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THE MAGNETORESISTANCE, ELECTRICAL CONDUCTIVITY

AND HALL EFFECT_OF'GLASSY CARBON
ABSTRACT

The magnetoresistance, electrical éonductivity and Hall effect of
glassy carbon heat treated for three hours between 1200 and 2700°C was
measured at temperatures from 3_to 300°K in magnetic fields up to 5
tesla.

The magnetoresistance was generally negative and saturated with
reciprocal temperatute,.but still increased as a function of magnetic
field. The maximum negative magnetoresistance m;asured was 2.2% for.
2700°C material. Several empirical models based on the idea that nega-
tive magnetoresistance is proportional to the square of the magnetic
moment were attempted; the best fit was obtained for the simplest model
combining Curie and Pauli paramagnetism for heat treatment temperatures
gréater than 1600°C. The proportionality parameters increased approxi-
mately linearly with heat treatment temperature. Positive magneto-
resistance was found only in less than 1600°C treated glassy carbon for
low measufement températures.

.. -1
The electrical conductivity, of the order of 200 (ohm-tm) " at

room temperature, can be empirically written

1/4,

) - DT-I/Z

6 = A+ Bexp(-CT
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where the first term is a strongly scattering metallic component the
second term is attributed to variable range hopping, and the third and
new term i1s a negative correction to the metallic conductivity asso=-
ciated with one-dimensionality. All of the consténts A, B, and C were
insensitive to heat treatment temperature; the constant D decreased
with increasing temperature until it disappeared at about 2200°C.

Thé Hall coefficient was independent of magnetic field, insensi-
tive to temperature, but was a strong function of heat treatmént
temperature, crossing over from negative to positive at about 1700°C
and ranging from -0.048 to 0.126 cm3/cou1.

' The idea of one-dimensional filaments in glassy carbon suggested
by the electrical conductivity is.compatible with the present consensus
view of the microstructure constructed through such means as lattice
imaging in transmission’eléctron microscopy, aﬁd x-ray diffraction and

small angle scattering.

Ry
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INTRODUCTION

Carbons that do not easily graphitize but require both high tem-
peratures and high pressures for graphitization are known as hard car-.
bons because they are mechanically hard. Hard carbons have two mor-
phologies, fibrous and bulk. |

Bulk hard carbons, of which glassy carbon can be considered a pro-
totype, are madé from thermosetting resins such as phenolfformaldehydé,
phenol-benzaidehyde, polyfurfuryl alcohol, polyvinylidene chloride,
resorcinol-formaldehyde, p-p-dihydroxy-biphenyl-formalaehyde, and
1,S-naphthalenediol-formaldehyde,.and from celluose, pits, sucrose, and
some other organic precursors.1 These precusors are marked by the
fact that they are capable of cyclization or ring fusion, or chain co-
alescence at the onset of carbonization. Many hard carbons or chars
Have open pore structures and are good gas adsorbers or molecular
sieves.? High density (>1.3 g/cm3) glassy carbon can be made with
a completely closed very fine (<50 A) pore structure. Glassy carbon,
or glass-like orkvitreous.carbon as it is otherwise called, 1is notable
for its high temperature stability.‘ Its principal commercial use today
is as a material for high temperature crucibles and susceptors. It is
hard (1-3 GN/m2 DPH)!»3, strong (40-60 MN/m2 ultimate tensile
strength)l’A'G, but unfortunately brittle (Ky. = 10.5 M-m=3/2
10 =3)758:9. e impermeability (1076 - 10712 cm?/sec
He)10,11,12 an4 jts even greater chemigal inertness and oxidation
resistance than graphite1s13'14’15 has been used to advantage by
applying glassy carbon as a glaze to cheaper impure carbon or graphite

and refractory parts.l6 Glassy carbon is nearly always superior to
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graphite as an eléctrolysis electrode,l7 but this application at
| present is not economically feasible. Other proposed applications are
as medicai prostheses,1 electron gun element or filament!8® re-
placing tungsten, and as avstandardvmaterial for small angle scattering
apparal:uses.m’20

The structure of glassy carbon has been the 5u§ject of numerous
investigations since it was first manufactured, beginning with the work
of ﬁragg and Hammond.2! The first method used was x-ray dif-
fraction22729 yhich produced patterns dominaﬁed'by small angle scat-
tering and diffuse peaks corresponding to 002 reflections and hk bands
in graphite. The small angle scattering portion has been ana-
1yzed.21’28_34 Glassy carbon obeys the Porod law for heat treatment
temperatures greater than about 2000°C. All of these x-ray studies

concur with the model proposed by Jenkins, Kawamura and Ban,23 il-

lustrated in Figure I.l. According to this model, glassy carbon con-

sists of ribbons or laths. of highly strained and defective turbostratic

carbon of apparent crystallite size 15-50 A which twist,vturn, split
and join, and interlace wi£h each other to form closed split shaped
pores of 10-20 A in size. Of course, in dense glassy carbon where the
pore size has been kept to a minimum, ﬁhese details are not resolved in
optical microscopes or even in scanning electron tn'ic1roscopes.35’36
Transmission electron miérographs also support this model. Lat-
tice images of glassy carbon using the 002 reflections were observed by

Bose, Dahmen, Bragg, and Thomas;37 Kaae;38 Jenkins, Kawamura and

Ban, 23 and Phillips;39 Whittaker®0 and Saxena*! found that

B
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- flake specimens prepared by grinding gave spdt patterns corresponding
fo chaoite, diamond, graphite; and other allotrpoesj however né such
patterns have been found in specimens thinned by ion milling; Figures
1.2 through I.5 are récent glassy carbon lattice imagesbobtained by Dr.
Ron Gronsky from specimensiprepared by A. S. Rao. 1Images were not ob-
tained until the heat treatﬁent tempéfatures‘exceeded 1800°C.- None of
the other investigators reported lattice fringes in glassy carbon
heated at teﬁperatureg.less than this. However, Ban, Cra&ford, and
Marsh%42 observed lattice fringes in polyvinyldichloride carbonized at
530°C. Both polyvinyldichloride and glassy carbon are hard carbons, so
- it appears that factors other than heat treatment temperature; notably
the precufsors, affect the structure of the resulting‘hard carbon pro-
duct.

