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El~CTRICAL CONDUCTION IN GLASSY CARBON 

Ram R. Saxena* ~nd Robert H. Bragg 

Materials and Molecular Research Division, Lawrence Berkeley laboratory 
and Department of Material~ Science and Engineering, 
University of California, Berkeley, California 94720 

ABSTRACT 

The electrical conductivity and Hall Effect of a disordered carbon 

have been investigated in the temperature range 10-300°K and magnetic 

fields up to SOKG. The structure of the material was changed by heat 

trea~ing in.the temper~ture range 1000-2800°C. For heat treatment 

temperatures .{HHT) greater than 2000°C the conductivity was found to be 

the sum of. a temperature independent contribution due to diffuse boundary 

scattering and a hopping contribution foll0111ing a T-l/4 law. For HTT 

less than2000°C, at the lowest measurement temperatures the conductivity 

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 Associates Solid State Laboratory 
611 Hansen Way, Palo Alto, CA. 



-2-

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

fully decompose highly cross linked polymers to obtain what have been 

cal led 11glassy 11
, "glass-like" or "vitreous" carbons. 1 The nomenclature 

comes from the shiny black glass-like appearance and concoidal fracture 

of these materials. These 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 carbons that 

develop a large crystallite size, well ordered graphitic structure on 

heat treatment to approximately 2500°C are called graphitizing or soft 

carbons. The prevalent model of the structure of glassy carbon (GC) is 

that of an entangled lath-like structure of graphitic ribbons cross-linked 

by sp3 bonded atoms. Glassy carbon has a large porosity (about 40%) 

composed mainly of unconnected 10-20A voids. The void grOtl'lth with HTT 

has been shown in the work of Bragg and Hammoni, Biswal and Bragg3 , and 

4 others . 

Whereas extensive review articles have been published on the 

electronic properties of single crystal graphite5 and graphitizing 

carbons 6 , comparatively little work has been done on non-graphitizing 

carbons. The electronic properties are relatively well-understood for 

near single crystal graphites, but even for soft carbons the understand-

ing is far from complete. In the case of hard carbons there are even 

contrad1ctions 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 

al~1ays been possible, the work of Mrozowski 7 and others following him has 
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been thorough. The temperature dependence of conductivity, cr, was 

studied in grea't detai 1 by Mrozowski J The most important result was 

that - 11 ln c~ntrast with the infinite single crystal, systems of benzene 

rings of finite dimensions possess a finite energy gap between the filled 

and the conduction bands, the energy gap steadily decreasing with molecu-

Jar size - from about 1 eV for molecules several benzene rings wide, to 

0.2 -.0.3 eV for systems 30-40A
0 

in diameter and down to .05 eV for 

graphi'te crystallites with diameters of the order 1000A0
• 11 This, in 

conjunction with reasonable hypotheses regarding excess carriers and 

scattering fr~m crystallite boundaries, can be considered to have 

explained cr(T) ·in soft carbons. 

Although all three, conductivity, cr, Hall Coefficient, RH' and 
' b.p 

magnetoresistance, -, have been used to characterize soft carbons, the 
p 

understanding of RH and~ is far from complete. A qualitative under-

standing of RH is possible and is usually presented in terms of the 

variations of the Fermi level, EF, with HTT in a proposed band structure. 

Delhaes has written an excellent review article on the subject8 and has 

investigated~ in soft carbons quite thoroughly.9 
p 

Fo~ soft ·carbons ~ 
p 

is found to be both positive and negative. The explanation is as yet 

not satisfactory, although Delhaes 9 has tried to employ all the available 

models to explai~ his data. 

Only a few studies 10- 12 of electronic properties of GC have been 

d Th' 1 ' .. t d. 1 o- 11 f 11
" d h reporte • e on y two prror s u res o ~ o not agree on t e 
p 

sign oft.~ over the range of HTT and ambient temperatures studied. No 

explanation of the magnetic field dependence of ~p was offered in the one 
p 
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12 reported study in which the magnetic field H was varied. The conduc-

tivity and Hall Effect have not been carefully investigated either, but 

a recent ESR 13 study of GC over a range of HTT has shown that both 

localized and extended electron states of comparable density exist at 

all HTT's studied. 

