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ABSTRACT

Megnetic susceptibility and magnetic anisotropy measurements
by the Faraday method were carried out on samples of natural graph-
ite, graphitized carbon ceomposites, stress recrystallized pyrolytie
graphite and on a graphitized carbon black (Graphon). The tgtal
susceptibility at room temperature ranged from - 18.75 x 107° emu/g
for grephon to -21.68 x 10-% emu/g for the stress recrystallized py-
rolytic graphite. The anisotropy retios {R = X, /¥,) ranged from
1.02 for an extruded lampblack based carbon composite teo 4G for the
stress recrystallized semple. The temperature dependence of the sus-
ceptibility can be accounted for using a two dimensionel degenerate
electron ges model. From this model the values of T,, the degeneracy
temperature of the electron gas, the number of effective electrons
per carbon atom and o = m/m¥, the retio of the electron rest mass %o
its effective mass were obteined. Within the spirit and limitations
of this model the following estimates for T, were obtained; 3LL°K for
?atural grephite, 379°K for stress recrystallized pyrolitic graphite
“nd 500°K for Grephon. A strong correlation exists between T, and
" the perfectiocn of the grephitic materiasl. Susceptiblility measure-
ments as & function of massive oxidation show that the effeet of gas-
ification in dry oxygen upon the susceptibility of ihe material re-
flects its-perfection and preparation methods.

THTRODUCTION

Graphite possesses one of the largest dismagnetic anisotroples
of any meterial known. Wnen a single crystal of npatural grephite is
oriented such that the magnetic vector is perpendiculer to the basal
plane (aramatic plane) the specific susceptibility is x, = - 21.75
x 10”6 emu/g. If the magnetic field vector is oriented parallel Eo
the basal plane the specific suscepbtibility is ¥, = - 0.30 x 107
emi/g. The ratio ¥,/ ¥, 1is a good measure of the diemagnetic aniso-
tropy of the material and for selected natural single crystals is as
high as 72,1 The nhigh diamagnetic enisotropy and the underlying
physicel phenomena have been falrly well known since the ploneering
work of Ganguli and Krishnan in 1948.2 They were able to interpret
the high susceptibility for a megnetic field oriented perpendicular
to the basal plane &s being due to the contribution Dby quasi~free
electrons in the 7 band.

The current models for the interpretation of the magnetic prop-
erties if graphitic masteriels are due to McClure3=h and to Marchand

+Current Address, Aerospace Rsch Labs, Wright-Patterson AFR, Ohio
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and co-workers.? McClure, using the rigorous formalism of band
theory, derived explicit expressions for the diamegnetic anisotropy
of graphite using the two dimensional band siructure approximation.
He algo obtained computational results for the three dimensionel
band structure medel. Marchand and co-workers, elaborating on a
simple model propesed by Genguli and Krishnan, noticed that the semi~
empirical relation y = 1 - exp(-x) proposed to fit the experimental
data, could be firmly grounded on existing theories of a two dimen-
sicnal electron gas. In their theory the above semi-empirical rela-
tion takes the form

Xg/X =1 - exp ( - T /T) (1)

where Ty = (thea)/(hﬁmkS} is the degenerscy temperature of the two
dimensicnal electron gas, Xo = [(VB2N)/(kTeS) (1 - o /3), N is the
total number of carbon azoms, Vv the number of holes per carbon atom
in the band with effective mass m*=m/0, 5 the area occupied by the
gas, and B = eh/2mC the Bohr magneton. Their theory unjustifiably
assumes V to be temperature independent, implying no thermal excita-
tion of carriers from the 7 band to the conduction band. According
to Marchend's simple model, Tg = eg/k, where g4 is the energy dif-
ference from the Fermi level to the top of the valence band apnd k is
the Boltzmann constant. The present work was undertaken to see if
magnetic susceptibility measurements could be used to characterize ',
carbon materiels and to investigate quantitatively their gasificstion-
in oxygen. This approach stemmed from earlier work which showed that
the specific dismagnetic susceptibility y¢ is proporticnal to the
position of the TFermi level with respect toc the edge of the valence
band3 in carbon materials, and that gasifieation produces many forms
of structurel imperfections which can act as traps for electrons
thereby lowering the Fermi level.

EXPERIMENTAL

Avrerage and anisotropic magnetic susceptibility measurements by
the Fereday method were made on samples of SP-1 (natural graphite),
AGKSP, L1135FP spectroscopic grade ertificial cerbons from Union
Carbide Co., SRPG (stress recrystallized pyrolytic graphite) and
Graphon (a carbon black heet treated to a temperature of 2700°C).
From the field dependence of the dismegnetic susceptibility (Honda-
Owens plot), & negligible concentration of ferromegnetic impurities
was determined. Traces from the diesmsgnetic susceptibiléty tensor
(x; + 2 %, ) et room tempersture renged from ~18.8 x 10-° emu/g for
Graphon to -21.6 x 10-6 emy/g for the SRPG. Other values for the
room temperature trace were found to be -20.6, -21.0 and -21.2 x 10‘6
emu/g for powdered SP-1, for L113SP and AGKSP extruded rod composites,
respectively. The anisotropy ratios (R = ¥,/ Xy ) ranged from 1.02
for the composite L1135P to 38.8 for the moSsic crystal of SRPG.
Other values are presented in Table 1.
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Tahle I Prineipel Suseeytibilitieg of Different Craphites and
Graphitic Carbeons in Units of 10~ emu/g at Room Temperature
Sample =Xy “X 1 =X Total Anisotropy
Ratio
not
5P~1 Average ¥ = 6.86 20.58 Measurable
SRPG 0.54 20.60% 21.68 38.2
AGKSP 8.33 k. 6o#* 21.27 1.8k
AGKSP# Average ¥ = T.10 2l.30 neot
Measurable
L113SF 7.06 6.93% 21.06 1.02
LllBSP# Average x = T.01 21.03 not
. Measurable
Graphon  Average ¥ = 6.25 18.75 not
Measurable