Many attempts to discover the bonding in glassy carbon have been’
made. The most numerous have been by performiné a Fourier transform
from scattering vector reciprocal space of x-ray diffraction patterms
to direct lattice real space to get a radial distribution of elec-
trons.22,25,26,28,43,44 They have not been particularly informative,
showing that carbon in glassy carbon is mostly trigonally bonded, but
that there is a spectrum of bond lengths consistent with the presence
of other carbon-carbon bonds. Analysis of the Compton scattering of
glassy carbon®’ drew the conclusion that the carbon atoms are more
nearly in a free state than in a state similar to that in graphite or
diamond. The conclusion from carbon K-emission studies on glassy
carbon was that the electrons in carbon atoms were bound at energy

levels somewhere between those of diamond and graphite.4® Nakamizo,
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Kammereck and Walker performed Raman spectroscopy on glassy carbon.%7

They found oniy two peaks which became increasingly sharper with heat

treatment temperature: one at 1355 cm™! which was associated withb

the bonding of benzene rings, and one at 1580 em~! which corresponds

to a vibrational mode of.graphite. No peaks corresponding to C-H bonds

weré.reported. ;
Electrical prdperties have been measured in a vastvarray of carbon

materials. Values have been measured over the whole range of elec-

48 has

trical conductivities measured on all other materials. Spain
recently published an excellent review on the subject.

On a scale of a few unit cells, the structure of glassy carbon re-
sembles that of graphite. The Slonczewski-Weiss#9 model has seven
parameters calculated from crystal potentials using a single electron
tight-binding approximation in perfect single crystal graphite. A. W.
Moore30 in his recent review of highly oriented pyrolytic graphite
gives the best values fof experimental work for these parameters; they
are extremely sensitive to the potentials and to each other. For
prediction purposes, the Slonczewski-Weiss band model is limited to
electrical conductivity; anomalies are commonly observed for
thermomagnetic properties for both low and high magnetic fields and at
low temperatures. The most recent comprehenive review of the model
itself is given by Spain.51

Magnetoresistance data has been used extensively to measure the .
band parameters of the Slonczewski-Weiss band model, mostly through os;

cillations with magnetic field (the Shubnikov-de Haas effect)!,

Magnetoresistance in good single crystal graphite is always positive
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but negativé magnetoresistance has been observed in many defective and
disordered soft carbons. It is usually a low temperature (liquid heli-
um) phenoﬁenon, and is a cqmplicated funcfion of the magnetic
field.48,52-61 of course, the Shubnikov-de Haas effect is ﬁo longer
observed due to the defects in these carbons. .

The modified Slonczewski-Weiss b&nd model is limited to perfect
single crystal graphite; its finer details are soon washed out in most
industrial graphi;és. In grossly defective‘graphite, the electrical
conductivity increases with temperature as a semiconductor and does n&t
decrease like a semimetal and pure graphite.62

The Hall effect in graphite for small magnetic fields and room
temperature is negative, but in general and for soft carbons it is sen-
sitive to local strain, temperature, impurities, and heat treatment
temperature, and is a function of magnetic field, 57,58,63-75 york
to explain this phenomenon continues on the modified Slonczewski-Weiss
theofy along the lines of trigonal warping,76’77’78 wherein the
corners of the constant energy Fermi surface become less pointed and
more rounded in the presence of a magnetic field.

S. Mrozowski’l has reviewed and chafted the electrical pro-
perties of soft carbons from carbonization through graphitization. His
proposed band model (Figure I.11) as a function of heat treatment
temperature shows the semiconductor behavior of low temperature carbons
(£1200°C) and band overlap at high temperature (>2500°C). The band
structure in the transition region remains undetermined. The band

structure of hard carbons was considered similar to that of soft car-

bons for low heat treatment temperatures.
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Precursors of glassy carbon processed at 10@ temperatures behave
as do.é number of other organic compounds79'82 and carbon thin
£ilms83-85 and 1ow temperature thars.86-89 The conductivity is
proportional to exp(—T'l/a) and 1is attributed to Mott scat-
teringgo’91 as shown in Figure 12.90  1n the only attempt reported, -
Bucker?2 could not obtain aﬁy Hall measurements on his low-tempera-
ture glassy carbép."Phenomena such as ac conductivityss’89 and high
field effects (switching)93,9% can be anticipated for glassy carbon
heét treated below a critical temperature of about 700°C. This temper-
ature marks a nonmetal-metal transition, and is the critical tempera-
ture at which‘the-last of the organic radicals have been driven off.

This work is coﬁcerned with glaésy carbon heat treated at temperaturés
well above this point.

Prior to this work, only three systematic investigations of the
electrical properties of glassy carbon in the heat treatment temper-
ature range of 1000 - 3000°C have been reported by Yattaguchi,95
Tsuzuku and Saito,96 and Saxena and Bragg.97’98 Yamaguchi found
that the magnetoresistance 1s negative and that the Hall effect is
nearly the same at 20°K, 77°K, and 360°K and is independent of magnetic
field up to 1.35 tesla. He found little change in the electrical con-
ductivity, which increased slowly with temperature. Tsuzuku and Saito
reported similar electrical conductivity and Hall effect data for mag-
netic fields up to 2.2 tesla. Saxena and Bragg made measurements of
the negative magnetoresistance and electrical conductivity over a con-

tinuous range of temperatures above 10°K with a maximum field of 5

tesla, but made few Hall measurements. They were the first to put
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forth empirical expressions for the electricél_ccnductivity and mag-
netoresistance. The electrical conductivity was written as the sum of

three components:

-1/4

g = A+ Bexp(f(T/To) ) + &(T) : (1)

The first coﬁponent was attributed to metallic states or conduc-
tion between extended states and was thought.to be dependent on the ap-
parent crystallite size as determined by x-rays. The second term was
attributed to variable range hopping or Mott scattering. The last term
was a low temperaﬁure correction term attributed to a Kondo-like mech-
anism applicable io glassy carbon heat treated at temperatures less
than about 2000°C. The form of the low temperature conductivity cor-
rection was thought to be of the form &(T) = log(T/TC); T < T,.

