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NEGATIVE MAGNETORESISTANCE IN GLASSY CARBON

Dennis F. Baker and Robert H. Bragg

.Materials and Molecular Research Division,
Lawrence Berkeley Laboratory and

Department of Materials Science and Mineral Engineering
: University of California

Berkeley, California 94720

ABSTRACT

The magnetoresistance of glassy carbon heat treated for three
hours between 1200vand 2700°C was measured at temperatures from 3 to
100°K‘iﬁ magnetic fields up ‘to 5 tesla.

‘The magnetoresistance was generally negative and saturated with
reciprocal temperature, but still increased as a function of magnetic
field. The maximum negative magnetoresisténce méasured 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
greater than 1600°C. The proportibnality paraﬁeters increased approxi-
mately linearly with heat treatment temperature. Positive magneto-
resistance was found only in less than 1600°C treated glassy carbon for

low measurement temperatures.
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§1. INTRODUCTION

Magnetoresistance is the relative change of resistance with mag-
netic field. Approaches to explain the phenomenon usually emphasize
tﬁe effect of magnetic field on either the carrier mobility or the num-
ber of carriers.

Negative magnetoresistance has always been associated with dis-
order and crystal defects, chiefly because it is never found in highly
ordered nearly defect free materiais. It is impossible in singie car-
brier systems, but appears in some amorphous semiconductors, heavily
doped semiconduétors, and chalogenide glasses (Mott and Davis 1979).

Negative ﬁagnetoresistance has been observed in many defective and
disordered graphitizable carbons, mostly as a low temperature (liquid
heliﬁm) phenomenon, énd is a complicated function of the magnetic
. field (Spain 1981, Delhaes 1971, Delhaes, De Kepper, and Ulrich 1974).
Magnetoresistance data from single crystal graphite is always positive
and has been used extensively to measure the band parameters of the
Slonczewski-Weiss band model, mostly through oscillations with magnetic
field called the Shubnikov-de Haas effect (Spain 1973).

Glassy carbon is a prototypical nongraphitizable carbon. For a
systematic set of heat treatment temperaturés (HTT) greater than
1000°C, Yamaguchi (1963) found that its magnetoresistance is negative
at 20 K, 77 K, and 300 K. Saxena and Bragg (1977) made measurements of
the negative magnetoresistance —Ap/p over a continuous range of temper-

atures T above 10 K with a maximum magnetic field H of 5 tesla. They
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found a "knee'" in the curve of IAp/p’l/2 vs H/TI/Z. The question

of whether the negative magnetoresistance reached an asymptotic value
or that merely a new smaller slobe was established for higher fields
and/or lower temperatures was unanswered. This paper better estab-
lishes the behavior of the magentoresistance as a function of HHT be-

tween 1000°C and 2700°C at temperatures as low as 3 K.
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§2. EXPERIMENTAL
Glassy carbon was acquired from Polycarbon, inc. of North

"Hollywood, CA in plate form after it had been heat treated for one hour
at its final heat treatment temperature of 1000°C. It was heat treated
fufther in an Astro graphite furnace for three hours at temperatures
ranging form 1200°C to 2700°C under inert gas. Specimens were ground
and polished to uniform thickness and ultrasonically cut into a four
probe bar configuration. Measurements were made under isothermal con-
ditions in a liquid helium cryostat at temperatures ranging from 3 K‘to

100 K and with magnetic fields up to five tesla.
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§3. RESULTS

The magnetoresistance of glassy carbon is usually negative; in
this work only at low temperatures for heat treatment témperatures less
than 1600°C was positive magnetoresistancé observed as also found by

'
Hishiyaﬁa, Kaburagi, and Ono (1979) as also shown in Figure l. The
critical temperature at which the magnetoresistance goes from pbsitive
to negative is a function of heat treatment temperature, and is approx-
imately 16°K, 10°K, and 8°K for heat.treaCment temperatures of 1000°C,
1200°C, and 1400°C, respectively. The negative magnetoresistance in-
creases monotonicaliy with iacreasing magnetic field and higher heat
‘treatment temperatures, as also was observed by Yamaguchi (1963) and
Saxena and Bragg‘(l977), but isvbbserved to saturate with reciprocal
measurement temperature (Figures 2 and 3). The largest absolute value
measured was -2.2% for 2700°C heat treated glassy carbon with an
uncertainty of 0.01Z.

