is dif-  sured conductivity atT. The addition of one more
fusion constant and;,<T~P, p>1, is the inelastic scat- temperature-dependent term to Ed) not only is desirable
tering time®® The Thouless length is used to determine theto lower the fitting error but also stays within the theoretical
dimensionality of a sample. For an electronically thick or 3punderstanding of weak localization and electron-electron
system, the Thouless length should be less than the sampléeraction:*~*?As shown in Table I, the two correction term
thickness, i.e.L.tp<t; butif t<Lyy,, the sample is electroni- functions generally lower the fitting errors over those with
cally thin and 2D for the localization effedtit should be just one correction term. However, further fitting analysis
noted that factorp makes a difference in the temperature shows that the two correction term functions work better in
dependence of the weak localization eff@f [Eq. (4)] for ~ €ither of the two subtemperature regions 3—30 K or 30-300
by this theory at 3/2, 2, and Bdepending on whether temperature$3—-30 K), while function(4) fits best at higher
electron-electron scattering in the dirty limitharacterized teémperature30-300 K. The fitting of the implanted PBT
by T<r,' where 7, is the elastic scattering timeclean ~a@nd BBL data yields similar results.
limit (T> 75 1), or electron-phonon scattering dominates the The above fitting analysis eventually leads us to the fol-
inelastic sc?attéring rate, respectivély lowing model, which fits the observed conductivity data al-
The interaction correction term to the Drude conductivitymOSt perfectly over the whole temperature rafige:
o, for a 3D case is given by

o(T)= 0o+ mTY2+ BIn[sinh(T/c)¥?], 9
3d e’ 134 3 kgT whereoq, ¢, m, andB are fitting parameters. Table Il lists
Aoi(T)= ar?h 23 2 V7D’ 6  these parameters and the fitting errors for fittings from 3 to

300 K for the three implanted polymers. Figure 4 plots the
whereF is electron screening factdrin the presence of a conductivity data of the implanted PBO and the fitting func-
strong electron screening such as in metéls,1, while for ~ tion of Eq.(9), using the parameters from Table I, showing
little or no screening such as in strongly localized systemsan excellent match.

F=02 The Coulomb interaction effect has a different char- WhenT>c, Eq. (9) becomes

acteristic length_ .= (AD/kgT)? for judging its dimension-

ality in a samplé. That i, if L.<t, it is 3D and ifL >t it is o(T)=0o+mT"*+B'T%, (10

2D for this effect. where o= 0y—BIn(2) andB’'=Bc %2 When T<c, one

3. Fitting of the dc conductivity data obtains the low-temperature asymptote

From the shape of the weak temperature dependence of o(T)=oy+mT2+1.58In(T), (11
the conductivity datdFig. 2), it is very suggestive to fit the
data to functions where o= op—1.58In(c).
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TABLE II. Fitting parametersoy, m, B, and c of Eg. (9) for the implanted PBO, PBT, and BBL
conductivity data(from 3 to 300 K. The last two columns are calculated at 300 K.

Sample go (Slem m(SlemK¥?) B (S/cm) ¢ (K)  Eror  mTY%¢, B'TYo}

PBO 113 4.15 0.787 59 0.43 0.64 0.075
PBT 112 3.84 0.725 56 2.43 0.60 0.076
BBL 111 4.05 0.722 57 0.15 0.63 0.074

Equation(10) suggests that at high temperatures the elecand by comparing the coefficient of the T(term of Eq.
tron conduction is characterized by a weak localization effect11) (1.58 andB from Table 1)) with that of Eq.(5), respec-

[the T%2 term, comparable to Eg4)] and an interaction
effect [the T2 term, matching Eq(6)] in addition to the
Drude conductivity with both effects in a 3D case. By com-
paring T¥? with TP of Eq. (4) for a 3D weak localization
effect, one obtainsp=3, which indicates that electron-

phonon scattering dominates inelastic scattering in these ma-

terials(see Sec. Il A 2 Similarly, Eq.(11) suggests that at
low temperatures the weak localization effgtie In(T) term,
matching Eq(5)] is 2D, while the interaction effedthe T2
term) is still 3D. Therefore, the fitting of Eq9) from 3 to

tively,
e2
=Bc ¥71%, (13)
2m2h Ly
P (p=3) (14)
2%k . P ,

one obtains the Thouless length, and factora. Similar

300 K reveals that the weak localization effect changes itditting results are obtained for the three implanted polymers

dimensionality from 2D to 3D with increasing temperature,

and are listed in Table IlI.