Because of the lowest measutemenf temperature was still high, this form
was chosenvbased on the existing Kondovtheory. The negative magneto-—
resistance for high temperature heat treated glassy carbon was found to
be linear with the square of the magnetic field divided by the absolute
temﬁerature (42/T) for small values of this parameter. For larger
values, the negative magnetoresistance continues to increase though at
slower rates. Saxena and Bragg, following Toyozawa,99 proposed that
the negative magnetoresistance is proportional to the square of thg
magnetic moment, but were unable to cite a specific model for a square

root inverse temperature moment dependence.
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Thus there are empirical formulae for the behavior of the negative
magnetoresistance, electrical conductivity and Hall effect for rela-
tively high temperatures and for heat treatment temperatures greater
than about 2000°C. For lower measurement tempefatures, the negative
magnetoresistance.failé>to increase as rapidly as predicted. Magnetic
.moment models, especially oné based on Curie paramagnetism, would pre-
dict that the negative magnetoresistance should saturate with in-
creasing ratio of magnetic field to temperature“(H/T).. The electrical
conductivity for high measurement temperature has the same form for all
heat treatment temperatures. The largest deviations from this form oc-
cur in low heat treatment temperature glassy carbon, the nature of
which remains unknown. The Hall effect appears independent of temper-
ature. However, in a great many carbon materials, the Hall effect un-
dergoes erratic behavior for low temperatures as a function of the
field. Since the lowest literature measurement temperature for the
Hall effecﬁ is a relatively high 20°K, such behavior is possible in
glassy carbon, though improbable.

Thus when lower temperatures became available, the anticipated éx—
trapolation of the data was that the negative magnetoresistance should
saturate, that enough of the decrease of tﬁe low temperature low heat
treatment temperature glassy carbon conductivity will be observed to
better establish an empiricai relation for it, and that the Hall effect

will remain temperature insensitive.



-9-

Therefore, the objectives of_this study were to obtain lower meas-
urement temperatures than the 10°K of Saxena and Bragg, to observe the
extended low teﬁperature beﬁavior of the conductivity and magnetore-
sistance, and to make a complete set of Hall effect measuréments as a
function of heat treatment temperatures greater than 1000°C.

Electrical propertie#_éan be extremely‘sénsitive to micro-
struéture, thqugh evidently less so in glassy carbon. Neverthéless,
with the achievement of lower measurement temperatures and the full
range of heat treatment Cemperathres, some conclusions describing the
microstructurél changes ‘in glassy carbon should be drawn from ob-
servations of the magnetoresistance, eléctrical conductivity andeall

effect.
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EXPERTMENTAL
- Glassy carbon was heat treated in a graphite furnace under an ip-

ert atmbsphere.to temperatures rénging from 1200 to 2700°C for three
.hours. It was ground, polished; and cut ultrasonically into four-probe
bar shaped.specimens. After cleaning, colloidal silver was painted on -
the contact pads to assure ohmic contacts.

Measurements were made undér isothermal conditions in a variable
range cryostat from 3 to 100°K with magnetic fields up to five tesla
provided by a superconducting magnet. Electric&l’conductivity measure-=
ments were made up to 300°K. The quality of the measurements are de-
pendent on the accuracy and preciéion of the specimens and instrumen-
tation. When these afe taken into account, the accuracy of the elec-
trical conductivity and Hall coefficient is about 3.72 and of the mag-
netoresistance approximately 0.01%. The relative brecision of the
electrical condﬁctivity and Hall coefficient is 0.01% and 0.2% respec-
tively. |

A more extensive account of such experimental aspects of this work
as specimen preparation, phenomenological theory and experiment design

and instrumentation, and cryogenic procedures is given in Appendix A.
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RESULTS

The magnetoresistance of glassy carbon is usually negative; in
this work only at low temperatures for heat treatment températures less
than 1600°C is positive magnetoresistance ébserved'as‘did Hishiyama
et. al.?5 The critical temperature at thch the magnetoresistance
goes from positive to negative is a fuﬁcfion of heat treatment temperé—
ture, and is approximately 16°K, 10°K,.and 8°K for heat tréatﬁent tem-
peratures of 10Q0°C, 1200°C, and 1400°C, respectivély as indicatea in
?igurevaII.l—3. The negatiQe magnetoresistance'ihcreases monoton-
ically with increasing magnetic field and higher inéreasing_heat treat-
ment temperatures, as also was observed by Yamaguchi95 and Saxena and
Bragg98, but is observed to saturate with inversé measurement temper-

ature (Figures III.4-10). The largest absolute value measured was

=2.2% for 2700°C heat treated glassy carbon.

The electrical conductivity of glassy carbon (Figure III.li—ZO) is
of the order of 200 (Q2-cm)~! and is not a strong function of tempera-
ture, as the ratio of the conductivities at room temperature and liquid
helium temperature is only 12-24%, depending upon heat treatment tem-
perature. For higher temperatures, as Yaxnaguc:_hi,-95 Tsuzuku and
Saito?6 and Saxena and Bragg97 observed, the conductivity increases
monontonically with temperature through room temperature, apparently in
a manner independent of heat treatment temperature. At low tem-
peratures, the conductivity reaches a plateau with a shallow minimum
for high heat treatment temperature material. The plateau minimum

occurs at decreasing temperatures for decreasing heat treatment
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temperatures until it no longer remains within the limits of the exper-
iment. For lower heat treatment temperatures than about 2200°C, the
conductivity continues to fall off more rapidly with decreasing heat
treatment temperature and measurement temperatﬁre.

