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The Hall constant and magnetoresistance of a carbon (soft
type) were investigated as a function of heat treatment tempera-
ture, Tzf, (that is, crystallite size) at two ambient temperatures T
(78' and 300'K). The maximum in the Hall constant shifts
toward higher heat treatments as the ambient temperature is
lowered, in much the same way as does the maximum in the ther-
moelectric eRect. Anomalies in the Hall curves in the range
1600&Tp,~&1900'C are shown to be due to impurities. No
magnetoresistance is detectable for TI,f&1700 C; the magneto-
resistance was found to be negative in the range 1700&Tf,~

&2300 C and to be positive and rapidly increasing with Tp„&above
that. For both ambient temperatures the maximum of negative

magnetoresistance occurs at about the same Ty, ~ as the maximum
of the Hall constant. Introduction of acceptors changes the mag-
netoresistance in the direction of lower Tq~. The value of magneto-
resistance and of Hall constant show a sensitive dependence on
the alignment of crystallites in the samples. The results are
interpreted in terms of the band model. It is concluded that the
lower (full) and upper (empty) bands are slightly overlapping in
graphite crystals, and furthermore, that the negative magneto-
resistance is due to holes in the lower band and the positive
magnetoresistance as well as the high diamagnetic susceptibility
are due to electrons in the upper band. Remarks about the
thermoelectric eRect and electrical resistance are also included.

I. INTRODUCTION

S EVERAL years ago an explanation was proposed
for the mechanism of the electrical conduction in a

broad class of solids, solids ranging from polymerized
aromatic molecular solids through carbon materials and
polycrystalline graphite up to single crystals of graph-
ite.' In such solids the current follows preferentially
along the aromatic planes (planar condensed benzene-
ring systems); it is carried by sr electrons excited into
the upper (conduction) energy band and holes left
behind in the lower sr band (intrinsic carriers) and/or
by holes already present in the lower (filled) sr band
(excess carriers). These last holes are due to trapping
of x electrons in surface sites which, according to the
proposed explanation, are identified with 0- orbitals of
the free unengaged carbon valencies on the peripheries
of the condensed benzene-ring systems. As the size
(diameter) of the aromatic planes increases with heat
treatment of the solid to a progressively higher tem-
perature, T~&, the energy gap between the upper and
lower x band gradually decreases and finally disappears
completely when the crystallite size becomes of the
order of 0.1 p. The variation of the energy gap, in
conjunction with the changes in the number of surface

traps, explains qualitatively the changes occurring with

T~~ in electrical conductivity of aromatic solids and in
other properties like thermoelectric and Hall effects at
room temperature as well."Since the activation energy
of x electrons into the upper band steadily decreases
with increasing crystallite diameters, it was expected
that the position of the positive maximum in the ther-
moelectric eGect and in the Hall constant would depend
on ambient temperature, shifting towards lower TI, ~

(smaller crystallite sizes) when the measurements are

* Supported by the Ofhce of Naval Research. Reproduction in
whole or in part is permitted for any purpose of the U. S.
Government.

' S. Mrozowski, Phys. Rev. 85, 609 (1952) and Errata /Phys.
Rev. 86, 1056 (1952)g.' K. A. Kmetko, J. Chem. Phys. 21, 2152 (1953).

performed at higher ambient temperatures. Recently
Loebner' reported the results of studies of the thermo-
electric effect for carbons at diGerent temperatures in
which the occurrence of such a shift of the maximum
was demonstrated. However, since the interpretation
of the Hall constant is essentially simpler and since
the measurements yield absolute values directly, it was
felt worthwhile to check the existence of the predicted
shift also for the Hall constant.

The Hall constant has been determined for well-

graphitized materials by a number of investigators in
the past. 4 Only recently in three instances measure-
ments have been extended over a range of crystallite
sizes. Kmetko' and Donoghue and Eatherly' investi-
gated the Hall constant as a function of heat treatment
T&&, from the baked state up to graphitization, only,
however, at room temperature. On the other hand,
Kinchin' studied the Hall constant at various ambient
temperatures, but for graphites with crystallite di-
ameters of 300 A and above, that is, in the range of T~&

considerably outside the position of the maximum.
Thus, a study of the Hall constant over a wide range of
Tp, & for at least two considerably di6erent ambient
temperatures seemed necessary to establish the presence
of the effect expected.

Since no information as to the dependence of the
magnetoresistivity on ambient temperature T and on
heat treatment temperature Tat (crystallite size) was
available, measurements of resistance were performed
concurrently with the Hall constant studies. The
experiments yielded most interesting results, ' and in

3 E. E. Loebner, Phys. Rev. 102, 46 (1956).
4H. Zahn, Ann. Physik 16, 148 (1905); G. Gottstein, Ann.

Physik 43, 1079 (1914); H. Kammerlingh Onnes and K. Hof,
Proc. Roy. Acad. Amsterdam 17, 520 (1915) were the early ones.
More recently: G. Hennig, J. Chem. Phys. 19, 922 (1951).