while the interaction effect remains 3D throughout the whole

temperature range. A detailed analysis of this dimensional

transition will be given in Sec. lll A 4.
By comparing the fitting parameten of the T? term in
Eqg. (9) (given in Table 1) with the coefficient of Eq(6),

2

e 134 3
( (12

47°h \/E 3 2
one obtains the upper limit for diffusion constdnt(listed in
Table IIl), assuming a bare electron screening case, k.e.,
=0, in these amorphous systeltsge the discussion in Sec.
[l A7 below). From the value oD, one can calculate the
Coulomb interaction characteristic length= (2D/kgT)*?
(upper limit). TheL, values of the three materials 2K are
also listed in Table IlI.

In a similar manner, by comparing tig T%2 term of Eq.
(10) (B’=Bc %2 B, andc from Table 1) with Eq. (4)

200
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100 I I 1 1 I
100 150 200 250
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FIG. 4. dc conductivity of implanted PBQircles and fitting
function (9) using parameters from Table ($olid lines.

4. Validity of the model

The fitting parameters obtained in the preceding subsec-
tion allow us to verify this model as well as look into the
physics governing these materials. For the fitting results to
make sense according to the thedrhe localization[the
T%2 or In(T) term] and interaction(the T*? term) effects
should be first-order corrections to the Drude conductivity in
the concerned temperature range. As shown in Table Il, these
two effects are indeed approximately first-order corrections
to the zero-temperature conductivity up to room temperature.
Here only the 3D case of the localization effect is tested
since the 2D case exists only at low temperatures. Another
direct fitting result, the parameterin Eq. (5), turns out to be
very close to unity(Table Ill) just as predicted by the
theory®

As suggested by th&'? terms in Eqs(10) and(11), the
Coulomb interaction effect is 3D over the whole temperature
range 3—-300 K. According to the thechthe interaction
characteristic length .= (A D/kgT)Y? should be shorter than
the sample thicknegsfor a 3D system. Using the diffusion
constantD from Table IIl, a shortL,~110 A, is obtained
even at 3 K. This length is more than one order of magnitude

TABLE lll. Values of L1y, Ts, Dy, L, anda obtained from
the fitting parameters of Table [T is the temperature at which the
Thouless length. 1, equals the sample thickned3,, is the upper
limit for the diffusion constant, assuming the screening factor
=0. L= (ADy/kgT)*?is calculated at 3 K.

Sample Ly (M) Ts (K) Dy (cm?ls) Lo BK) (A) «

PBO 7.1x10°°T7%2 60.7 0.43 105 1.11
PBT 7.1x10°°T7%2 60.9 0.51 113 1.03
BBL 7.3x10°°T7%2 621 0.46 108 1.03
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shorter than the sample thickness(~1500 A) of these o*(T-0)
samples. At higher temperatures, is even shorter; thus the A
interaction effect should be 3D fno 3 K and above.

Mott's model

«——>

According to the weak localization theory, the power localized  :extended
dictating the temperature dependence of the Thouless length region iregion
L4

L+n= T~ P2 is determined by the nature of dominant inelastic (insulators) : (metals)

scattering processFor example, Refs. 18 and 22 reported :

cases of p=2 for doped semiconductors, suggesting

electron-electron scattering in the clean limit as the dominant ,sa

inelastic scattering for these systems. Other valueg>el minf T .

have also been reported for a variety of disordered metallic ‘

systems?2° The fitting of Eq.(9), working best withp=3 :

for these implanted materials, suggests that electron-phonon ©

scattering determines the inelastic scattering rate in these

systems. This result is consistent with the amorphous nature —

of the reformed carbon network of these implanted polymers. EC EF E

In such a highly disordered system, one would expect

electron-phonon scattering dominating electron-electron FIG. 5. Continuousbroken ling and discontinuoussolid line)

scattering. More discussion on this point will be given in Metal-insulator transition models of the minimun metallic conduc-

