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ELECTRICAL CONDUCT‘ON IN GLASSY CARBON
~ Ram R. Saxena* and Robert H. Bragg
Materials and Molecular Research Divisfon, Lawrence Berkeléy Labéfatory
and Department of Materials Science and Engineering,
University of California, Berkeley, California 94720
ABSTRACT
The electricél conductivity and Hall Effect'of:a disordered‘carbon
héve‘been investigated in the temperature.range 10—3000k and magnetic
fields up to 50KG. The strucfure of the material was chanéed by heat
treating‘in*the temperature range 1000-2800°C. For‘ﬁeat treatment |
témperatures_(HHT);greatef than 2000°C the coﬁductivity was found fo be
the sum of a temperature independent contribution due to diffuse boundary
scattering and a hoppiﬁg contribution fo!lowiﬁg a T-]/h law. For HTT
less thanZOOOOC,'at the lowést measurement femperatures the‘cqndﬁctfvify
exhibits a logarithmic temperature dependence characteristic of Kondo

systems. An energy band structure for these disordered carbons is

proposed in which the Fermi level is pinned by localized states.

*Current address: Varian Associatés'Soiid State‘Laboratory
611 Hansen Way, Palo Alto, CA. : '



INTRODUCT LON : In the last decade or so it has been possible to care-

fully decompose highly cross linked polymers to obtain what have been
called "glassy", ''glass~like' or 'vitreous" carbons.' The nomenclature
comes from the shiny black glass-like appearance and concoidal fracture
of these materials. vThese carbons retain their disordered structure up
to the highest heat treatment temperature (HTT) ca. 3200°C, and are tHus
classified as non-graphitizing or hard carbons. Those ﬁarbons that
develop a large crystallite size, well ordered graphitic structure on
heat treatment to»approximately ZSOOOC are called graphitizing ér soft
carbons. The prevalentvmodel of the structure of glassy carbon (GC) is
that of an entangled lath-like structure ofvg(aphitic ribbons cross-1linked
by sp3 bonded atoms. Glassy carbon has a large porosity (about L40%)
composed mainly of unconnected 10-20A voids. The void growth‘with‘HTT
has been shown in the work of Bragg and Hammondz, Biswal and Bragg3, and
others |

Whereas extensive review articles have been published on thé
electronic properties of single crystal graphite5 and graphitizing
carbons6, comparatfvely little work has been ddne on non-graphitizing
carbons. The electronic properties are relativély well-understood for
near single crystal graphifes, but even for soft cafbons the underﬁtand-
ing is far from completé. In the case of hardvcarbéﬁs there afe even
contradictions in the literature regarding the trends of the experimental
data.

The electrical properties of soft carbons have been studied in con-
siderable detail. Although elegant solutions and explanations.have not

always been possible, the work of Mrozowski7 and others following him has
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been thorough. The temperature dependence of oonductivity, o, was

7

'stodjed in greét'detai] by Mrozowski. ‘ Tho mosf important resulf was
that - "In contrast with the infinite sfngle crystal, systemé of benzene
rings of finfte dimensfoné possess a finfto energy gap befween the filled
and the conductlon bands, the energy gap steadu]y decrea5|ng WIth molecu-
lar size - from about 1 eV for molecules severa] benzene rlngs wnde ‘to
0.2 - 0.3 eV for systems 30-40A° in diameter and down to .05 eV for
graphlte crystallltes with diameters of the order IOOOAo " This, in
conJunctlon with reasonable hypotheses regarding excess carriers and
Scattering froh crysta]lite boundaries, can be oonsrderéd to have
explained 0 (T) in soft carbons. |

Although all three, cohductidity,.c; Hélf Coefficient, RH; andd
magnetorééfsténce, ég—,.haVe been used to characterize sort carbons; foe _
understanding of RH and ég—is far from complete, A.qualitative under-
standing of RH is possible and is usUaITy preseoted in terms of the
variétions of the Fermf level, F’ with HTT in a proposed band structure.
Delhaes has written an excellent review artlcle on the subJect8 and has
investigated —%-in soft carbons quite thoroughly.9 For soft‘carboos ég—
is found to be both positive and negative. The éiplaoation is as yet

9

not satisfactory, élthough Delhaes” has tried to employ allvthedavailable

models to explain his data.