We have studied the structure and the electrical properties of GC 

·specially prepared by Polycarbon Company, North Hollywood, Ca. USA. The 

GC plates (8 11 x 2" x 1/16") as obtained had been heat treated at 1000°C 

for one hour. These were subsequently heat treated at higher temperatures 

and x-ray techniques were used to characterize the structure. For 

carbons, the crystallite size parameters L , L determined from the 
c .a 

widths of(002) and (10) x-ray diffraction peaks represent average dimen-

sions of the crystallite perpendicular and parallel to the graphitic 

layers respectively. 

0 0 0 28A and 26A to 49A 

0 For GC the parameters L and L grow from lOA to c a 

respectively on heat treating GC at 1100°C to 

28 ° f h . h 14 Th 1 . 1 . d. d • 1 d d 00 C or two ours eac • e e ectr1ca properties stu 1e 1nc u e 

a, RH and~- Negative magnetoresistance is discussed elsewhere. l5 

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 furnace with the samples enclosed in a cylindrical graphite 

crucible 3" diameter x 2 1/2" high and surrounded with GC wool. An 

optical pyrometer 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 

samples to crack. This cracking is probably due to the evolution of 
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gases trapped inside the specimen. The nomenclature for the heat treated 

samples is henceforth GC-HTT-time, e.g. GC-1500-2 means GC heat treated 

at 1500°C for two hours. 

The low temperature facility used for the electrical measurements 

consists of a multi-chambered cryostat with a superconducting magnet and 

associated vacuum and electronic systems.* It produces a maximum 50KG 

field with better than 1% homogeneity in a 1/2" diameter x 211 region 

in the center. The sample probe used in our experiments consists of a 

hollow stainless steel tube with a Cu mounting block for samples and 

temperature sensors. A ~crew-on Cu cap is provided to maintain a thermal 

equipotential. The copper mounting block has a heater wire wrapped 

around it to control the temperature. A GaAs diode sensor was used in 

conjunction with the temperature controller, which also supplied current 

to the lOQ heater for automatic temperature control. 

The standard six-arm sample configuration was used for all the 

electrical measurements. To reduce noise, twisted pairs were used for 
.. 

current input to the sample, resistance leads and Hall leads. Two lock-

in amplifiers 1t1ere used to measure the low level resistance and Hall 

signals: All the measurements were done at a signal frequency of 

100Hz, with both the Jock-in amplifiers in the band-pass mode. The 

precision of the data were determined to be+ .01% for H = 0 and~ .05% 

for H ~ 0. It was difficult to get accurate measurements of RH, because 

the signal was typically ~l~V and often the misalignment 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 technjques were 

tried. 14 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 samples, and low field RH data could not be obtained for 

enough samples to allow proper analysis of the temperature dependence. 

The magnetic fie19 and temperature dependence of RH for one sample is 

shown -in Fig. 1. A weak dependence on temperature can be seen at low 

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

activation energy of 0.4 meV. At high fields RH saturates and the 

temperature dependence disappears. The saturation in RH is related to 

the low mobi 1 ity 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 = ----R1 is shown in Fig. 2. A maxima 
e H 

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

regimes above and below 2000°C is also evident in conductivity studies 

and other parameters studied. 

tonductivity G! The room temperature conductivity for the isochronally 

heat treated specimens were all found to be around 200Q-l - cm-l. The 

change in a with measurement temperature at the lowest temperatures 

studied ~. 10°K) is found to be< 25%. Based upon the behavior of cr 

with T the results are classified in two different HTT regimes. Typical 

dependence of cr on T in the high HTT region (HTT > 2000°C) is sho\'m in 
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Fig. 3. 
0 . 