Sec. Il A 6. tivity. E. is the mobility edge separating the localized region or
The dimensionality of the weak localization effect is de- insulators from the extended region or metals.

termined by comparing the Thouless length, (Table III)

with sample thickness. Taking implanted PBO as an ex- 0 ”ez

ample, at Tmin=C 77 (17)

— —5T—3/2__
Lrn=7.1x107°T"""=t, (15) respectively, wherey is the microscopic length scale in the

one can calculate the temperatiffe: T, that separates the Problem and coefficient” varies slightly according to dif-
2D phase from the 3D phase. As shown in Table T},  ferent authors!?* Reference 24 obtained universal values
=60 K is obtained for all three implanted polymers. For for ¢’=0.07+0.01 andc”=0.11+0.02. From a 3D point of
>Ts, one had,<t and the system is 3D for the localiza- VieW. usingc’=0.07 and a typicasp? C-C bond lengtta,

tion effect; forT<T, the system is 2D for this effect, sat- =1.4 A, o,~1.3x10° S/cm is obtained, which is much
isfying the conditionLy,>t. The fact that the value of;  larger than the observed zero-temperature conductivity.
matches the fitting parameter of Eq. (9) (Table I)) very ~From a 2D point of view, Eq.(17) yields ofp,=2.4
well for all three samples shows that this model is self-X10 > S, which is sample dimension independent. The ob-
consistent. However, it should be noted that the Thoulesserved 2D zero-temperature conductivity is given-b$10
length or inelastic scattering time obtained from these im-xt=1.7x10"% S, which is larger than the predicteg?,,.
planted polymers is larger than that of doped semiconductors The above comparison between the minimum metallic
or disordered metaf$-202223Thijs difference can be ex- conductivity with the observed value in the 3D case seems in
plained by the fact that in all those cases, the inelastic scatdolation of Mott's metal-insulator transition model in which
tering rate is dominated by electron-electron scattering irthe mobility edgeE marks the transition wittoP(T—0)
either the dirty(yielding p=3/2) or clean(yielding p=2)  changing fromo2C. to zero abruptly(Fig. 5).}” However, the
limit, whereas in these implanted rigid-rod and ladder poly-more recent scaling theory of localization predietd®(T
mers electron-phonon scattering dominates the inelastic scat-0)oc(E— E)*.>!° Thus the insulator-metal transition is

tering rate(yielding p=3). continuous ina*°(T—0) from the scaling theory point of
o . o view rather than discontinuous as predicted by the Mott
5. Mott’s minimum metallic conductivity model. In other words, any finite conductivity at zero tem-

The dc conductivity results presented above and other exerature indicates a metallic system according to the scaling
perimental result§to be presented belovall suggest these theory. Figure 5 illustrates these two different models. The
carbonized systems are on the metallic side of an insulatogarlier studies on insulator-metal transition in doped semi-
metal transition. However, the zero-temperature conductivitgonductors have reported similar finite zero-temperature con-
of these implanted polymers;-110 S/cm (calculated at duct|v8|t£§é smaller than the Mott minimum metallic
thicknesst=0.15um, or ~80—160 S/cm fort between Value’ ™
0.2-0.1um), is considered only moderate as compared to