The Hall coefficient (Figure IIX.21) for all heat treatments is
nearly independent of measﬁrement temperature, as is the Hall mobility"
" (Figure IIi.22). The Hall'coefficient is also not a function of mag-
netic field as is the case iﬂ other carbons. However, the Hall coeffi-
cient is a etrdng function of heat treatment temperature (Figure
II1.23) heving an absolute minimum at about 1200°C, crossing from nega-
tive to positive at abeut 17QO°C and becoming increasingly positive
with increasing heat treatment temperature. These results are similar
to those of Yamaguchi95 and Tsuzuku and Saito96 (Figure III.24).
The Hall coefficient observed in this work 1s small, and lies between
-0.048 cm3/coul and 0.126 cm3/coul. |

The magnetoresistance and electrical conductivity data were fitted
using a comprehensive modified Gauss-Newton algorithm for finding an
unconstrained minimum of a sum of squares of tﬁe residuals for
non-linear functions requiring first and second continuous anaiytical
derivatives.100,101 The Hessian matrix and hence the uncertainties
and correlation coefficients of the fitted parameﬁers are available, as
well as the sum of the squares, indicating the quality of fit.102,103
The fitted functions were chosen by comparison with the data and

literature considerations. The fitted parameters are listed in the

Appendices D-G.
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DISCUSSION
A. Magnetoresistance

Magnetoresistance'is the relatiQe'change of resistance with ﬁag-
netic field. Approaches to explain the phenomonon usually emphasize
the effect of magnetic field onveither the carrier mobility or the |
number of carriers.

Negative magnetoresistance has. always been associated with disor-
der and crytal defécts, chiefly because it is ﬁever found in highly or-
dered nearly defect free ﬁaterials. Negative magnetoresistance 1is
impossible in s%ngle carrier systems. It appears in some amorphous
semiconductors, heavily dopéd semiconductoré, and chalogenide
glasses.104

The negative magnetoresistance in glassy carbon is linear with the
square of the magnetic field at low fields and saturates with recipro-
cal temperature at higﬁ fields for high heat treatment temperatures
though it still is increasing with magnetic field. The only well
worked out theory to describe this phenomenon of negative magneto-
resistance for many years was Toyozawa's theory99 which explained. the
negative magnetoresistance in dilute metal alloys with ferromagnetic
impurities by a spin intefa;tion mechanism. This mechanism predicts
that the negative magnétoresistance is proportional to the square of
the total magnetic moment. Some moment models have been tested against
the data.

The first model tried in an attempt to explain the data was a
paramagnetic moment model based on the fact that glassy carbon contains

both localized and extended states which would be expected to have
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Curie and Pauli moments repectively. Thus the square root of the ab-
solute value of the magnetoresistance has been fitted to a tefm propor-
tional to a Brillouin function with spin 1/2 and a term ipdependent of
temperature and linear in magnetic field. These proportionality param-
.éters are plétted as a function of heat treatment temperature in
Figufes IV.l & 2 and listed in Appendix D. They are roughly described
as linearly increasing with this»paraﬁeter. The model fits well at the
highest heat treatment temperatures, but less yell at intermediate val-
ues (Figuré 1v.3-9). -

There ére séme questions concerning the validity of this analyis.
Firstly, even though the effective number of Bohr magnetons remains the
same for heat treatment temperatures greater than 1600°C, the lower
limit of the model, this number is much too large (6.2%0.1) for single
carbon atoms. This result is similar to that found in other studies
using this idea, such as in doped Ge, InAs, and GaAs.105 Large mo-
ments suéh as these have aléo been found in dilute ferromagnetic im-
purities in palladium determined through eleétron paramagnetic reso-
nance (EPR)106 and cold neutronm scattering;07 and have been inter-
preted as long range polarization or localization of the palladium
atoms surrounding the impurity.

Another problem with the Curie/Pauli model is that graphite and
most carbons have temperature dependent diamagnetic magnetic suscepti-
bilities. Diamagnetism in graphite 1is anis;otropic;lo8 in fact the
degree of anisotropy in carbon materials has been used as a reliable

measure of-graphitization.log’llo Simply put, the diamagnetism of
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graphite consists of two components; a small (= -0.4 x 10-6 emu/g)
isotropic part due to the ion cores: and a c-axis part inversely pro-
portional to temperature and sensitive to crystallite sizes less than
‘about 150 A. This latter part is attributed to London diamagnetism
associated with the ring structure of graphite and free electron
Peierls diamagnetism.111 The theory of diamagnetism in bulk single
crystal graphite has been addressed by McClure.llz’llj Recent devel-

opments have produced a theory applicable to both sheetlla’;ls and

116 Ghich make up the microstructure of

corfugated ribbons of graphite
carbon fiberé. Thougﬁ the geometrical model assumptions may be ad-
justed to better matchithe microsfruéture of glassy carbon, the exact
calculations themselves are not trivial and require a considerable
amount of computer time. However, because the negative magneto-
resistance is so well behaved, a moment model proportional to thé
square of the theoretical diamagnetic moment could be anticipated_to
compare about as well as do the'experimental ribbon and sheet diamag-
netic moments to theory.

The only reported magnetic susceptiblity measurements of glassy
carbon heat treated in the range of interest were done by
Fischbach!l? and were used as a measure of the degree of preferential
"alignment of the laths after high temperature (1600-2900°C) tensile
tests. He reported the diamagnetic susceptibility of his starting

materials as xp = -9 x 10-6 emu/g for a heat treatment temperature

of 2000°C and xT = -16 x 1076 emu/g for 3000°C, where XT 1is one
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third of the trace of the magnetic susceptibility tensor.‘ He implied
linear interpolation of the magnetic susceptibility between these t&o
extremes.