Only a few studieslou'12 of elecfronic properties of GC.havé been

reported. The only two prior studles]o 1

of é%do not agree on the
sign of é-g-—over the range of HIT and ambient temperatures studied. No

eXplanation of the magnetic field dependence of é%was offered in the one
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reported s:tudy]2 in which the magnetic field H was varied. The conduc-
tivity and Hall Effect have‘not been carefully inyestigated.either, but

a recent ESR13 study of GC over a’Eange of HTT has shown that both
localized and extended electron states of comparéb]e density éxist at

all HTT's studied.

We have studied the‘structure and the electrical properties‘of GC

"specially brepared by Polycarbon Company, North Hollwaod, Ca..USA. The
GC plates (8" x 2'" x 1/16") as obtained had been heat treated'at 1000°C
for Qne hour, These were subsequently heat treated at higher temperatures
and x-ray techniqués were used to characterize the structure. For
carbons, the cfystallite.size parameters Lc’ Fa determined ffom the
widths‘of(OOZ) and (10) x-ray diffraction peaks represéﬁt average dimen-
Vsions'bf the crystallite perpendicular and parallél'to the graphitic
layers respectively. For GC the parameters L_ and L grow from IbAo to
28A° and 26A° to 49A0 reépectively on heat treating GC at 1100°¢ to
2800°C for two hours each;lh' The electrical properties'studied included
G, RH and é%n 'Negative magnetoresistance is djscussed élsewhére.15

Here we present the results of our conductivity and Hall Effect studies.

EXPERIMENTAL: Heat treatments of the GC samples were carried out in a

graphite furﬁace with the samples enclosed in a cylindrical graphite'
crucible 3" diameter x 2 1/2" high and surrounded with GC wool. An
optical pyrometér calibrated.for the temperature range 1000° - 3000°C
was used to measure the temperature. The proper‘heating rate was
experimentally determined because too high heating rates caused the GC

saﬁples to crack. This cracking is probably due to the evolution of
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gases trapped inside the specimeh. The nomenclature for the heat treated
samples is henceforth GC—HTT—time, e.g..GC—ISOO—Z means GC heat treated
at ]SOOOC fof two hours.
.The Ipw‘témperature facility used for the electrical measurements
consists of a muiti-chambered cryostat with a suéerconducting magnet and
associated vacuum and electronic systems.* |t produces a maximum S50KG
field with better than 1% homogeﬁefty in a 1'1/2” dfamefer x 2" region
in the center. The sample prébe used in our experimenté consféts of a
Hoflow stainlésé steel tube with a Cu mduntiﬁg_blocszor éamples and
tehpe}ature'seﬁsprs; A screw-on Cu cap is provided to maihtain a thermal
equipotenfial. The coppef mounting block has a heater wire wrapped
around it to control the temperature. A‘GéAs Aiodé sensor was used in
conjunction'With the teﬁperatufe“confrolier, which also suppliéd curreﬁt
‘fo the fQQ heater for autométié.temperature control. |
The standard éix-arm sample configuration was used for all the

' électficai meagufements} To reduce noise, twisted pairs were used for
current input fé the sample, resfstancev]eadg and.Hall leads. Two lock-
in émpli%iers Were used to measure the low level resistance and Hall
Zsigné]s; All the ﬁeasurementé were done at a sfgnal freqﬁency of

100 Hz, with both the lock-in amplifiers in the bagd-pasé mode. The
pfetisionvof the data were determined to be + .01% for H =0 and + .05%
' for H #.0. It was difficult to get accurate measurements of RH,‘becéuse
the signai was typically'%luv aﬁdvoffen the misaifgnment voltage was
'much larger than that. |

*The cryostat, superconducting magnet and the magnet power supply were
bought from Oxford Instruments, England.
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To achieve reliable contact to the sample various techniques were
tried.]_"l The technique found to be most successful was coating the
contacts with silver paint and using a Be-Cu alloy strip as the pressure

contact, screwed down into the Cu mounting block. This method was used

for all the data presented in this work.