that of disordered metals;10°~10* S/cm, even though 6. Conduction electrons and the reformed carbon network
they exhibit a similar semimetallic behavfdf. The Mott The above analysis of the conductivity results leads to
minimum metallic conductivities in 3D and 2D cases areggyeral conclusions. The smallef®(T—0) indicates that
: 17 . ’ . .
given by these carbonized systems are just over the insulator-metal
2 transition boundary into the metallic side. In other words, the
o3P —¢’ € (16) Fermi energyEr just passes the mobility edde: and lo-
mh " fag cates in the extended state regiéig. 5. As a result, these
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systems have fewer extended electrons, or a smaller condue-3.54 A (Ref. 25 and BBL ~3.37 A 2° Highly disordered
tion electron density, than the more metallic systems. Thismorphous polymer films, such as the ones used in the ear-
conclusion is consistent with the fitting resultp& 3, indi-  lier ion implantation studies, lack such local order and dense
cating electron-phonon scattering dominating the inelasti®acking of the polymer chains. This dense packing provides
scattering rate in these materials. As mentioned earlier, vaR foundation for the 3D interconnected carbon network after
ues ofp other than 3 have been reported for more metallidmplantation. The similar electronic properties of these three
systems, which indicates dominant electron-electron scattef™Planted polymers suggest that they have similar final re-
ing in these system&-2°22For a highly disordered system formed ca_rb_on networks probably resulting from similarly
with a small free-electron population, electron-phonon scatP@cked pristine polymers. For the loosely packed polymer
tering is more likely to occur than electron-electron scatterS&mples, the reformed carbon network after implantation
ing. likely resumes the 1D_ chainlike structure of the pnglnal
However, where do these extended electrons come frorpolymers. The conduction state of these systems will not be
in the implanted polymers? Dresselhaus and co-wofkers®S metal!ic as the 3D struc'tures. This analysis can account
proposed that the ion bombardment results in breaking ofo" the difference between implanted PBO, PBT, and BBL
various bonds and scission of polymers chains and creaté®d the earll,er implanted polymers. In many of the earlier
free radicals and charged centers along the original polymd€POrts, Mott's 1D variable range hopping model was found
backbone. A concentration of charged carriers must be ger fit the experimental results we:
erated simultaneously to maintain the charge neutrality and
give rise to the electron conductivity. However, these charge
carriers are most likely to be strongly localizéds men- It has not escaped our notice that the Coulomb interaction
tioned above, their reports showed the insulating hoppingffect manifests in the conductivity results of these im-
conductivity of Eq.(1)]. The free-electron gas in implanted planted systems at room temperature and maybe higher. A
PBO, PBT, and BBL must form from a different route. Re- similar interaction effect has been observed in many disor-
call that ion implantation expels heteroatoms out of thedered metallic systems, usually below 100 K or at much
samples, for example, N and O atoms from PBO. As a resulipwer temperature$?’ This difference can be explained by
a system containing mostly carbon reforms after the implanthe relative extent of disorder and degree of electron screen-
tation process, with new C-C bonds forming in eits@f or  ing of a material. In the more metallic systems such as dis-
sp® hybridized orbitals. The large number of unsaturatedordered metals and doped semiconductors, the Fermi level is
bonds in the three pristine polymeiSig. 1) dictates that the deep into the extended region with a larger free-electron den-
reformed carbon network is likelgp? dominant. It is these sity and the localization effect due to disorder is not as strong
sp? carbons with their unpaired electrons that contribute as in the highly amorphous systems. Under this circum-
to a free-electron gas in these implanted materials. stance, the electron screening is strgiig=1 in Eq. (6)].

However, for these systems to be metallic, these electronBherefore, in order to observe the interaction effect, one has
have to be able to extend over the whole sample. We propode reach lower temperatures. For the more amorphous sys-
a scenario that quasiplanar patches of graphitelike structuréems on the other hand, it is the opposite situation. The stron-
from sp? carbons form in these implanted systems and arger localization and smaller conduction charge density lead
interrupted three dimensionally by the randomly distributedto a weak electron screening-€0). Thus the interaction
sp°® sites. The overlap between the adjacent extended wawffect is not as suppressed at higher temperatures as it is in
functions from the neighboring graphitelike structures isthe more metallic systems.
strong enough for the delocalized electrons to percolate
through the entire sample. When the Thouless length is B. Magnetoconductance
smaller than the sample thickness, this 3D interconnected
carbon network is electronically thick or 3D electronically,
while as the Thouless length increases with decreasing te
perature and surpasses the sample thickness, the implan
layer becomes 2D electronically even though the structure i
3D in nature.