Paramagnetic moments have been measured in a glassy cafboﬁ pre-
cursor!l® pheat freated at temperatures less than 800°C. The effec-
tive number of Bohr magnetons measured was 6.6, comﬁérable to the num-
ber derived from the present magnetoresistance measurements, but it is
unknown whether this is due to impurities (iron) intentionally intro-
duced in solution in the carbon matrix or to the carbon itself. Para-

- magnetic moments have been found in a number of <':arbon,82’119'123 but
ugually in those heat treated at temperatures less than 1500°C, leading
to the conclusion or at least strong impliéation that paramagnetism due
to unpaired electrons, free organic radicals, and other defects is
annealed out at higher temperatures.

A number of studies on the electron spin resonance (ESR) have been
done on hard carbons or their precursors.92’124'128 High heat treat-
ment temperature studies of glassy carbon were doﬁé by Toyoda et‘
al.129 and Orzeszko and Yang.130 The study by Orzeszko and Yang 1is
particularly interesting becagse by using a method derived by S;
ﬁrozowski,l31 they were able to differentiate between free electron
spins (concentration temperature independent) and localized spins
(Curie temperature dependence) as shown in Figure IV.10.

Recently a magnetic moment model having the same characteristics
as the square root absolute magnetoresistance data was published by S.

Kobayashi et al.132 1t was developed to describe the magnetization
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of silicon atoms in heavily phosphorus doped silicon. The total mag-
netization moment is given as follows:

N(O) u. sinh X : e '
_ B (cosh X) + 2
M= 8z fn <(cosh X) - z) @

where X = BgugH

B = (kT)'l, T = temperatﬁré, k = Boltzman's Constant

ug = Bohr magneton

g = effective moment Bohr magnetons

H = magnetic field induction

Z = (cosh2x - p)1/2

P = U/T

U = intra-state correlation energy/k
This moment model behaves very similarly to the Curie-Pauli model. If
the intra-state correlation energy‘is zero, the moment magnetism be- .
haves like Pauli péramagnetism. If the intra—-state correlation energy
is nonzero, at high magnetic fields the moment shows Cﬁrie-like behav-
iour, saturating with inverse témperature. The model was fitted to the
present data; the proportionality parameter Q and intra-state correla-
tion energy U are tabulated in Appendix E and plotted in Figure IV.l1l

and 12 as functions of heat treatment temperature where

N(O)u, sinh X
B : . - (cosh X) + Z
BZ L <(cosh X - z) (3)

and where g has been found to be independent of heat treatment tempera-

ture and nearly the same as in the Curie-Pauli model. The linear
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parameter Q increases with heat treatment temperature as did theother

linear parameters in the Curie-Weiss model above. However, U increases

with heat treatment temperature until 2200°C where it appears to reach

a plateau. The fit of this model compared with the Curie-Pauli model -
is 6n1y slightly inferior and as with Curie-Pauli model, is Qorse at
intermediate heat treatment temperatures.

Saxena and Bragg98 found that the square root of the absolute:
value of the negative magnetoresistance is linear with the magnetic
field dividedbbyvthe square roét of the temperature for lﬁwer values fo
this parameter. .Brigh£133 has used this data in this way to support
his model of overlapping localized and extended states for negative
ﬁagnetoresistance in pregraphitic carbons. He assumes that the broad-
ening of the Landau levels is Gaussian, and that the standard deviation
of the broadening distributionvis proportional to the zero-field car-
rier drift moﬁility. This model predicts that near equilibrium (low
fields less than 1.5 tesla), the négative'magnetoresistance is pro-
portional to uaﬂz,'where u is the drift mobility and H is magnetic
field, and thus that the drift mobility is proportional to the inverse
fourth root of temperature. The proportionality constant is plotted as
a function of heat treatment temperature in Figure.IV.C.l3 and listed
in Appendix F. It increases roughly linearly with temperature. This
model, as with the previous models introduced, fits increasingly worse
for decreasing temperatures (Figures IV.C.14-20). Furthermore, as seen
in Figure II11.22, the Hall mobility, while not necessarily the carrier
mobility, is nearly independent of measurement temerature and does not

have a definite inverse fourth root temperature dependence.
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Other theories of negative magnetoresistance exist. FOne apprdach
is that the magnetic field aligns the spins of a disordered material,
eliminating scattering centers and thus increasing the effective mobil-
ity.134 Another approach is that localized carriers with low mobil-
ities are induced from an impurity Band into the conduction band where
the mobility is higher, thus effectively increasing the number of car-
riers and the COnductivity.l35"l38 Most of these theories have been
developed for application to specific materials (semiconductors) and
for limiting cases of low fields. None seem to fit the‘present data as
well as the moment models.

Positive magnetoresistance was observed for heat treatment temper-
atures less than 1600°C and for temperatures less than 20°K in glassy
carbon. The temperature at which the magnetoresistance goes from nega-
tive to positive decreases as the ﬁeat treatment temperature increases.

The classical case of positive magnetoresistancel39 is applica-
ble té metals, semiconductors, and other materials where a band model
has been used to successfully describe the elecronic structure. The

magnetoresistance is given by

L
[o}

— loim
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for small fields such that p,2H2 << 1.

ne/nh , the ratio of carrier concentrations

uh/ue , the ratio of carrier inabilities

Considering that the negative-magnetoresistance dominates at high tem-
pefatures, the positive magnetoresistance must disappear with increas-
ing temperature, which implies that the mobility is inversely propor-
tional to temperature. A positive component was gdded to the present
empirical Curie/Pauli model describing the negative magnetoresistance
in high temperature glaésy carbon in an attempt to produce an empirical
model for the whole range of heat treatment temperatures. This was un-
successful.