For GC samples with HTT< 2000 C the low temperature behavior 

of a is markedly different as also shown in Fig. 3. 

From the ESR studies of Orszesko and Yang 13 , it is known that densi­

ties of localized and conduction spins are c'omparable over a bro~d range 

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

to small irystallite size in GC a boundary scattering mechanism should 

domi~ate for ext~nded states at all temperatures, which Is expected to 

giVe a temperature independent contribution to a. 7 For localized states 

hopping conduction is expected which should follow a 1/TI/n law at low 

. ' 16 temperatures. 

rn o~r attempts to separate the two contributions it was found that 

plots of Ina against T were straight lines over a large range of tempera-

tures. At low· measurement temperatures for the' two HTT regimes different 

characteristics were evident: {i) a temperature independent a for 

HTT > 2000°C and {ii) a sharp decrease in a for HTT< 2000°C. Typical 

plots ar~ shown in Fig. 4. For the higher HTT material the in~ercept 

of the straight line of Ina versus Tis found to be equal to (within the 

measurement accuracy) the temperature independent value of a. Clearly 

then, for HTT > 2000°C, a is the temperature 'independent boundary 
0 

scattering contribution. For the lower HTT regime the same interpretation 

of a is not self-evident, but shall be seen to be so from the analysis 
0 

of the low temperature dependent of a. The variation of' a with HTT is 
0 

shown in Fig. 5. The error bars result largely from the dimensional 

measurements of the samples. 

Assuming a as determined above to be the independent contribution 
0 

· , for the lower HTT regime as we 11, the temperature dependence of 
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Plots of ln(a- a) vs 1/T 114 were found to be 
0 

straight lines for all the samples as shown in Figs. 6 and]. This is 

expected temperature dependence for variable range hopping conduction 

cr.h in the localized states. 19 The variation in the slopes of these op 

plots is small, but the trend is toward increasing slope at lower HTT. 

This separation ofa into a and ah is valid over the entire tempera-o op 

ture ,range for GC samples in the higher HTT regime. For the lower HTT 

samples it is applicable over a limited range of temperatures only 

(linear portion in Fig. 4). Having identified the h~pping conduction we 

can now analyze the temperature dependence of aK = a- ahop and under­

stand the meaning of a in the 1 ower HTI regime. 
0 

0 ' 
For the low HTT material (HTT< 2000 C) a at low temperatures 

exhibits a sharp decrease. The decrease in a becomes more pronounced as 

the HTT is lowered. To analyze the temperature dependence at these .low 

temperatures the hopping contribution to conductivity ah extrapolated op 

from Fig. 7 was subtracted. The remainder aK was found to follow a 

logarithmic dependence on temperature as shown in Fig •. 8. The slope of 

aKvs Jog T line reduces with increasing HTT. The logarithmic tempera­

ture dependent contribution saturates at a as the temperature is 
0 

increased to about 100°K. Thus the intercept a is the temperature 
0 

independent boundary scattering contribution for all the samples, but 

for the lower HTT regime an extra resistance is added at 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 indepeMdent 



a, {ii) variable range hopping ah oc exp (-B/T 114), and (iii) an o . op 

anamolous contribution at low temperatures in lower HTT matedal Ck_· 

A temperature independent contribution due to boundary scattering 

in carbon has been found earlier in the work of Mrozowski 7, who analyzed 

the temperature dependence of resistivity in terms of a model where an 

energy gap between valence and conduction bands was assumed. Excess 

holes were postulated which were considered to be the result of trapping 

of resonance TI electrons by carbon atoms on the periphery of crystallites. 

The temperature dependence was successfully explained by assuming a 

temperature independent boundary scattering contribution and a phonon 

scattering term linear with T. K1ein 6 also found a temperature indepe~-

d~nt_boundary scattering contribution in his study of electrical proper-

ties of pyrolytic graphites. 

