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RECENT WORK ON ELECTRONIC PROPERTIES OF CARBONS AT THE
I]NIVERSITY OF BUFFALO*

E. J. Ser,¡rN

Departtnent of Physics, Uniuersity of Bufalo, Buffalo, New York

(Manuscript received Sept. 15, 1955)

This is a review of results of work on the electronic properties of carbons performed at the
University of Buffalo by several investigators. Studies of soft carbons have shown an anomalous
variation of the Hall effect constant with heat treatment in the region of heat treatments around
1600-1900'C where puffing occurs, and the presence of negative magnetoresistance in the range
of heat treatments fim-22üi_"C (S. Mrozowski and A. Chabe¡ski). The diamagnetic susceptibil-
ity of soft carbons has been studied as a function of temperature from liquid nitrogen to 1000'C
and the susceptibility of residual bisulfate compounds of carbon has been investigated as ¿ func-
tion of oxidation (H. T. Pinnick and P. Kiive). Nlicrowave magnetic resona,nce absorption of
electron spins has been studied as a function of heat treatment in soft and hard carbons from
the raw state up to graphite (J. G. Castle, Jr. and D. Wobschall) .  Final ly, quanti tat ive in-
vestigations of the infrared response and of the absorption of p¡'rolyzed organic films have been
carried out (J. Andrerv).

At the first Carbon Conference a paper

was presented by H. T. Pinnick on the
work done at the llniversity of Buffalo on
the electronic properties of carbon up until
that timel. This included the electrical re-
sistivity, Hall effect, thermoelectric effect,
magnetic susceptibility, and infrared ab-
sorption of raw cokes. In the last two years,

the rvork on the Hall effect and magnetic
susceptibility has been extended as well as
work on the infrared response of raw coke
films, and much new data has been obtained
on other electronic properties: the magneto-
resistance and paramagnetic resonance.
This paper will be mainly a presentation of
results obtained since the first conference.

The recent work on the Hall effect has
been done by S. Mrozowski and A. Chaber-
ski'?. The samples used were made from

* Research supported by the U. S. Office of
Naval Research. Reproduction in whole or in part
is permitted for any purpose of the United States
Government.

I H. T. Pinnick, This volume, page 3.
2 S. Mrozowski and A. Chaberski, Phys. Rev.

94, 1427 (1954). A detailed paper is being prepared
for publication in Phys. Rev,

l{ational Carbon baked soft carbon rods
that were heat treated in a graphitizer fur-
nace in the presence of a nitrogen atmos-
phere. Fig. 1 shows the Hall coefficient as a
function of heat treatment, the highest tem-
perature to which the sample had been
previously heated. The trvo curves are for
measurements taken at two different am-
bient temperatures-room temperature and
Iiquid nitrogen temperature. The picture

of the electronic nature of carbons, as de-
duced from the Hall effect and other elec-
tronic properties is as follows (see Fig. 9 in
Reference 1): At low fI? (heat treatment),
around 1200"C, the carbon is a semiconduc-
tor with fairly large energy gap, and the
Fermi level lies deep 'within the zr-valence
band, so deep that the electrons act, not
like holes, but like electrons. The Hall ef-
fect is therefore relatively small and nega-
tive. With increasing HT, lhe Fermi level

rises and the electrons soon begin to act

Iike holes, so that the Hall coefficient be-

comes positive., With further increase of
HT, lhe Fermi level continues to rise and

the effective number of holes decreases, so
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F¡c. 1. Hall coefficient for a soft carbon vs.

temperature of heat treatment.2 The t'wo curves

correspond to values obtained at room tempera-

ture and at 78'Ii.

that the Hall coefficient becomes morc posi-

tive. Ho'rvever, the energy gap also decreases
as the temperature of HT is increased, so
that el'entually the energy of activation
becomes of the order of l¿1' and electrons
start to be excited into the conduction band
in large numbers. From here on the Hall

coefficient begins to decrease rvith further
increase it HT although the number of
holes still decreases. This is because the
number of electrons in the conduction band
increases and because these electrons have
greater mobility than the holes. The Hall
coefficient soon turns negative even though
the number of holes is larger than the num-
ber of electrons. For a HT' of 3000"C the
soft carborr becomes polycrystalline graph-

ite, that is, arr intrinsic semiconductor rvith
zero (or nearly zero) energy gap. For such a
semiconductor the number of electrons and
holes are ecrr"tal. but the Hall coefficierlt is
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negative because of the greater mobility
of the electrons.