RESULTS AND -ANALYSIS: Hall Effect: Reliable data could be obtained only

for a few samp}es, and.]ow field RH data coula not be obfained for

enough samples to allow proper analysis of the temperature dependence.
The magnetic field énd temperature dependence of RH for one sample is
shown in Figf 1. A weak dependence on temperature can be seen at low

fields. The data of Fig. 1 can be plotted agaihst 1/T to obtain an

activation energy of 0.4 meV. At high fieldszH saturates and the

temperature dependence disappears. The saturation in RH is related to

the low mobility conduction of the carriers at the fermi level. The

variation in the number of carriers calculated from the saturation RH.

value, using the simple formula n = E—%—-is shown in Fig. 2. A maxima

H
in n is seen to occur around a HTT of 2000°C. A separation imto HTT

fegimes_above and below 2000°C is also evident in conductivity studies
and other parameters studied.
Conductivity o: The room temperature conductivity for the isochronally

heat treéted shecimens were all found to be around 2009-' -.cm-'. The

change in o with measurement temperature at the lowest temperatures
studied éi‘lOOK) is found to be< 25%. Based upon the behavior of ¢
with T the results are classified in . two different HTT regimes. Typical

dependencé of 0 on T in the high HTT region (HTT > ZOOOOC) is shown in
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Fig. 3. For GC samples with HTT< 2000°C the low temperature behavior

of o is markedly different as also shown in Fig. 3. o
Froﬁ the ESR studies of Orszesko and Yan§]3, it isbkﬁOWn that densi-

ties of localized and conduction spins are cbmparable over a broad range

of heat treatment temperatures (HTT) in GC. It was anficipated that due

to small érysta11ite size in GC a boundary scattering mechanism should

domiﬁate for extended states at all temperatures;_which is expected t§

7

For localized states

1/n

give a temperature indépendént contribution to o.
hopping conduction i§ expected which should follow a I/T law at lbw
' temperatures.

In our attempts to separate the fwo contributions it was found tHat
plots of fno against T.were straight'iines over a largevkénge pf témpera-
tures. At low measurement temperatures for the two HTT regimes different
Chafactéristics were evident: (i) a temperature independent ¢ for
HTT > 2000°C and (ii) a sharp decrease in ¢ for HTT< 2000°C. Typical
plots are shown in Fig. 4. For the higher HTT material the iﬁtercept
of the.straight line.of Ino versus T is found to be equal to {within the
measurement accuracy) the temperaturé independent'vélué'of g. Clearly
then, for HTT > 2000°C, o, is the témperature'independentvboundary |
scattering_Contributioﬁ. For the,ioWer HTT regfme the samevfntefprefation
of g ig not self—evident, but shall be seen to bé so from the anastis
of the low temperature dependent of . The variation of‘dé withAHTT is
sﬁown in Fig. 5. The error bars fesult largely from the dimensional
measurements of the samples.

Assuming g, as determined above to be the independent contribution

" for the lower HTT regime‘as well, the temperature dependence of
/
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Nq -‘go) was analyied. Plots of ln(q.— 00) Vs I/T'/h Were found to be
straight lines for all the éamples as shown in Figs. 6 and 7. This is
expected temperature dependence for variable range hopping conduction
oﬁop in the localized statés.]? The variation in the slopes of these
plots is small, but the trend is toward increasihg slope at lower HTT.
This ;éparation of O into-db and Ghop is valid over the enfife tempera-
ture range for GC samples in the higher HTT regime. For the lower HTT
samples it is applicable over_avlimifed range of tgmperatufes only
(Vinear portion in Fig. 4). Having identified:the hopping conduction we
can pow analyze the tempefature dependence of Ok = g - ohop and under-
étand fhe meaning of 9, in the lower HTT regime.