The factors in determining the electronic properties of the
implanted polymers are several fold. First is the ion implan- o= Oxx (18)
tation process, which includes the type of ions, its energy, XX '
and implantation dosad@.The second factor that may cause
a difference is the chemical composition of a polymer. Thewhere o, is the quantity to be compared with theory and
amount and type of heteroatoms and number of unsaturated,,=RyHoy/(1—-0y,) is the Hall conductivity, in which
bonds in a polymer will affect the formation of the reformed Ry is the Hall coefficient® A measurement of Hall coeffi-
carbon network and its electronic properties. Finally is thecient was conducted at 4.2 K. The exact Hall signal was not
packing compactness of the pristine polymer chains in the@btained due to a large noise-to-signal ratio. However, the
samples. Polymers PBO, PBT, and BBL, well known forupper limit of the Hall coefficient can be estimated at
their superior stability and mechanical properfigare very 108 Q m/T with an applied magnetic field =7.5 T. Using
densely packed samples with a partial local order. For inoy=04.=50 S/cm, one obtains,,< 103 S/cm, which is
stance, x-ray studies show that polymer PBT has a packingnuch smaller thamr,,. Thus oy, can be neglected in Eq.
order, or distance between adjacent cofacial polymer chaingl8), which yieldso,,= 1/pyy.

7. Long-range Coulomb interactions

Magnetotransport has been a very useful experimental
nJiQOI to probe the localization and interaction effects in con-
@Hcting material§:® In this experiment, the measured quan-

ty is actually the resistivity tensas,,, which is related to
the conductivity by

2
Oyt Oxy
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' ' ' At higher temperatures, the magnetoconductance should be

0.0 Mgi —
‘x*}".x,é}m
— o Ao(H,T)=Ac®°(H,T)+AcP(H,T (20)
E —0.5 ‘ux”‘:&i‘&vv - O'( ) ) O-l_ ( I} ) 0-| ( [} )
[ "ox)z(AXAXV
S~ A AAZ . .
z o :’-‘i*g,,fa,m In the presence of an external magnetic field, the phase
= '°r «PBO (1 | H) "~.‘:x.fb';gg coherence in backscattering of the weakly localized regime is
oy » PBO (I || H) "‘&,&f destroyed, leading to a negative magnetoresistance or posi-
T Tt® T .BBL RSN tive magnetoconductance for the efféétFor 3D and 2D
= v PBT e g cases, magnetoconductance due to weak localization is given
<b, —2.0 | .'. xAAvw_ by9
_o.5 ! 1 1 o . eZ
o 2 4 6 8
Ao (H,T)= ———f3(x), (21
H (T) - 2m2hLy
FIG. 6. Magnetoconductance of the implanted PBO, PBT, and o2 1
BBL at4.2 K. AoP(H,T)= ¢(—+x —In(x) (22)
L 1 2 2 1
27°h

Magnetoconductance  results Ao(H,T)=o0(H,T) [espectively, Where<:Lﬁ/4L$h%4T3/H, L= (hcleH

— 0, (0,T) of the three samples were obtained at severa : . : :
temperatures between 2 and 40 K as a function of the applieI the_: fleld—depend_ent_ dephasmg lengghjs the d'g"?‘mma
unction, andf;(x) is given in Ref. 9. The asymptotic form

magnetic fieldH (up to 7.5 T). No significant magnetocon- . ; . . .
ductance could be observed at higher temperatures. Figureoé Eq. (22) is of interest for comparison with the experimen-

plots the magnetoconductance results of the three implantétaI data. At the high-field and low-temperature limit, it is
polymers at 4.2 K. As one can see, the three samples hava'€" by

similar magnetoconductance results. In addition, the magne- 4T3

toconductance data measured at field perpendicular to the Ao?P(H,T)=In(H) for ——<1, (23
current HL1) and at field parallel to the currenH(1) are H

almost identical. These two measurement results of the imwhich is temperature independér?t.

planted PBO are also shown in Fig. 6. The similar magneto- For the Coulomb interaction effect, the Zeeman spin split-
conductance for the three samples again suggests that tfg effect gives rise to a negative magnetoconductérice.
reformed carbon network is similar in the three samples afteg 3D casé€,

implantation. Figure 7 plots the magnetoconductance results

)1/2

of the implanted PBO at different temperatures. As one can e?F ke T
see, the magnetoconductance changes sign from negative at ActP(H,T)=~ — 27593 (24)
lower temperatures<30K) to positive at higher tempera- 4k
tures &30K). whereh=gugH/kgT=1.34H/T and
This change of sign of the magnetoconductance results
can be explained using the same model of Sec. Il A 3. From H
the discussion of the conductivity fitting, we conclude that vh-13  for ?>1
the weak localization effect is 2D at low temperatures and gs(h)=
the interaction effect is 3D over the whole temperature range 0.05%h2 for ;<1_

3-300 K. Thus, in the low-temperature region,

Thus the asymptote of E@24) in the same limit as for Eq.
Ac(H,T)=Ac?P(H,T)+AcP(H,T). (19 (23 is

e’F  /gus
3D _ 12
AoP(H.T)== 5 pH

g 1'392F\/kBT for Ds1 (25
~ —_—\ —>

e L ] +4772ﬁ 55D or T . (25
=

= 42 K Therefore, at low temperatures and high fields, 8®)
: _= L o4 K N has an asymptotic behaviffrom Egs.(23) and (25)]

5 .