The only well worked out theory to describe this phenomenon for
many years was Toyozawa'; (1962) theory which explained the negative
magnetgresistahce in dilute metal alloys with ferromagnetic impurities
by a spin inﬁeraction mechanism. This mechanism predicts that the: neg-
ative magnetoresistance 1is proportionai to the square of the total mag-
netic moment. Some moment models have been tested against the data.

The first model tried in an attempt to explain these 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 magnétoresistance has been fitted to a term propor-
tional to a Brillouin function with spin 1/2 and a term independent of
temperature and linear in magnetic field. These proportionality param-
eters are plotted as a function qf heat treatment temperatﬁre in
?igures 4 and 5. They are roughly'describedbas linearly increasing
with.this parametef. The modelvfits Vell at the highest heat treatment
temperatures, but less well at intermediate values (Figure 6 and 7.

- There are some questions concerning.the validity of. this analyis.
Firstly, even though ;he.effective numbervof Bohr magnetons remains the
same for heat treatment temperatures greater than 1600°C, tﬁe l§wer
limit of the model, this numbef 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 (Hedgcock 1967).
Large moments such as these have also been found in dilute ferromag-
netic_impuritiesvin paliadium determined through electron paramagnetic
resonance (EPR) (Shaltiel, Wernich, Williams, and Peter 1964) and cold
neutron scattering (Low and Holden 1966) and have been interpreted as
long range polarization or localization of the palladium atoms sur-
rounding the impurity.

Another problem Qith the Curie/Pauli model is that graphite and
most carbons have temperature dependent diamagnetic magnetic suscepti-
bilities. Diaﬁagnetism in graphite is anisotropic (Ganguli and

Krishnan 1941); in fact the degree of anisotropy in carbon materials



-6-

has been used as a reliable measure of graphitization (Pacault 1974,
Pacault and Marchand 1957). Simply put, the diaﬁagnetism of 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 proportional 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
(Fischbach 1961). The theory of diamagnetism in bulk single crystal
graphite ﬁas been addressed by McClure (1960, 1956). Recent develop-
ments have produced a theory applic;ble to both sheet (Volpilhac and
Hoarau 1978, Hoarau and Volpilhac 1976) and corrugated ribbons of
graphite (McClure and Hickam 1982) which make up the microstructure of
carbon fibers. Though the geometrical model assumptions may be ad-
justed to better match the microstructure of glassy carbon, the exact
calculations themselves are not trivial. However, because the negative
magnetoresistance is so well behaved, a moment model proportional to
the square of the theoretical diamagnetic moment could be anticipated
to compare about as well as do the experimental ribbon and sheet dia-
magnetic.moments to theory.

The only reported magnetic susceptiblity measurements of glassy
. carbon heat treated in the range of interest were done by
Fischbach (1967) and were used as a measure of the degree of preferen-—
tial alignment of the laths after high temperature (1600-2900°C) ten-

sile tests. He reported the diamagnetic susceptibility of his starting
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materials as yp = -9 x 1076 emu/g for a heat treatment tempefature

of 2000°C and xp = -16 x 10-6 emu/g for 3000°C, where xr 1s one

third of the trace of the magnetic susceptibility tensor. He implied
linear interpolation of the magnetic susceptibility between these two
extremeé.

- Paramagnetic moments have been measured in a glassy carbon pre-
cursor (Omori and Yajima 1979) heat treated at temperatures less than
800°C. 'The effective number of Bohr magnetons measured was 6.6, com-
parable to the number derived from the present magnetoresistance meas-—
urements, but it is unknown whether this is due to impurities (iron)
intentionally introduced in solution in the carbon matrix or to the
carbon itself. Paramagnetic moments have been found in a number of
carbons (Smith and Sarachik 1980, Carmona, Delhaes, Thalence and
Lasjanias 1977, Szczurek 1977), but usually in those heat treated at
temperatures less than 1500°C, leading to the conclusion or at least
. strong implication that paramagnetism due to unpaired electrons, free
_organic radicals, and other defects is annealed out at higher tempera-
tures.