For the_low HTT material (HTT<‘ 2000°C) o at low temperatures
- exhibits a sharp decrease. The decrease in O becomes more pronounced as
the HTT is lowered. To analyze the temperature dependeﬁce at these low

temperatures the hopping contribution to conductivity o op extrapolated

h
from Fig. 7 was Subtracted, The remainder oy was found to follow a
logarithmic dependence on femperature:as shown in Fig.,8. ‘The slope of
oK Vs log T liné reduces with increasin§ HTT. The jogarithmic tempera-
ture dependent contribution satura&es at 0, s the tempéréture is
increasedvto about 1006°K. Thus the intercept 9, is the temperature
independent boundary staftering contribution for all the saﬁples, but
for the lower HTT regime an extra resistance is added ét low temperatures..

This logarithmic temperature dependent term which evenually'saturates

arises from the 'Kondo Effect' phenomenon in these disordered carbons.

DISCUSSION: The temperature dependence of the electrical conductivity is

found to consist of three contributions: (i) a temperature independent
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l/h)

9, (ii) variable range hopping Oﬁop « exp (-B/T , and (i#i) an
anamolous contribution at low temperatures in lower HTT matevial O -
A temperature independent contribution due to boundary scattering

7

in carbén has been found earlier in the work of Mrozowski®, who analyzed
the température dependence of_resistivity_in ferms of a mode! where an
energy gap‘betweén valence and conduction bands was assumed. Excess
hojes were postulated which were cbnsidered to be the result of trapping
of resonance m electrons by carbon atoms on the periphery of crystallites.
The temperature dependence was suq;essfu]ly explained byrassuming a
_ temperatufe»independent boundary scattering cohtrjbution and a phonon
scattering term linear with T, Klein6 also found a temperature indepen-
dentwboundary_scattering contribution in his gtudy of electrical proper-
tieé of pyrol?tic graphjtes.

To check the consistency of the assumption of a temperature indepen-

dent boundary scattering to conductivity, we calculate O, using

ne

m*

0:
where n is the number of the carriers, T is the mean scattering time
given by -

T=1/v

]

mean free path

v = velocity of carriers
and m* is the effective mass of carriers.
We take n to be the value obtained from RH in the high HTT range.

The quantity n is not expected to change appreciably with temperature,

as seen in the weak dependence of RH on temperature in our data and that
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11,12

of Yamaguchi.]o Other studies on carbons also seem to indicate

that when negative magnetoresistance similar to ours is observed, RH
does not vary much with temperature. As will be discussed later, this is

a natural consequence if_thé fermi level is pinned down by localized

states. We take n to be 7.10]9cm-3, a mean value from Fig. 2.

The mean free path, 1, would be of the order of the crystallite
size La' The value taken here is 30 Ao.lh The velocity of carriers is
taken to be the same as in graphite. The justification comes from the

observed closeness of GC and graphite K-emission bands in our workI7 and

18

the photoemission studies of Shirley et al. Little change is expected

in the velocity with regard to temperature since the fermi level is

pinned down by localized states. Kleinsvhas also concluded that v is

7

only weakly dependentron temperature. We take v to be 2 x 10’ cm/sec

(Ref. 5), and m* to be 0.5 x m, where m is the mass of the free electrons,

as deduced by Mrozowski7, for carbons with crystallites of about 30A°

1

diameters. The calculated 9, is 5909f]-cm- . This value is about three

times larger than measured which could be due to a too large value of n

calculated from R The order of magnitude comparison is satisfactory,

He
and the o, VS HTT plot (Fig. 5) is seen to be qualitatively similar to

n vs HTT graph (Fig. 2). The broader maxima seen in the variation of

9 with HTT could be the result of a gradual increase in L with‘HTT.lh

The contribution of the l&calized states fo conductivity, ohop’ is
via the hopping conduction mechanism. At low:temperatures, when tunnel-
ling to farther than the nearest neighbodrvis possible, the hopping