The peak of the Hall curve occurs rvhen
the energy gap is of the order of kT and an
appreciable number of electrons are ther-
mally excited from the valence band to the
conduction band. As seen in Fig. 1, the peak

in the room temperature cun'e occurs at a
lol'er fI? than the peak in the Iiquid nitro-
gen temperature curve; that is, it occurs for
a correspondingly larger energy of activa-
tion. The shift in the peak of the Hall curve
u'ith temperature can be considered as good

evidence of the decrease of the energy of
activation rvith increasíng HT.

'fhere are some other interesting features
in the cun'e of the Hall coefficient. One can
see in Fig. I a dip, a sharp rise, and therr a
hump in the Hall curve in the region be-
tween l600oC and 1900'C ivhich is in the

t400 t800 2200 2600 3000
TEMPERATURE OF HEAT-TREATMENT CC}

Frc. 2. N[agnetoresistance for a soft carbon as
a furrction of heat treatment for a field of 6500
gauss.2 The two curves correspond to values ob-
tained at room temoerature and at 78'K.
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region rvhere puffing and the evolution of

sulphur are known to occur during the

graphitization process. One suspects there-

fore that this dip and hump in the curve are

associated rvith the removal of impurities by

heating. Samples heat treated rvithin this

region rvere heated at about 1000'C in an

atmosphere of chlorine and some impurities

were removed by this chlorination process'

The Hall coefficient after chlorination

changed slightly. The hump in the curve de-

creased, but did not disappear completely.

Evidently chlorination does not remove the

sulphur too well.
While investigating the Hall effect,

Mrozowski and Chaberski also studied the

magnetoresistance by measuring the change

in the electrical resistance of a sample rvhen

placed in a magnetic field' Some of their

results are shorvn in Fig. 2. Lp/ p, the change

in resistance divided by the resistance in the

absence of a magnetic field, is plotted against

HT.The magnetic field used here rvas 6500

gauss. When charges move in a magnetic

field, the field exerts a force on the charges

and they are deflected from lvhat 'lvould be

their field-free paths. One would expect' for

that reason, that a magnetic field u'ould

ahvays cause the resistance to increase. It is

therefore surprising to find that for carbons

over a narrow range of heat treatments, the

resistance decreases in the magnetic field.

This is a negative magnetoresistance. The

effect is more pronounced at low tempera-

tures; it seems significant that the minima

of the trvo curves in Fig. 2 occur at approxi-

mately the same heat treatments as the

peaks in the two Hall curves in Fig. 1. At

room temperature the magnetoresistance

varies as the 1.75 po\\'er of the magnetic

field over the entire range of heat treatments.

At Iiquid nitrogen temperature the exponent

changes and is no longer constant over the

rvhole range of field strengths; it is close to 2

at low magnetic fields and decreases grad-

ually to 1.6 at high fields.

The masnetoresistance u'as also found to

depend on the relative orierrtation of crystal-

lites u'ith respect to the magnetic field. The

magnetoresistance is greatest rvhen the mag-

netic field is perpendicular to the graphitic

planes of the crystallites. The samples used
in the experiments were polycrystalline

carbons obtained by cutting sections along

and perpendicular to the axis of large ex-

truded soft carbon rods, and the magneto-

resistancelvas found to depend strongly on

the orientations of the magnetic field and

the current rvith respect to the axis of the

extruded rod. The magnetoresistance can

therefore be used as a very sensitive tool

for the study of the degree of crystalline

alignment.
Measurements have also been made of the

magnetoresistance of some residual bisul-

fate compounds of carbons. The bisulfate

ions act as acceptors, increasing the ef-

fective number of holes in the z¡-valence

band. If a bisulfate compoutrd n'ith f17

around 3000'C is prepared, the rnagnetore-

sistance decreases and continues to decrease

as the ionic concentration is increased.