Recently a magnetic moment model having the same characteristics
as the square réot absblute magnetoresistance data was published by
Kobayashi, Fukagawa, Ikeﬁata and Sasaki (1978). It was developed to
describe the magnetization of silicon atoms in heavily phosphorus doped
silicon. The total magnetization moment is given as follows:

N(0) Mg sinh X on (cosh X) + Z
7z j (cosh X) - 2




where X = BRgugH

B (kT)-l, T = temperature, k = Boltzman's Constant
ug = Bohr magneton

effective moment Bohr magnetons

09
n

H = magnetic field induction
(cosh2x - p)l/2

p = U/T

N
[

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 paramagnetism. If the intra-state correlation energy
is nonzero, at high magnetic fields the moment shows Curie—liké behav-
iour, saturating with inverse temperature. The model was fitted to the
present data; the.propoftionality parameter Q and intra-state correla-
tion energy U are plotted in Figures 8 and 9 as functions of heat

treatment temperature where

N(O)uB sinh X

q = ) (cosh X) + Z
- RZ ’

(cosh X) - 2 (2)

M = Q&n

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 linearpara-
meter Q increases with heat treatment temperature as did the othef lin-
ear parameters in the Curie-Weiss model above. However, U increases

with heat treatment temperature until 2200°C where it appears to reach
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a plateau. The fit of this model compared with the Curie-Pauli model
is only slightly inferior, and, as with the Curie-Pauli model, is worse
at intermediate heat treatment temperatures.

Saxena and Bragg (1977) found that the square root of the absolute
value of the negative magnetoresistance is linear with the magnetic
field divided by the square roét of the temperature for lower values
for this parameter.. Bright (1979) has used this data in this'way to
support his model of overlapping localized and extended states for neg-
ative magnetoresistance'in pregraphitic carbons. He assumes.that the
broadening of the Landau levels is Gaussian, and that the standard de-
viation of the broadening distribution is proportional to the zero-
field carrier drift mobility. This model predicts that near equilib-
rium (low fields less than 1.5 tesla), the negative magnet§resistance
i; proportional 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 a§ a function of heat treatment femperathre in Figure 10. It
increases roughly linearly with temperature. This model, as with the
previous models introduced, fits increasingly worse for decreasing tem-
peratures (Figures 11 and 12). Furthermore, the Hall mobility (Baker
and Bragg 1983), while not necessarily the carrier mobility, is nearly
independent of measurement temerature and does not have a definite in-

verse fourth root temperature dependence.
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Other theories of negative magnetoresistance exist. Oﬁe approach
is that the magnetic field aligns the spins of a disordered material,
eliminating scattering centers and thus increasing the effective mobil-
ity (Movaghar and Schweitzer 1977). Another approach 1is that IOCaIiQed
carriers with low mobilities are induced from an impurity band into the
conduction band where the mobility is higher, thus effectively in-
creasing the numbef of garriers-and the conductivity (Giovannini and
Hedgcock 1972, Fukuyama and Yosida 1979, Kawabata 1980). Most of
these theories have been developed for application to specific mate-
rials (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 t;eatment tempef—
atures less than 1600°C and for temperatures less than 20 K in glassy
carbon. The temperature at whiéh the magnetoreéistance goes from.nega-
tive.to positive decreases as the heat treatment temperature increases.

The classical case of positive magnetoresistance (ﬁilson 1953) is
applicable to metals, semiconducfors, and other materials where a band
model has been used to successfully describe the elecronic structure.

The magnetoresistance is given by

a (t)+ 1 2 uﬁ H2
Ao _ b l\a+b , . c'Hz (3)
o 1 2

+ (aA— b )2 uﬁ H

a+hb
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for small fields such that uhZHZ < 1.

ne/nh , the ratio of carrier concentrations

uh/ue , the ratio of carrier inabilities

Considering that the negative magnetoresistance dominates at high tem-
peratures, the positive magnetoresistance must disappear with increas-—
ing temperature, which implies that the mobility is inversely propor-
tional to temperature. A positive component was added to the present
empiricavaurie/Péuli model describing the negative magnetoresistance
in high temperature glassy éérbon in an attempt to produce an empirical
model for thé'whole'rangé of heat treatment teﬁperatures. This was un-—
successful. -