Ao (H,T)=CqIn(H)— C,HY?+C,TY2, (26)

-3 ! ! — Although the experimental conditions T€2-40 K,
H=0-7.5 T) do not match the asymptotic limit for Eq®3)
and(25), we can still use E¢(26) for a qualitative compari-

FIG. 7. Magnetoconductance of the implanted PBO at differentson with the experimental data. Apparently, the observed
temperatures. negative magnetoconductance of these samples at low tem-

H (T)



PRB 58

peratures is due to a dominant interaction efféice second
and third terms of Eq(26)]. Thus, with decreasing tempera-
ture, the magnetoconductance given by ) will become
increasingly negative. This is exactly what we see in the
experimental datéFig. 7). At higher temperatures, the mag-
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o PBO
» BBL
+ PBT

netoconductance becomes positive, suggesting a change of
the dominance from the interaction effect at low tempera-
tures to the localization effect at higher temperatures. This « 2 é;
change of dominance will be further reinforced by a cross- %@& 3
over of the dimensionality of the localization effect from two U Y
to three dimensions with increasing temperature. However, it

is noted that the observed magnetoconductance changes sig! o L L L L 1 !
(~30 K) below the dimensional transition temperatdrg

~60 K (Sec. Ill A 3). The explanation of this occurrence is (@
that such a dimensional crossover is not an abrupt transition, s
but rather a gradual one. Near the crossover region, both °,
dimensions contribute to the observed magnetoconductance
and it is the interplay between the two that determines where
it changes its sign.
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o
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C. Thermoelectric power

S (1V/K)

N
I

Thermoelectric power due to free electrons is giveffby ’ wda o PBO

21,2 » BBL _
kg T

3e

ding(E)
dE

(27) ®f - o
o 1 1 1
0.10 0.

S(T)=-

Ee

.20
For metals, a linearly temperature-dependent thermopower (b)
S(T)=T is a well known property® For a semiconductor .
with a small band gap, the thermopower is proportional to 1/ FIG. 8. (a) Thermoelectric power data versus temperature of the
T.28 Figure 8 shows the thermopower resul€l) of these implanted PBO, PBT, and BBL(b) Thermoelectric power data

three implanted polymers as a function of temperature. ApY¢™!S 1r.

Pha;fmngéb\f:e(arsri:slmg lanted polymers have almost |dent|catljsed to explain a similar observed thermopower result in

As one can see from Fig.(&, the higher-temperature palladium film samples near an insulator-metal transitfon.

thermopower data followS(T)=T behavior. This linearly
T-dependent thermopower is consistent with the conductivity
and magnetoconductance results in exhibiting a metallic be- Dielectric response is another useful experimental tool for
havior of these carbonized systems. However, the lowprobing the transport properties of a conducting material.
temperature thermopower data increase with decreasing terfigure 9 plots the microwave dielectric constant results of
perature and follow S(T)«<1/T [Fig. 8b)]. Thus the the implanted PBO and BBL. The two results have a similar
thermopower of these implanted polymers can be describe@mperature dependence, but with a somewhat larger differ-
by ence in magnitude as compared to that between the conduc-
tivity and thermopower results of the two samples. This dif-
ference is due to a larger measurement uncertainty of the
cavity technique. The dielectric constant result calculated

T (K™")

D. Microwave dielectric constant

S bz
(T)=by T+,
where fitting parametersh;=6.73x10 3uV/K and b,
=29.6uV are obtained for the three implanted samples.
There are two possible contributions to the increase of the
thermopower at low temperatures. One is the phonon drag
effect, observed frequently in met&fSHowever, this effect
only causes a “bump” in the low-temperature thermopower, w
which still goes to zero as the temperature is further de-
creased. The more probable contribution is from the en-
hanced Coulomb interaction effect at low temperatures due
to a reduction of the dimensionality of the localization effect
as seen in the magnetoconductance results. It has been
shown that the long-range electron-electron interaction effect
causes a depletion in the density of states at the Fermi
level!! Such a depletion in an insulating system will resultin ~ FIG. 9. Microwave frequency6.5 GH2 dielectric constant re-
a “Coulomb gap” effect!!?° For example, this effect was sults of the implanted PBO and BBL.