Magnetoresistance for hopping conduction between localized states
without interaction with extended states is positive and highly sensi-
tive to magneticvfield,lao at least for low fields’as

Ap 2
— <= exp H

o p
Hishiyama et al.?? considers this mechanism as responsible for posi-
tive magnetoresistance observed at low temperatures for low temperature
heat treated glassy carbon. Examination of Figures III.1-3 show that

the above is not an adequate description of the ekperimental behaviour

of the positive magnetoresistance observed in glassy carbon.
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Of the models discussed above, the moment.models for negative mag-
netoresistance fit the full range of data for high temperature heat
treated glassy carbon best. Unfortunately they are also the most am-
biguous in that the proportionality c§nstant linking the negative mag-
netoresistance to the sqﬁare of the moment is unknown bﬁt'is expected
to be a function of the density of states. Even the sign of the mag-
netic moment remains ambiguous. .Any positive component of the magneto-
resistance in these high heat treatment temperature glassy carbons is
small and not easily separable, and was ignored.

Consider that negative magnetoresistance is due to the interaction
"of localized and extended states as influenced by a ﬁagnetic field and
that the positive magnetoresistance observed is due to interaction
between only localized states. It appears then that the interaction of
localized states decreases with heat treatment temperature, most likely
due to the annealing out of localized states. At high heat treatment
temperature, the interaction increases as the heat treatment tempera-
ture is raised.

This view is supported by the electron spin resoﬁance data shown
in Figure IV.10 except in the transition range where the Hall effect
changes signs. Apparently, negative magnetoresistance is inversely
proportional in some way to the density of states,‘even though the mo-
.ment model predicts that it should also be proportional to the square
of the number of spins.

Thus the negative magnetores;stance for high heat treatment tem-

perature glassy carbon is well behaved, unlike that for a great many
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other carbons, in that it is a monotonically increasing function of
magnetic field, saturating with inverse temperature., Theory predicts
- that this negative magnetoresistance is proportional to the square of
the magnetic moment; several models for the 1iterature have been exém-
ined as pos#ible candidates. The magnetoresistance for low temperature
heat treated glassy carbon which is positive at léw measurement temper-
atures remains unexplained.
B. Electrical Conductivity

The most recent comprehensive study of the electrical conductivity
of glassy carbon in the high heat treatment temperature (greater than
1000°C) regime was done by R. Saxena and R. H. Bragg.98 They found

that the conductivity o could be empirically written as

o = A+ Bexp(-(cT M%) + &(T) (6)

where A, B, and C are constants and 8(T) is a term appearing only at
low temperatures for low temperature (less than 2000°C) heat treated
material. The first and largesf term A was attributed  to metallic con-
duction and was thought to be influenced by scattering from "crystal-
lite'" boundaries. The second term was in the form for Mott scattering
or variable range hopping of carriers between localized states. Since
this work is basically in agreement with Saxena and Bragg on these
points, elucidation of these components is left to Appendix B. Thus
the new contribution to the body of knowledge concerning the electrical
conductivity of glassy carbon is the third term of Saxena and Bragg,
which was a negative correction terﬁ of the Kondo logarithmic form.

Because of the extended temperature range in this work, it was found
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,that instead this negative component has a square root inverse temper—
ature dependence, compatible with the recent theory for the low temper-
ature correction for -one-dimensional metallic filaments. No explana-
tion is given for the very low temperature conduction behavior of high
teﬁperature heat treated glassy carbon, though it may be related to in-
creasing apéareht_crystallite size.and dimenéionality.

Kaveh and Mo;t141 have reviewed two approaches to a correction

of the metallic conductivity. They are ﬁhe localization approach by
Abrahams, Anderson, Licciardello and ﬁamakrishﬁan142 and the electron
ingraction approach by Altshuler, Aronov, and Lee.l43 In the locali-
zation approach, the carrier ié‘allowed to diffuse until an inelasfic
scagtering even takes place (trapping by a localized state) and thus
diffusion of the carriers is limited by the inelastic.scattering time.
'in fhe electron interaction approach, the effective number of carriers
is affected by the correlation between the shift ofpotential energy and
the broadening.of the momentum distribution of the carriers themselves
as scaled by the physical dimensions. Both mechanisms may be operating
simultaneously. They give identical resplts for conduction in two di-

mensions:

s = e o KTt (7"
° 5 T :
27"h h

where T is the effective scattering time. The difference between the

two approaches is seen in the Hall effect: The localization approach
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predicts that there will be no correction in the Hall effect but the
interaction approach predicts that the relative change in the Hall co-
efficient will be twice that for the conduction. The interaction ap-

proach has been used to predict corrections in three dimensions

s _ (e Y2 1 - (8)
o] 3 NCE_)
hD F

and in one dimension

oo ()t )
_ h m A \ kT '

where D is a diffusion coefficient related to the near free path and A
is the cross seccional area. Such a -T"1/2 dependence was found in
this work for a component of the electrical conducting inducing the
possibility of one-dimensional transport.

The,correctiﬁn term parameter D becomes progressively smaller as
the heat treatment temperaturevis.increased (Figure 1IV,21) until the
term disappears for heat treatment temperatures greater than 2200°C.
Several possible causes are that the diameter of the one-dimensional
wires becomes greater or their length becomes shorter, or that there
are fewer conducting paths. Because individual filaments are not
measured, but rather the resistivity of a highly interconnected net-

work, individual filament parameters cannot be evaluated.
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As discussed in Appendix B.I,.the strongly scattering metallic
term of the conductivity is independent of temperature. Figure 1IV.22
gshows that it also appears to be independent of heat tréatment tempera-
ture and thus apparent "crystallite" sizelas measured by x-ray dif-
fraction. Using the well worked out three dimensional formula thought
to be appliéable for high heat treatment temperatures, the mean scat-
tering length is estimated to be about 13 X.

In Appendix B.2, the variable range hopping term is discussed.
figure>IV.23 shows ;hat tﬁe lineaf term B is independent of heat treat-
ment temperature. The exponentiai constant C, (=14.5 °kl/4) is
also independent of this parameter; thus, the variable rénge hopping
term is approximately the same for all heat treatment temperatures.