For a carbon rvith slightly positive magneto-

resistance, the addition of bisulfate ions

causes the magnetoresistance to become

negative. For a sample with slightly negative

magnetoresistance, as the ionic concentra-

tion increases, the magnetoresistance firsl

becomes more negative and theu increases,

tracing out something similar to the bottom

of the curve in Fig. 2. In general, the addi-

tion of acceptor ions causes a change in the

magnetoresistance 'rvhich corresponds to a

shift toward lor'ver I1?. This is additional

evidence that the number of excess holes is

higher for carbons heat treated to lorver tem-
peratures. The negative magnetoresistance

seems to be in some r,vay connected rvith the

position of the Fermi level, but nothing more

can be said about it since there is no theory

at present rvhich can explain the existence

of a negative m4gnetoresistance.
A number of nen'results have been ob-

tained in the last trvo years on the magnetic
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diameter for National Carbon rods and Thermax
carbon black porvders3.

susceptibility by H. T. Pinnick and P.
Kiive'''. Fig. 3 shorvs the diamagnetic sus-
ceptibility plotted as a function of crystallite
size. The crystallite sizes have been deter-
mined by X-rays, and the points are for
both National Carbon rods and Thermax
carbon black powders. The crystallite sizes
were changed by heat treating the rods and
carbon blacks in steps of 200'from 1200'C
to 2800'C. This curve is similar to one of
susceptibility vs. HT given by Pinnick in
Fig. 15 of his revie'w'; the region of steepest
ascent corresponds to heat treatments from
1600'C Lo 22OO"C.

For very small crystallites of 50 Á diam-
eter or smailer, the observed values of the
susuceptibility agree well with values es-
timated for aromatic ring systems (large
aromatic molecules) by extrapolation of the
anisotropic component to such large diam-
eters and by adding to it the small atomic
diamagnetism of the individual carbon
atomss. The sharp rise in the susceptihility
as the crystallites grow from 50 to 150 Á oc-
curs over the range of HT r,vhere the Fermi
Ievel is rapidly rising and the effective num-
ber of holes in the valence band is decreas-
ing. It is probable that in this region and for

3 H. T. Pinnick, Phys. Rev. 94, 319 (1954).
4 H. T. Pinnick and P. Kiive, Phys. Rev., April,

1956.
5 S. Nfrozowski, Phys. Rev. 85, 609 (1952).
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higher HT, the anisotropic part of the sus-
ceptibility can be considered to be mainly
that of a tw-o-dimensional free electron gas.
The surprising thing is that the susceptibility
attains a high value at such small crystallite
sizes and remains fairly constant for in-
creasing crystallite size. That is, the plateau
in the magnetic susceptibility curve extends
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Fra. 4. Magnetic susceptibility vs. heat treat-
ment at different, ambient temneratures for Na-
tional Carbon rodsa.
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over a region of HT where the Hall effect
and thermoelectric effect are changing con-
siderably and where the magnetoresistance
shows the greatest variation.

The dependence of the susceptibility of
carbon rods on ambient temperature has
been investigated and results are shown in
Fig. 4 and Fig. 5. In Fig. 4 the suscepti-
bility is plotted as a function of HT for
ambient temperatures varying from tem-
perature of liquid nitrogen (77'K) to 1000'C,
rvhile in Fig. 5 the susceptibility is plotted
against l/T with HT as the parameter.
In general, the shapes of all the curves in
Fig. 4 are similar. There is a plateau in
each curve, but the value of the suscepti-
bility corresponding to the plateau is dif-
ferent for different temperatures, being
highest at lo'w temperatures. It can be seen
that the beginning of the plateau shifts
slightly with ambient temperature, moving
towards higher HT for lorver ambient tem-
peratures. It seems significant that this
shift is of the same order of magnitude as
the shift of the peak of the Hall curve and
of the minimum of the magnetoresistance.

By introducing bisulfate ions into the
carbons it is possible to change the position
of the Fermi level without at the same time
changing the size of the crystallites and the
energy gap. For this reason, residual bisul-
fate compounds rvere prepared from samples
heat treated in steps of 200'between 1800"C
and 2800'C. The susceptibility lvas deter-
mined for several ion concentrations, and
the results are shown in Fig. 6. The sus-
ceptibility r,yas found to decrease with in-
creased ion concentration. The change in
susceptibility is greatest for samples of large
crystallite size, that is, samples which
were heat, treated to very high tempera-
tures.

As of two years ago it seemed that the
constancy of the susceptibility with f17
in the region of the plateau could be ex-
plained by assuming that with increasing
HT, as the effective number of holes de-

'"oo '"oo t1,11, 'rt^tloru,", 
,.u"."otr*. 