(28)
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from the experimental parametefshifts in the resonance IV. CONCLUSION
frequency and) is very sensitive to the sample dimensions:

A small difference in dimerFEASion_s can result in a significanty;on_qosage jon implanted PBO, PBT, and BBL polymers
deV|at|0n_|n the _flnal resutt. This experiment also has a |eyeqs that these carbonized systems are semimetallic with
larger noise-to-signal ratio f[hat.results in a more scattered,, ,nusual low-temperature phase. The conductivity, magne-
data curve as one can see in Fig. 9. . toconductance, thermopower, and microwave dielectric con-
Even with a larger measurement error, it can be seen thaants results consistently conclude that these implanted
the dielectric constant results of the implanted polymers ar@olymers are on the metallic side of an insulator-metal tran-
large (>10%) over the whole temperature range. Previoussition. The weakly temperature-dependent conductivity data
dielectric response studies on doped and highly conductinfit best to a semimetallic model with an electron-electron
polymers have shown that they have large positive dielectriinteraction and weak localization effects dominating the
constantsup to 10).123132For a truly metallic system in- charge transport. This model shows that the electron-electron
cluding metallic conducting polymers, the dielectric constaniinteraction contribution is 3D over the whole experimental
is negative at this frequenc®® Therefore, the large dielec- temperature range, while the weak localization effect
tric constants of these implanted materials are also consisteabanges its three to two dimensions with decreasing tem-
with the semimetallic model. perature aff ;~60 K. The parameters obtained from the fit-
The observed dielectric constants of implanted PBO anding of the conductivity data are within the theoretical pre-
BBL share a similar temperature dependence. At temperéjlctlons concerning th_e dimensionalities (_)f the two eff_ects.
tures above-40 K, both sets of data are weakly temperatureAn €nhanced interaction effect due to this reduced dimen-
dependent and at lower temperatures, both results decreagi@nality of the localization effect showed systematically in
with decreasing temperature more rapidly, as schematicallj?® magnetoconductance, thermopower, and dielectric con-
illustrated by the straight lines in Fig. 9. The dielectric con-Stant results at low temperatures. The persistence of the in-

stant of a localized system has been found to fotlot teraction effect up to room temperature is explained by a less
screened free-electron gas in these highly disordered sys-

tems. This conclusion is also consistent with the fitting of
gocN(EF)leoc, (29 p=3 from the conductivity results, which indicates domi-
nant electron-phonon scattering in these systems. The con-
whereN(Eg) is the density of states at the Fermi level angduction charge carriers.in these .implanted systems arise from
Lioc is the relevant localization length. The slow increase inunsaturatedsp” bonds in a 3D interconnected carbon net-
¢(T) with increasing temperature at higher temperatured/0rk reformed after ion implantation. The difference be-
(>40 K) is likely a result of the phonon assisted electrontWeen these polymers and the earlier studied ohissthe
delocalization effect increasing,q. .52 The more rapid de- pristine structure of these rigid-rod and ladder polymers that
crease ine(T) at lower temperatures indicates other factorsprov'des a compact carbon backbone as a foundation for the

taking effect in this temperature region. It is very suggestivéefc’rmed carbon network.
to relate this more rapid decrease in the dielectric constant
with the enhanced electron-electron interaction effect at low
temperatures since the effect of this enhancement is a deple- This work was supported in part by Air Force OSR Grant
tion in the density of states at the Fermi level, which explaindNo. F49620-92-C0002, the National Science Foundation
the drop ine(T) at low temperatures following Edq29). Grant No. DMR-9508723, and the Office of Naval Research.

In sum, this comprehensive experimental study of the
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