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

dent boundary scattering to conductivity, we calculate a using 
0 

2 ne a= 
m~·· 

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 R on temperature in our data and that 
H 
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of Yamaguchi. 10 Other studies on carbQns 11 •12 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 the fermi level is pinned down by localized 

states. We taken to be ].Jo19cm-3 , a mean value from Fig. 2. 

The mean free path, 1, would be of the order of the crystallite 

size L • The value taken here is 30 A0
•

14 The velocity of carriers is 
a 

taken to be the same as in graphite. The justification comes from the 

observed closeness of GC and graphite K-emission bands in our \llork 17 and 

the photoemission studies of 
' 18 

Shirley et al. Little change is expected 

in the velocity with regard to temperature since the fermi level is 
6. . 

pinned dm·m by localized states. Klein has also concluded that v is 

only weakly dependent on temperature. We take v to be 2 x 107 em/sec 

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

as deduced by Mrozowski 7, for carbons with crystallites of about 30A0 

diameters. The calculated a is 590n- 1-cm-l. This value is about three 
0 

times larger than measured wh1ch could be due to a too large value of n 
.. 

calculated from_RH. The order of magnitude comparison is satisfactory, 

and the a vs HTT plot (Fig. 5) is seen to be qualitatively similar to 
0 

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

a with HTT could be the result of a gradual increase in L with HTT. 14 
o a 

The contribution of the localized states to conductivity, ah , is op 

via the hopping conduction mechanism. At low temperatures, when t~nnel-

ling to farther than the nearest neighbour is possible, the hopping 

d • • • 19 con uct1v1ty vartes as 
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1 = A-B/T 114 
nQh op 

3 1/4 
B ~ 2.1 (~ NJ 

a= decay parameter of localizeoRwave 
function with distance R(e-a ) 

k = Saltzman's constant 

N = Density of state~ per cm3 per eV. 

. 4 0 1/4 The mean experimental value of the slope B IS about 1 K • As an 

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

(in eV) of the localized state band, taken to be 0.25 eV from the energy 

gaps oserved by Mrozowski .7 This estimate of the energy gap is reliable 

because it was obtained from conductivity studies ~p to a measurement 

temperature of 1.100°C. Taking n to be 7.1o 19 cm-3 the calculated value 

of a is 3.6 x 106 cm-l or ·11a = 28A0
• Thus a localized state seems to 

extehd over a distance of the order of the crystallite size L . The . a 

trend of increasing slope B at lower HTT seen in Figs. 6 and 7 is con-

sistent with stronger localization (larger a) expected in the structurally 

less perfect material. 

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

. t th t t T. be·lo· w. wh1'ch T-l/4 law • b d est1mae. e·emperaure 1soeye. 
0 

Rea 1 i zing 

that we are in the (aa~ 1 (a-lattice parameter) regime, the expression 

for T 
0 

. 20 
IS 
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The calculated value is much larger than J00°k for all cases and is 

extremely sensitive to the value of B chosen and the exact value of the 

numerical constant because of the fourth power. The inappropriateness of 

M I h h h T- 1 I 4 1 • 1 • d h. h h ott s t eory w en t e aw IS va 1 up to 1g temperatures as 

. 21 22 been discussed by vartous authors • Percolation treatments of hop-

-1/4 ping conduction also predict T dependence, and they may be ·more 

appropriate22 , 23. It should be pointed out that the exact hopping 

mechanism cannot be determined by conductivity studies alone, because 

as discussed by Hill 16 , a straightline fit to l/T113 and l!T 117 would be 

equally possible. 

The logarithmic dependence of the sharp decrease in a at low 

temperatures for GC heat treated below 2000°C is known to be a charac-

teristic of Kondo systems when T>Tk, where Tk is the Kondo temperature. 