".,

Frc. 6. Magnetic susceptibility vs. heat treat-
ment for carbon bisulfate compounds with three
different HSOa- ion concentrationsa.

creased, the curvature of the energy sur-
faces in the corners of the Brillouin zone
changed in such a way as to keep the sus-
ceptibility constant.3 But the results for the
bisulfate compounds and for the tempera-
ture dependence of the susceptibility have
sholvn that the nature of diamagnetism is
more complicated than rvas originally sus-
pected. As of no.w, there is no theory rvhich
explains all the experimental findings.

Another electronic property that has
been investigated is the paramagnetic
resonance absorption of electrons in car-
bons. The work has been carried out by
J. G. Castle rvith the help of D. Wobschall.
The resonance absorption observed is due
to the spin reversal of free or almost free
electronic spins. fn such an experiment the
sample is placed inside a section of a wave-
guide which is located in the magnetic
field, and microwave radiation of a fixed
frequency is sent through the waveguide.
When the magnetic field has just the value
for which the Larmor precession frequency
of the spinning electrons is equal to the
microwave frequency, resonance occurs.
The sample then absorbs energy, and this
absorption is detected by the apparatus.
Fig. 7 is a schem¿tic diagram of the ap-
paratus used.

These experiments yield three kinds of
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MAGNETIC RESONANCE SPECTROIVETER

l-rc. 7. Block diagram of paramagnetic reso-

nance absorption aPParatus. F I

to 2.005 and is constant to rvithin a fraction

of the line width over the $'hole range of

heat treatments. This is the same I value

that has been previously published for

graphite (See ref. 12 in Pinnick'). The

relaxation times are inversely proportional

to the 'rvidth of the absorption lines. The

absorption lines for the soft carbons are

asymmetric in shape, and the line widths,

as determined by the separation betrveen

the minima and maxima of the derivative

signal, shorv a variation u'ith 11? in the

region betu'een 1600"C and 3000'C' There

is an almost continuous variation of line

width rvith 117, rvith maxima at 1600"C

and 2400"C and a minimum near 2100"C.6

In carbon blacks, n&rro\\¡er absorptiorl

lines are observed, as rvell as an interesting

variation in the g r,'alue with f17.' The

blacks have been investigated both for

their orvn sake and in the hope that the

results rvould also shed some light on the

behavior of soft carbons. Fig. 8 shorvs Ag,

the difference betrveen the observed g value

and the spin-only g value (2.0023) for Ther-

max carbon blacks that have been heat

treated from 1500'C to 3000'C. The g value

is observed to be very close to the spin-only

value at 1500"C and then to increase fairly

rapidly lvith increasing HT . The half rvidths

of the absorption lines, tüich are propor-

tional to the relaxation rate, are fairly con-

stant for most of the range, but increase at

both lo'w and high heat treatments. From a

HT of. about 1600oC torvard lorver heat

treatments the intensity of the signal rapidly

decreases. The u,idth of the absorption Iine

increases so that the effect observed is

probably that of a line so broad that no

signal can be detected. In fact, for carbons

heat treated betu.een 1400"C and 700"C, no

signal'r'r'as observed.
Ho'wever, for ran' cokes in the 11? range

from 300"C to 700'C an absorption line is

again observed.t Raw cokes obtained from

7 J. G. Castle, Jr., Phys. Rev. 99, 311 (1955).
s J. G. Castle, Jr., Ph¡*s. Rev. 98, 1561 (1955).
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Frc. 8. Diflerence between observed g-value

and spin-only g-value as a function of he¿t treat-

ment for Thermax carbon bl¿cks7.

information: g values, relaxation times,

and relative intensities' By comparing the

observed g value (spectroscopic splitting

factor) with that for a free electron, one

gets an idea of hol "free" the spin moment

of an electron in the solid actually is. The

g values observed in carbons are all close

to but slightly greater than the spin-only

(free spin) value. The g value observed in

soft carbon polvderso in the range of heat

treatments from 1600 to 3000'C is equal

6 J. G. Castle, Jr.,  Phys' Rev' 95' 846 (1954).



ELECTRONIC PROPERTIES OF CARBONS t23

I  oo3
F

8 0 &
o

6 0 ?