The localization range, the inverse of the decay‘parameter of an expo-
nential localized wavefunction, is approximately 15 A.

Thus the new part to the basic description of the electrical con-
ductivity as advanced by Saxena and Bragg is a one dimensional cor-
rection term to the strongly scattering metallic conductivity term, ap-
plicable only for glassy carbon heat treated below about 2200°C.

C. Hall Effect

In glassy carbon, the Hall effect is temperature insensitive
(Figures III.21 and III.22), dependent on heat treatment temperature
(Figure I1I1.23) and independent of magnetic fiéld, unlike many other
carbons. If the metallic scattering component is considered to be the
dominant component to the Hall coefficient, an assumption most likely
to be valid at high heat treatment temperatures, then the carrier con-

centration is estimated to be 7 x 1019 holes/cm3 for 2700°C
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material. A fuller discussion of the Hall effect, and the uncertainty'
introduced by theory (or lack thereof) as to the calculation of funda-.
mental parameters from the Hall effect in disordered materials i§ given
~in Appendix C.
D. Correlation to Microstructure

The microstructure of glassy carbon is essentially the skeleton of
its polymer precursors at low heat treatment temperatures. This mate-
rial does not readily give lattice images in the transmission electron
microscope; also, small angle x-ray scattering shows that at least some
of the pore surfaces are diffuse.30:31 A5 the heat treatment temper—
ature is increased to about 2000°C, ribbons §r laths are imaged in the
transmission electron microscope, and the diffuseness of the pore sur-
faces.is no longer apparent in small angle x-ray scattering. In wide
angle x-ray diffraction, the interplanar spacing associated with the
“first diffraction maximum remains constant‘at 3.44 A characteristically
the spacing associated with the (002) plane in turboétratic carbons, up
to‘a heat treatment temperature of about 2200°C.27,144  The inter-
planar spacing slowly decreases with higher heat treatment tempera-
ture. The weight loss during heat treatment alﬁo saturates at about
this temperature.l43 The Hall effect becomes positive at about
1700°C, also about the lower limit for the negatiVé magnetoresistance
models. While the magnitude of the conductivity does not change
greatly, the form is slightly altered in that a low temperature cor-
reaction term characteristic of a one dimensional filamentary skeleton

network appears for heat treatment temperatures less than about
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2200°C. The two linear conductivity parameters appear to be
~independent of»heaf treatment temperaturé. The range of localizaton
appears to be about 15 A and the mean'frée path perhaps 13 A; they
cannot be correlated to either an apparént crysﬁailite size or a pore
size. which increases mdﬁotonically wit’h heat treatment temperature,
There does appear to be some_inhomogeﬁeities in the materiél which may
be fesponsible for some of the scatter in the parameters.

The idea of two-phase graphitization of.hard carbons is not new.
" Franklinl46 advanced the idea of two— and three-phase graphitization
from detailed x-ray diffraction measurements. Loebnerl#7 also cited
a two‘phase graphitization‘scheme, using not only X-ray diffraction
data, but electrical resistivity and thermoelectric pdwer data also.
Recently, Hishiyama et al.148 pade the observation that negati;é mag-
netoresistance is characteristic of turbostrafic éarbons as opposed to
positive magneto?esistance in graphitic carbons, and that this negative
magnetoresistance is proportional to apparent crystallite size along
the c-axis or [002] direction, an idea used earlier by Kawamura and
Tsuzukul®9 in their study of porosity and graphitization of glassy
carbon. This analysis is only valid for heat treatment temperatures
greater than about 1700°C, and is not an explanation for the low heat
treatment temperature, low temperature positive magnetoresistance.

The most important implication that the electrical méasuremeﬁts
have on the general view of the microstructure of glassy carbon is that
glassy carbon heated at temperaturé; less than 2200°C has a one di-
mensional metallic component, as shown by the inverse square root de-

pendence of the low temperature correction term. This view is also
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supported by evidence from transmiésion electron microscopy, small

angle x-ray scattering, and a saturation of the weight loss during heat
treatment. The disappearance of this one-dimensional component of the
microstrucure is also demonstrated by the sharp change in the Hall ef-

fect and the less marked change in the magnetoresistance. -
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CONCLUSIONS AND RECO)QIENbATIONS
The following conclusions have been made:v

1. Negative magnetoresistance in high temperature heat treated
glassy carbon saturates with reciprocal temperature but not.with mag-
netic field for fields less than five tesla. Several mo&els wgrenconf
sidered as plausible explanations for this behavior but none could be
confirmed as correct. Positive magnetoresistance found at‘lowvobserva-
"tion temperature in low temperature heat treated glassy carbon remains
unexplained.

2. The Hall effect is temperature insensitive. The results are
cdmparablé to other literature values. The Hall coefficiént changes
signs from negative to positive with increasing heat treatment tempera-
‘ture at about 1700°C and shows a negative maximum at about 1200°C.

3. The electricél COnductivity of glassy cafbon in the heat
treatment temperature range 1000 to 2700°C was found to have three em—
pirical compbnents:

a témperature independent component attributed to the con-
ductivity or transport between extended stétes and fitting the descrip-
tién for a metal with strong scattering.

a variable range hopping component, for which the exponential
term exp(-(TO/T)'l/a) is constant for all héat treatment tempera-
tures. The power of the temperatufe in this exponential argument indi-
cates transport in three dimensions.

a low temperature term that for heat treatment temperatures

less than about 2200°C is the same as for the one-dimensional
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conduction correction for metallic thin wires or filamenﬁs; For higher
temperatures, the conductivity dec;eases to a shallow minimum as the
temperafuré decreases. The nature of the conducti?ity for temperaﬁures
below the minimum remains to be explored.