19

conductivity varies as
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' Uk
InGyop = AB/T

where

3\ 1/4

B sz.l.(-k‘*--rﬂ

o = decay parameter of localized wave
function with distance R{e-%")
k = Boltzman's constant
N = Density of states per cm3 per eV,
, o o Mk
The mean experimental value of the slope B is about 14 "K'* ", As an

estimate of N we divide n (obtained from our Ry, data) by the width

(in éV) of the localized state band, taken to be 0.25 eV fromvthe energy
gaps oserved by Mrozowski.7 This estimate of the énergy gap is reliable
 because it wés 6btéined from conductivity studies up to a measurement

19 -3

temperature of 1100°C. ~Taking n to be 7.10 7 cm ~ the calculated value

of o is 3.6 x 106 cm_]

or 1/o =‘28A°. Thus a localized state seems to
extend over a distance‘of the order of the crystal]fte size La. The .
trend of increasing slope B at lower HTT seen in Figs. 6 and 7 is‘con-_'
sistent with stronger localization (iarger a) expected in the s£ructural]y
less perfect material.

To obtain a further check on the consistency of our results we

~1/4

estimate,the”température Té below which- T law is obeyed. _Reaiizing

that we are in the (aak ! (a-lattice parameter) regime, the expression

for T is20 _
T =% s Bt = 1975%
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The calculated value is much larger than 300% for all cases and is
extremely sensitive to the value of B chosen and the exaet value of the

numerical constant because of the fourth power. The inappropriateness of

~1/4

Mott's ‘theory when the T law is valid up to high temperatures has

been discussed by various author52]’22

-1/4

. Percolation treatments of hop-

ping conduction also predict T dependence, and they may be more

22,23

appfOpriate . It should be pointed out that the exact hopping

mechanism cannot be determined by conductivity studies alone, because

as discussed by Hil1'®, a straightline fit to 1/7"3 and 177

would be
equally possible.
| The logarfthmic dependence of the sharp decrease in o at low

teﬁperatures for GC heat treated below ZQOOOC is known to be a charac-
teristic of‘Kondo systems whén T>Tk’ where Tk is the Kondo temperatu}e.
The saturation effect is discussed by Rivier and Zlatfc.?h To observe
the other regimes of the temperature dependence of the resistivity -

discussed by Rivier and ZIéticZA, one would have te go down to tempera-

tures closer to T, . |If we consider the expression for Tk,20

kT, « exp (~1/JN)

k

(where J is a coupling constant) the reduction in the number of spins

seen in our RH data and the ESR studies'3 K

higher HTT.Y This is also evident from the reduced slope é=JN)2p of

would lead to lower T, with
o vs log T line with HTT. Thus with increasing HTT one would have to
go down to lower and lower measurement temperatures to observe the

logarithmic temperature dependence of o
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The Kondo phenomenon also leads to an anamolous peak-in the specific

20

heat at T =T The anamolous peak and the expected antiferromagnetic

k
couplfng‘between spins has been shown in the low temperature heat studies

25, 26

on various carbons including GC. Strong correlation between the

13

density of spins as seen in the ESR studies ~ and the paraméters charac-
fenjzing thekexcess spécific heat were also_found.26 Vagh and Mrozowéki
studiéd the low temperature specific heatvof GC heat treated in the
temperature }ange 1000~3200°C for one»hourveach. lndfcatidns of a peak
were seen for GC heat treated up to.22000C, and the location of the peak
moves‘dowﬁ to lower temperaturés with HTT._-For_GC'2700, 3000, and 3200
no indfcation of a peak was seen down to 0.4%k. These results are in
agreément‘with'our obSefvations.