z
4 0 ú

zofrÁ

cellulose, styrene, coal, polyethelene and
other sources \\rere found to have a constant
g 'r'alue of 2003, a little greater than the
spin-only value, over the entire range of
HT from 300'C to 700'C. The half rvidths
of the absorption lines varied from sample
to sample, but it appeared that the soft
cokes had slightl¡' larger half rvidths (shorter
relaxation times) than the hard cokes.
AIso, the intensities of the absorption lines
increased from a heat treatment of 300'C
to a maximum bet$'een 400'C and 600oC,
and then decreased rapidly tou'ard 700"C
as increased amounts of volatile material
\\¡ere driven out of the coke. The interrsity
depends on the atmosphere surrounding the
sample during heat treatment as rvell as
on the heat treatment temperature. The
experiments indicate that the spin ab-
sorption probably takes place in peripheral
groups attached to the rarv coke molecules
rvhich in some cases might be derived from
the nitrogen or oxygen in the furnace at-
mosphere during heat treatment.

It rvas also found that the oxidation pro-
duced by grinding graphite in air caused a
very large increase in the intensity of the
absorption sigrral observed in paramagnetic
resonance. Horvever, rvhen the graphite
porvder rvas subsequently heat treated in a
nitrogen atmosphere to a temperature of
1000oC, the effect due to the grinding l.as
removed as the intensity of the absorption
signal decreased to its value before grinding.
The paramagnetic resonance experiments
offer a great amount of interesting informa-
tion, but the relations betrveen different
experimental results appear at the present
time to be rather complicated. Paramag-
netic resonance absorption in carbons, along
rvith the negative magnetoresistance and
the magnetic susceptibility, constitute three
major unsolved problems concerning the
electronic properties of carbons.

Another electronic property rvhich lvas
under investigation is the infrared absorp-
tion and spectral response of rarv coke films.
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response or a
raw coke film in the infrared. The film r,l'as a thin
sheet of cellophane heat treated in a nitrogen
atmosphere to 600"Ce.

This rvork has been done by J. F. Andrew.o
The rarv coke films rvere mainly thin sheets
of cellophane or polyacrylonitrile films that
u'ere heat treated in a nitrogen atmosphere
betu'een 300"C and 700'C. An infrared
spectrometer \\¡as used to obtain mono-
chromatic radiation. The rar,v coke films
absorb radiation and their resistance de-
creases rvhen they are illuminated. The
change in the resistance of the film while
under illumination is called the spectral
response.

In Fig. 9 both the absorption and re-
sponse are plotted as a function of rvave-
length for a rarv coke film prepared by heat
treating a thin sheet of cellophane to a
temperature of 600"C. It can be seen that
the curves are very similar in shape. Pre-
vious n'ork had shown that the absorption
edge, or drop in the absorption at the short
r'vavelength end of the curve near 2 microns,
shifts rvith I17. As the temperature of IJT
increases, the absorption edge shifts to
longer rvavelengths, corresponding to &
decreasing energy gap rvith increased f17.1
The main process occurring in this lorv I,vave-
length region is the photo-excitation of
electrons from the valence band to the con-
duction band. The energy released by the
recombination of the hole-electron pairs
created by this photo-excitation causes heat-

e J. F. Andrew, J. Opt. Soc. Am. 46,209 (1956).
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ing of the film. This process is effective only

for quanta whose energies are equal to or
greater than the gap energy. For quanta of
longer wavelengths, the absorption occurs
through molecular vibrations. For these
Ionger wavelengths, the response, or change
in the resistance of the film 'when it is illu-
minated, is due to the heat directly produced

by the absorbed radiation. Consideration
of Fig. 9 seems to show that in both regions

the response is due to heating of the film.

As an additional check, various liquid

backings were used for the raw coke films

and the response u'as determined in the

short wavelength or electronic absorption
region where photo-excitation occurs. Each

Iiquid caused the spectral response to de-

crease) but to varying degrees. The degree
to which the response decreased depended
on the thermal conductivity of the liquid
and the degree to which the liquid pene-

trated the pores of the film. Those liquids

which best conducted heat ar,vay from the
film decreased the response the most. One

concludes, therefore, that these raw coke

films act in the infrared as thermistor bolom-

eters and not as photoconductors, even in

the region where photo-excitation occurs.