The saturation effect is discussed by Rivler and Zlatic. 24 To observe 

the other regimes of the temperature dependence of the resistivity 

24 . 
discussed by Rivier and Zlatlc , one would have to go down to tempera-

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

kTko:: exp (-1/JN) 

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

seen in our RH data and the ESR studies 13 would .lead to lower Tk with 

higher HTT. This is also evident from the reduced slope (x:JN) 20 of 

a vs log T line with HTT. Thus with increasing HTT one would have to 

go down to lower and lower meas·urement temperatures to observe the 

logarithmic temperature dependence of ak. 
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The Kondo phenomenon also leads to an anamolous peak in the specHfc 

h T. T 20 eat at ~ k. The anamolous peak and the expected antiferromagnetic 

coupling between spins has been shown in the lov-1 temperature heat studies 

on various carbons including Gc. 25 ' 
26 

Strong correlation between the 

denslty of spins as seen in the ESR studies 13 and the parameters charac­

ter,izing the excess specific heat were also found.
26 

Vagh and Mrozowski
26 

,' 

studied the low temperature specific heat of GC heat treated in the 

0 temperilture range 1000-3200 C for one hour each. Indications of a peak 

0 
were ~een for GC heat treated up to 2200 C, and the location of the peak 

moves down to lower temperatures with HTT. For GC 2700, 3000, and 3200 

no indication of a peak was seen down to 0.4°k. These results are in 

agreement with our observations. 

The temperature dependence of ·found in this work is simi Jar to 

that seen previous]~ in other studies, although the prior analyses have 

27 -1/4 not been as thorough. BLicker found ·on 1 y a T dependence for 1 ncr 

for a glassy carbon (thermally degraded phenol-formaldehyde resin) up to 

HTT = 1200°t. This might b~ due to the poor crystallinity of his 

material. It seems that his material mt~ht have been like amorphous 

~arbon films which have crystallites of size~ 10A0
, and a T-l/4 law 

' 28 
is obeyed over a long range of temperatures. A linear dependence of_ 

log a on T or log T has been found by some workers for amorphous carbo~ 

~ilm.s. 2 9 It seems likely that ananalysis similar to ours might be 

applicable in these cases. 
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Our Hall Effect data are in agreement with Yamaguchi 1 s 10 data on 

GC A. The variation iri the number of carriers with HTT shown in Fig. 2 

is also in qualitative agreement with the results of the ESR study of 

Orszesko and Yang 13 on GC. Their data ar~ replotted in Fig. 9. The 

maximum in the number of carriers occurs at a slightly lower HTT; which 

could be due to the differences in the preparation of the GC 1 s used. 

Bucker3° has deduced number of carriers~lo20cm-3 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, who envisages a decreasing band gap with HTT, eventually 

resulting 1n the overlap of the valence and conduction bands. A si~ilar 

model has been suggested by Klein6 for pyrolytic graphites. Recent work 
. 31 

of Carmona, Delhaes et a) suggested a nonmetal-metal transition in 

carbons around a HTT of 700°C. This is also seen in Mrozowski 1 s7 work 

and the study of Bucker27 on GC. Whereas the possibility of nonmetal-

metal transition in carbon seems to be quite clearly demonstrated by the 

change in conducti~ity by many orders of magnitude, it should be pointed 

out that it differs strongly from more common examples of metal-insulator 

transitions, e.g., in v 2o3 ~ For v2o
3 

the transition occurs as a function 

f T d · "b 1 20 Th " . • b • o temperature, , an IS revers• e. e trans1t1on 1n car ons IS an 

irreversible process. Matters are further complicated 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 cr-ystallites is expected to be dia~ond (sp3) like compared to 

the g~aphitic (sp2) bonding within a crystallite. 17 

We be 1 i eve that nonmeta 1-meta 1 transition does .. take p 1 ace in 

carbons, although considerably more work is needed to understand this 

pheonomenon. On the insulator 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 tl-emetallic side of the transition the fermi level lies inside 