The'temperature debéndence of: found in this work is similar to
"that .seen previously inkother studies, altHough,the prfor.analyses haVe
not.beeﬁ as thorough.: Bdbker27 found 1only.va T-]/h depéndence for Tno
for a gﬁassy carbon (thermélly degraded phenol-formaldehyde resin) up to
HTT = 1200°C. This might be due to the poor crystallinity of his
material. It seems that his matériai mightvhave been like amorphous
garboﬁ films thch have‘cryStallités of size ﬁ'IOAO, and a.T-]/h Iaw"
is obéyea ovef a long rénge:of temperatures.28‘ A‘linéar dependence of
T ioé oonTor iog‘T has been found by Somé workers for ahorphous carbon

29 . S

filmg. It séems likely that an analysis similar to ours might be

épplicable'in these cases.
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Our Hall Effgct data are in agreement with Yamagucﬁi's‘o data on
GC A. The variation iﬁ the number of carriers with HTT’shown in Fig. 2
is also in qualitativé'agreement with the results of the ESR study of
0rs;esko and Yanng on GC. Thgirvdata are replotted in Fig. 9. The
maximum in the number of carriers occurs'at a sfightly iower HTT, which
could be due to the differences in the preparation of the GC's used.

-3

Bﬁcker30 has deduced number of carriers&lozocm in his studies of the
electronic properties of a glassy carbon in agreement with our numbers
in Fig. 2. He has also pointed out the difficulties in obtaining and

interpreting Hall Effect data in amorphous semiconductor systems.

BAND MODEL FOR CARBONS: The earliest band model for carbons is due to

Mrozowski7, whd envisages a decreasing band gap with HTT, eventually
resulting in the‘overlab'of the valence and conduction bands. A similar
model has been suggested by Klein6 for pyrolytic graphites. Recent work
of Carmona, Delhées et a]3] suggested a nbnmetal-metal transition in
carbons around a HTT of 700°C. This is also seen in Mrozowski's7 work

27

and the study of Blcker“’ on GC. Whereas the possibility of nonmetal-

metal transition in carbon seems to’be quite ciearly demonstrated by the

change in conductivity by many orders of magnitude, it shou]d be pointed’
out that it differs étrongly from more common examples of mefa!-inéulator
transitions, e.g., in V203, For V203 the traﬁsition occurs as a function
of temperature, T, and is reversible._z,0 The transition in carbons is an

irreversible process. Matters‘are further complicéted by the inhomo-

geneous structure of carbons heat treated at lower temperatures. These

carbons have small crystallite sizes and the C-C bonding at the boundaries
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of these crystallltes is expected to be dnamond (sp3) like compared to

the graphltlc (sp ) bondlng within a crystallite. ]7>A "

We believe that nonmetal-metal transntlon doesgtake place in
carbons, aithough considerably more wdrk is needed to understand this
pheonomenon. On the insulater side of the transition the fermi level is
expected to be in the middle of the energy gap or at least a mobility
gap. On th:metajltc:side of the transition the fermi level lies inside
the vaience band; Thét it.is indeed SO is_sdppqrted by the positive

9, 11

sign of R, found in many studies of transport properties of carbons.

H

Bucker30 has also concluded that holes are the carriers in GC for
HTT > 600°C. On the meta]]ic side an Anderson transition due .to disorder

is also expected. There would be localized states in the tails of valence

19

and conduction band, Thus, a mobility gap would exist,

7

and these_would
be the energy gaps observed by Mrozowskl |
Based upon these |deas, the band model for carbons should be as
shown in Fig. 10, The ferml level lies on the high mobllnty s;de of the
mobiiity shculder1inside the»valencebband. As heat treatment_progresses;
the mebility gap ts reduced. The fermi leve] moves closer to the center
still sitUated near- the toe of the extended states inside the valence
band, For soft carbons the moblllty gap flna]ly closes, the ferml level
moves near the center, a graphltlc overlapp|ng band structure is formed,.
and theAconduct|v1ty becomes metallic. For hard carbons the structural
disorder is preserved.up to the highest HTT, and the conductivity retains
its semi-conducting nature., Thermodynemic evidence for the stability of