¥Component parallel to c-axis, across the grain or in extrusion
A
. #Powder

direction; whichever applies
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orientation using the Faraday balance.

are presented in Fig. 2.

@,

Diemagnetic susceptibility as =&
function of temperature was meas-
ured from TT°K to 300°K and the
results of these measurements are
presented in Fig. 1.

The samples were gasified
{or massively oxidized) in dry
oxygen "in situ" in the Faraday
balance. Gasification was car-
ried out at temperatures selected
sc as to avold & non-uniform,
diffusion controlled reaction.
Uniformly gesified samples were
chtained, gesified to as much as
807 weight loss. The optimum
gasification tempersture in-
creases with the perfection of
the material to be gasified,
These optimum gasification temp-
eratures ranged from 450°C for
8P-1 and Graphon to a high of
650°C for SRPG. Susceptibility
as a function of gasification wes
measured for different sample
Results of these experiments
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Fig. 2. Diemagnetic Susceptibility vs. "Burn-off”
for Various Graphitic Carbons

DISCUSSICH

From the susceptibility vs. temperature measurements asnd using
Marchand's model for the susceptibility of a degenerate two dimen-
sional electron gas, values for the ratic o =m / of of the rest
mass {m} to the effective mass (m*) of the free carriers, and the
degeneracy temperaiure (TO) wvere calculated. The following degenercy
temperatures were estimated: TFor SP-1 powder sample, Ty = 3bb.2°K;
Graphon Tg = 5C6°K and SRPG, Ty = 379.3°K. The other carbon meter-
iels under study, the composites (filler plus binder) AGKSP and
L1138P, possessed a degeneracy temperature of 389.4°K and 402,0°K
respectively. The effective masses derived from this model ranged
in walue from m* = 0.003m for 5P-1 to m* = 0.005m fer Graphon. These
values are smeller than the magnitude usually assumed for the effec-
tive masses in graphitic materials.

FKow that the sign of vp {an overlap integral in the band theory
of graphite) has been definitely stablished (yo<0) and the heavy
carriers identified as electrons6, SpainT has foundé from galvanomag-
netic data that the light holes close to the H point in the first
Brillouin zone (the top of the Fermi surface extending into the next
zone) may be identified with the effective minority carriers. It is
pogsible that only the carriers with the smallest effective messes
are responsible for the magnetic susceptibility of graphite and gra-
phitic carbons, the contribution of charge csrriers with larger m®
values being nesligible. This possibility, as previously pointed
out by Marchand?, could account for the small m* values found in
this work and for the temperaturs independence of V. One should
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point out that Schoenbert8 also found smell wvalues for v of the order
of 102, Using susceptibility measurements as a charascterization
tool, one found that the SRPC sample with the lowest Ty of the arti-
ficial materials has better over-sll metallic properties than the
other artifical carbon samples {AGKSP, L113SP and Graphon).

CONCLUSIONS

The results on the effect of gasification upon the susceptibil-
ity of the materisls were shown to depend on the origin and prepars-
tion of the individual samples. For the commercial carbon compos-
ites, the susceptibility was found to remain constent with gasifice-
tion. This hehavior was observed for AGKSP and the lampblack based
L1135 samples. This was explained on the basis that the electronie
effects of cerrier trapping would not be significant, since the mate-
riel was known to contain tec many carrier traps, due to their highly
disordered structures and created by plastic deformetion during fab-
rication, which mask any gasification effect. Tor the highly aniso-
tropic SRPG mosaic crystal, when oriented with the field perpendic-
uler to the basel plane, the specific susceptibility (¥, ) vs. burn-
off (gasification} curve was seen to decrease with burn-off. The
susceptibility decreases steadily to U5% burn-off and then remasins
constant thereafter. However, for the magnetic field pearallel to the
+basal plane of the crystal there was no measurable change in the

(ji%usceptibility (xy ) with burn-off. In this material the effect of
gasification upon the susceptibility was significant and could be at-
tributed mainly to the formation or enlargement of defects upon gasi-
fication which are effective charge cerrier traps. Sinee Graphon has
the largest specific surface ares for chemisorbing oxygen vwhen aseti-
vated, it is suggested that the observed decrease in the susceptibil-
ity during gasification was & result of chemisorbed oxygen acting as
surface trapping sites.
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