the valence band. That it is indeed so Is supported by the positive 

sign of RH found in many studies of transport properties of carbons.9' 11 

Bucker3° has also concluded that holes are the carriers in GC for 

0 HTT > 600 C. On the metallic side an Anderson transition due .to disorder 

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

and conduction band. Thus, a mobility gap would exist, 19 and these_would 

be the energy gaps observed by Mrozowski. 7 

Based upon these ideas, the band model for carbons should be as 

shown in Fig. 10. The fermi level lies on the high mobility side of the 

mobility shoulder inside the valence band. As heat treatment progresses, 

the mobility gap is reduced. The fermi level moves closer to the center 

still situated near the top of the ext~nded states inside the valence 

band, For soft carbons the mobi 1 ity gap finally closes, the fermi level 

moves near the center, a graphitic overlapping band.structure i~ formed, 

and the conductivity becomes metallic. For hard carbons the structural 

disorder is preserved up to the highest HTT, and the conductivity retains 

its semi-conducting nature. Thermodynamic evidence for the stability of 

the disordered structure of GC is available in the study of Das.32 
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We believe that the fermi level is pinned down by defects (e.g., 

voids) characteristic to the material. These defects act as traps and 

can also be described as localized states. These states are expected to 

lie in the inhomogeneous part of the structure, most likely on the 

boundary of the crystallites. That Ef could be held down Inside the 

valence band by localized states is supported by the work of Bal133 who 

contends that localized and extended states are different in nature and 

could ~e infinitesimally apart in energy, and in the study of Inglis and 

Williams34 where extended and localized states are found to exist in 

different regions in space for an inhomogeneous system. These 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 between localized and conduction 

states, as can be seen in the ESR data from Ref. 13, replotted in Fig. 9. 

Similar correspondence between localized and conduction spins has been 

seen in the studies of carbon films, and one localized state per crystal~ 

lite is suggested which could also be true in our case. 28 

The localized spins in the disordered forms of carbon constitute a 

Kondo system with a low Kondo temperature T k < 1°K. The Kondo temperature 

reduces with increasing structural order and annealing of spins. On the 

metallic side the localized spins are also expected to be highly 

correlated' with neighbouring extended states. 20 This could give rise to 

effective magnetic moment per spin ~eff larger than ~8 • This highly 

correlated state and ~eff 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. E~entually 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 identified above and belo\->1 HTT 2000°C. 

For the higher HTT regime the electrical conductivity has been explained 

as a sum of two contribution~: (i) ~emperature ind~pendent diffu~e 

. . 1/4 
boundary scattering and (ii) hopping conduction varying as A exp (-B/T ). 

For GC heat treated below 2000°C there is an anamolous contribution at 

lm-1 temperatures following a logarithmic temperature dependence charac-

teristic of Kondo systems, the previous decomposition of conductivity 

remaining valid over the rest of the temperature range. The number of 

carriers deduced from a simplified analysis 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) 

arising from localization of states due to disorder. The fermi level is 

pinned down near the top of the extended states inside the valence band 

due to localized states in the inhomogeneous part of the structure. 
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FIGURE C!\PI'IO..\I'S 

1. Ha.gnetic field and te--rperature dependence of Ra for C~ 2300-2. 

2. The variatio.l'l in the. mnnber of carriers \vith. HIT. 

3. Typical te.rrperature dependenre of the electrical conductivity in the 

. 0 
U..,ro H'"lT regirres (above and bela" 2000 C) • 

4. Linear dependence of lncr an T in the two HIT reg it-res. 

5. Variation in .cr
0 

~lith HTI'. 

6. Hoppi?g conduction in GC follo:.-ri.ng T-l/4 la\v; HIT > 2000°C. 

7. Hoppfug co11duction in GC followi."lg 'I'-1/4 
la\'li EIT < 2000°C. 

8. I.ogarith-ni.c terrperature dependence of vK for GC heat treated 

belON 2000°c. 

9. Variation in spins/g;:n v1ith HIT. (from Orzesko a11d Yang - Ref. 13). 

10. Energy band .rrcdel for carbons. 
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