One of the components of the electrical conductivity of glassy
carbon is variable range hopping (Baker‘and Bragg 1983, Saxena and
Bragg 1978a). Magnetoresistance for hopping conduction between local-
ized states without interaction with extended states is positive and
highly sensitive to magnetic field (Shklovskii and Lien 1978) at least
for low fields as

A
L0 « exp H2 (4)

p ,
Hishiyama et al (1979) considers this mechanism as responsible for pos-
itive magnetoresistance observed at low temperatures for low tempera-
ture heat treated glassy carbon. Examination of Figure 1 shows that

the above is not an adequate description of the experimental 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 ﬁost am-
biguOus_in that the proportionality constant linking thevnegative mag-
netoresistance to the square of the moment is unknown but 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 magnetic 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 resonance data of
Orzeszko and Yang (1974) except in the transition range where the Hall
effect changes signs. Apparently, negativé magnetoresistance is in-—
versely proportional in some way to the.density of states, even though

the moment model predicts that it should also be proportional to the

square of the number of spins.
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‘Recently, Hishiyama, Kaburagi, Ono, Inagaki, and Kamiya (1980)
made the observation that negative magnetoresisgance is characteristic
of turbostratic carbon as opposed to positive magnetoresistance in gra-
phitic carbon, and that this negative magnetoresistance is proportional
to appareﬁt crystallite size along the c-axis or [002] direction, an
idea used earlier by Kawamura and Tsuzuku (1974) in their study of
porosity and graphitization of glassy carbons. .Saxena and Bragg
(1978b) have measured an activation of energy of 215 40 kcal/mole for
the coarsening of the turbostratic laths in glassy carbon by means of
x-ray diffraction. This activation energy compares favorably with the
activation euergybfor grapitization in other carbons (Fischbach 1971).
Thué for a systematic set of heat treatment times at high temperatures,
glassy ca?bon magnetoresistance data.  should yield a similar activation

energy.
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§4. CONCLUSIONS

We conclude that negative magnetoresistance in high temperature
heat treated glassy carbon saturates with reciprocal'temperéture but
not with magnetic field for fields less than five tesla. Several mod-
els based on an interpretatiqn in tefms of temperature dependent mag-
netic susceptibility provide plausible explanatioﬁs for this behavior
but none could be- confirmed as correct. Positive magnetoresistance
found at low observation temperature in low temperature heat treate&

glassy carbon remains unexplained.
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List of Figures - Captions

Figure l: Magnetoresistance of low temperature (1200°C) heat treated
glassy carbon, showing positive magnetoresistance at low tempertures
(< 10 R for 1200°C) and negative magnetoresistance at higher temper-

atures. (XBL 829-11525)

Figure 2: Magnetoresistance of moderately (1800°C) heat treated glassy

- carbon. (XBL 829-11528)

Figure 3: Magnetoresistance of high temperature (2700°C) heat treated

glassy carbon. (XBL 829-11533)

Figure &4: Curie proportionality parameter for negative magnetore-
sistance in moderate to high temperture heat treated glassy carbon.

(XBL 828-6438)

Figure 5: Pauli proportionality parameter for negative magnetore-
sistance in glassy carbon as a function of heat treatment temperature.

(XBL 828-6437)

. Figure 6: Fit of Curie-Pauli model plotting isomagnetic field lines

for high temperature (2700°C) heat treated glassy carbon. (XBL 829-11517)
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List of Figures - Captions (Continued)

Figure 7: Fit of Curie-Pauli model plotting isomagnetic field lines
for moderate temperature (1800°C) heat treated glassy carbon.

(XBL 829-11522)

Figure 8: Kobayashi moment model proportionality parameter Q plotted

as a function of heat treatment temperature. (XBL 828-6439)

' Figure 9: Kobayashi moment model interaction energy U/k vs. heat

treatment temperature. (XBL 828-6440)

Figure 10: Bright model proportionality parameter as a function of

heat treatment temperature. (XBL 8110-6697)

Figure ll: Bright model plot of the square root of the absolute value
of the negative magnetoresistance for a high temperature (2700°C) heat

treated glassy carbon.  (XBL 829-11511)

Figure 12: Bright model plot of the square root of the absolute value
of the negative magnetoresistance for the moderately (1800°C) heat

treated glassy carbon.  (XBL 829-11515)
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