4. The microstructure of glassy carbon has a one dimensional com-
ponent at low heat treatment temperatures as sﬁpported by.evidence from
the elecﬁrical conductivity and also from the transmission electron mi-
croscope and small angle x-ray scattering. The transition from one di-
mensional behavior is marked by a change in the sign of the Hall coef-
ficient, and the disappearance of the one dimensional metallic conduc-
tivity correction term. The nature of thg transition remains unknown
as to whether it is simply a coarsening of the filaments or whether a
true phase transformation takes place. At higher heat treatments, the
"apparent" crystaliite size of the turbostratic laths increases, and
the increase in negative magnétoresistance is thought to be due to
this. This view of the microstructUre of glassy carbon as a function
of heat treatment temperature is consistent with the consensus litera-
ture model,

The parameters of the present experiment are simply heat treatment
temperature, observation temperature, and magnetic field. Thg heat
treatment time and electrical field and current are held constant. In
extending the scope of the present experiment, the most interesting
results would seem to be obtained by lowering the measurement tempera=-
ture and varying the heat treatment time. The magnetic susceptibility

should also be measured.
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At lower measurement temperatures, the conductivity for low heat
treatment temperatures should asymptotically approach zero with de-
creasing temperature as for both hopping conductivity and one-dimén—
sional filamentary metallic conductivity theoretically go to zero at
zero temperature. No new behaviour is expected regarding negative mag-
netoresistance as the present data shows that the negative magneto-
resistance saturates with inverse temperature. The naturé of the
positive magnetoresistance found af low temperature should ;eveal more
about that phenomenon, such as whether_positive magnetoresistance
exists in glassy carbon heat treated in the range Between 1600°C and
2200°C for lon enough temperatures and thus determine whether the pos;
itive magnetoresistance is associated witn the negative'Hail effect
nnd/or the one dimensional carbon filaments. The present cryogenic
system is not capable of achieving temperatures in the range 0.1 -
4.2°K which wonld be a reasnnable and.desifable range for such an ex-
periment.

A systematic set of heat treatment times for a representative set
of heat treatment temperatures should help answer the question nf
whether there is a sepnrate transformation of carbon filaments to tur-
bostratic laths or whether there is a single coarsening process. R.
Saxena and R. H. Bragg27 have done such a study and measured an
activation energy of 215%40 kcal/mole for the coarsening of the turbo-
stratic laths which is comparable to the énergy for graphitization in
other carbons. The present model predicts that low temperature elec-
trical conductivity and the Hall effect should be affected most. If

Hishiyama et al.l4l are correct in their contention that the negative
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magnetoresistance is proportional to the size of the turbostratic lath,

then an activation energy close to that that Saxena and Bragg measured

should be derived from magnetoresistance observations on glassy carbon

heat treated for a systematic set of times, at least for temperatures

greater than 2200°C. : o g v -
In the discussion section concerning the magnetoresistance, sever-

al models were mentioned as possibilities for satisfying the condition

that the negative magnetorésistan;e is proporti&nal to the square of

the megatic moment. Thus, it would be désirable to measure the mag-

netic sﬁsceptibility-to,deterﬁine which of the magnetic moment models,

if indeed any, is correct.
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FIGURE CAPTIONS
I.1 Sketch of Glassy Carbon Structure

I.2-5. Lattice Images of Glassy Carbon
Heat Treated at 2700°C, 2550°C, 2250°C,

and 1800°C respectively

The subfigures a, b, and c, are underfocused,
in fécus, and overfocused with the change of
focus about 200 A. The "in focus" condition
is optimally theoretically about 600 2 under-
focused. The series of éubfigures for each
heat treatment temperature gives a depth
distribution of the fringes in the thin speci-
men. The fringes are 3.4 R thick.

Microscopy courtesy of Dr. RonGronsky.

1.6 Mrozowski Model Band Diagram for Soft

Carbons (Ref. 71)

1.7 Bucher Low Heat Treatment Temperature-

Glassy Carbon Conductivity (Reg. 90)
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Magnetoresistance as a function of the
magnetic field squared ploted as isotherms
for heat treatment temperatures of 1000,
1200, 1400, 1600, 1800, 2000, 2250, 2350,

2550, and 2700 °C respectively.

Electrical conductivity as a function of

temperature for glassy carbon heat treated
at 1000’,1200’ 1400, 160, 1800, 2000, 2250,
and 2700 °C réspectively. The solid lines

have been fitted according to the empirical

equation o = A + Bexp<fCoT‘1/“>'- pr-1/2,
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The Hall Coefficient plotted as a function .

of the inverse fourth root of temperature,

The Hall mobility plotted as a function of

the inverse fourth root of temperature.

The Hall coefficient as a function of heat

treatment temperature,

Literature values of the Hall coefficient as

a function of heat treatment temperature.
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Curie-Pauli parameter x vs. heat treatment

temperature.

Curie-Pauli parameter T vs. heat treatment

temperature.

Fit of Curie-Pauli model plotting isomagnetic
field lines for glassy carbon heated at
2700, 2550, 2350, 2250, 2000, 1800, and

1600 °cC.

Spin Concentration (Electron Spin
Resonance; Ref. 130) as a function of heat
treatment for localized and conduction or

extended electron states.:

KRobayashi moment (Ref. 132) model parameter Q

as a function of heat treatment temperature.
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Kobayashi moment (Ref. 132) mbdel_interaction

energy U vs. heat treatment temperature.

Bright model proportionality parameter as a

function of heat treatment temperature.

Bright (Ref. 133) model plots of the square
root of the absolute value of the mégneto-
resistance against the magnétic figld divided
by the square root of temperature H/1l/2

for glassy carbon heat treated at 2700, 2550,

2350, 2250, 2000, 1800, and 1600 °C.

The one-~dimensionality parameter D of the
electrical conductivity of glassy carbon

as a function of heat treatment temperature.

The strongly scattering metallic component A
of the electrical conductivity plotted as a

function of heat treatment temperature.
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Iv.23. The prefactor constant B of the variable range LBL 828-6535
hopping component of the electrical conduc-
tivity plotted as a function of heat treatment

temperature.
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