the disordered structure of GC is available in the study of'Das.32
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We be[ieve that the fermi level is pinned down by defects (e.g.,
voids) characteristic to the moterial. These defects act as traps and
can also be described as localized states. These stafes are expected to
lie .in the inhomogeneous part of the structure, ﬁost likely on the
boundary of the crystallites. That Ef could be held down inside the
valence band by Iocalized‘states is supported by‘the'work of Ba1133 who
contends that localized_and eXtended states are different in mature and
could be infinitesimally‘aparf in energy, and in toe study of Inglis énd

34

Williams®  where extended and localized states are found to exist in
different regions in space for an inhomogeneous syétem. Thése localized
states trap electrons from the valence band leaving holes behind and
would be responsible for the excess holes postulated by Mrozowski.7 Thus
there should be a close correspondence oetween:]o;alized and - conductijon
_ states, as can be seen in the ESR data from Ref. 13, replotted in-Fig._S.
Similar correspondence between localized and conduction spins has been
seen in the studies of carbon films, and one localized state per crystal-
lito is suggested which could also be true in our case.28

The localized spins in the disordered forms of carbon constitute a
Koodo system with a low Kondo température Tk<:l°K; The Kondo temperature .
reduces with increasing structural order and annealino of spins. On the
‘metallic side the localized spins are aiso expected to be highly
correlated' with neighbouring extended states.20 This could:give rise to
effective magnetic moment per spin Hogg larger than Mg This highly

correlated state and Meff is expected to increase with decreasing struc-

tural disorder at first because of the possibility of overlapping a large
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number of extended states with weaker localization. EVentualiy this
state disappears as the structural disorder is annealed out and the

graphitic overlapping band structure is attained.

CONCLUSIONS: The electrical properties of GC are found to be affected by

heat treatment.. Two regimes can be identifiedlébbve éndvbe10w HTT ZOOOOC.
For the higher HTT regime the electrical conductivity has been explained
as a sum of two contributiqns: (i) temperature independent diffuse
boundary scattering and (if)_hopping condUctioﬁ Qaryfng as A‘exp‘(-B/T]/h).
Fer GC heat treated below 2000°C there 1s an'aﬁamolous contribution at

low temperaturee fo1loWing a logarithmic temperaturevdependence charac~
teristic of Kondo sYstems; the'pfevious decomposition of conductivity
reﬁaining valid over the rest of the temperature rénge.' The number of
carriers deduced from a'simplified'anaIYSis of the Hall Effect data

exhibit a maximum around HTT 2000°C and are in agreement with the results
of related studies. Based upon our results, an energy band model for
carbons is proposed which consists of a pseudogap (with mobility shoulders)
ariéing from loealization ef_States due to disokder.' The fermi level is
pinned down near the top of the extended states inside the valeﬁce band

due to localized states in the inhomogeneous part of the structure.
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FIGURE CAPTIONS

Magnetic fleld and tewperature dependence of Ry for GC 2300-2.
The variation in the number of carriers with HTT. |

Typical temperature dependence of the electrical conductivity in the

two HIT regimes (above and belaw 2000°C).

Linear dependence of lno on T in the two HIT regimes. ,.

Varlatlon in o, with HIT. ' : | . ‘
Hoop:mg conduction .1.n GC following T l/ law; HIT > 2000 C.

Hopping conduction in GC following T 174 law; HTT < 2000°C.
Iogarithmic temperature dependence of Ox for GC heat {reated

below 2000°C.

Variation in spins/gn with HIT. (from Orzesko and Yang - Ref. 13).

Energy band model for carbons.
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