5 J. J. Donoghue and W. P. Eatherly, Rev. Sci. Instr. 22, 513
(1951).

e G. H. Kinchin, Proc. Roy. Soc. (London) 217, 9 (1953).
~ S. Mrozowski and A. Chaberski, Phys. Rev. 94, 1427(A)

(1954).
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consequence the work was extended to a study of the
dependence on geometrical factors (alignment of crys-
tallites) and also on the acceptor concentration, by
studying the magnetoresistance of residual bisulfate
compounds of carbon.
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II. EXPERIMENTAL AND RESULTS

A. Hall Constant

For the studies of the Hall constant, samples were
cut out in the longitudinal direction from 4-inch-
diameter National Carbon Company baked rods (essen-
tially soft carbon type), heat-treated previously to a
given temperature (4 samples for each heat treatment
Ts~). The heat treatment consisted throughout this
work of a gradual increase of temperature up to the
maximum in about 2 to 4 hours and holding for 10
minutes at the top temperature TA, ~, all in an atmosphere
of pure nitrogen. The samples were plates about 3.7 cm
long, 0.6 cm wide, and 0.1 cm thick and having side
arms for the Hall effect potential leads (Fig. 1). The
ends of the plates were clamped by means of Qat
beryllium copper springs which served as current leads.
A direct current of —', amp was used, the Hall potential
being measured by means of a potentiometer. Platinum
potential leads were inserted into 6ne holes drilled in
the carbon material (see Fig. 1;points u and b indicated
on the arms), and pairs of holes were selected which
diRered in potential the least in the absence of the
magnetic field. The small residual potential diGerence
resulted in asymmetric deQections for the two direc-
tions of the magnetic field, due to the presence of
magnetoresistive eRect. This asymmetry, however,
cancels out when the average of the two readings is
taken; this was checked by using the compensation
method of Breckenridge and Hosier' on a number of
occasions. For measurements at room temperature, the
sample had to be protected from air convection cur-
rents, which introduced some scattering into the results.
The low-temperature measurements were performed by
immersing the sample with all the leads directly into
liquid nitrogen. Two diRerent magnets were used as

R. G. Breckenridge and W. R. Hosier, Phys. Rev. 91, "/53

(1953).
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FIG. 2. Dependence of the Hall constant A and magneto-
resistance Ap/p on heat treatment of the carbon for two ambient
temperatures. Dashed curves in the region TqI=1650-1900'C
correspond to chlorinated specimens.

sources of magnetic 6eld: the smaller one with pole-
pieces 3 inches in diameter, and the larger one with
8-inch-diameter poles. The second one, with a 2-inch
pole separation, permitted the attainment of fields to
about 14000 oersteds. The field intensity was deter-
mined by means of a Quxmeter; the Quxmeter coils
were standardized, at a field around 3300 oersteds,
using proton resonance.

The Hall voltage was taken as an average of four
readings (magnetic field and current through the sample
being reversed) at a number of fields ranging from 2000
up to 10 500 oersteds. For all heat treatments, no de-
pendence of the Hall constant on the 6eld strength has
been detected which would be greater than the limits
of errors of the measurements for both the room and
liquid nitrogen temperature. For the given dimensions
of samples, no correction is necessary for the finite
ratio of the length to width. ' The average values for the
Hall constant as directly calculated from the data are
plotted as a function of heat-treatment temperature
T&& in Fig. 2. Since the size of carbon crystallites grows
with increasing heat treatment and since it is believed
that the electronic properties of carbons are actually
mainly a function of the size, the approximate diameter
of crystallite planes is given on top of Fig. 2. However,
this is done for orientation purposes only, the data
being mostly taken from the work of Pinnick" who

~ J. Volger, Phys. Rev. 79, 1023 (1950}.
"H. T. Pinnick, Phys. Rev. 94, 319 (1954).
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determined the sizes by x-ray diBraction for a set of
rods of a very similar, but not identical composition.

Most of the points on Fig. 2 represent the results
obtained on several samples. The Hall constant is
positive in the range of T~& between 1750 and 2400'C.
The position of the maximum shifts with the ambient
temperature as expected on the basis of the behavior
in the thermoelectric eGect. ' To the left of the maxi-
mum both curves reveal a very interesting structure,
with a hump around 1800'C in both and a minimum
at 1650'C for the low-temperature curve. The hump
appears in the range where the so-called puffing takes
place, presumably due to evolution of sulfur from the
carbon material. The fact that its position is inde-
pendent of ambient temperature seemed to support the
suspicion of such an origin. A thorough purification of
some carbon samples before heat treatment was
attempted by heating the samples in a slow stream of
chlorine gas mixed with nitrogen for about ~ hour at a
temperature of 1200'C. After such cleaning process,
the samples were consecutively heat-treated to in-
creasing temperatures in a stream of nitrogen and the
Hall constant after each heat treatment determined.
The results are given in Fig. 2 in the form of dashed
curves. It is evident that the puri6cation has greatly
reduced the hump, although by no means removed it
completely. Consequently one has to conclude that the
hump must be due to impurities in the carbon material;
this might not be true in relation to the minimum
around 1650'C, although certainly more experiments
are necessary to clarify this point. The purified samples
show in the region of the maximum Hall effect values
lower than the nonpurified samples, but after so many
consecutive heat treatments these samples were yield-
ing less reliable results anyway (chlorinated samples
gradually crumble), so that no special significance could
be attached to this observation.

In the high heat-treatment range (above 2700'C),
the results, although being well reproducible for each
sample, revealed a considerable scattering from sample
to sample. Samples highly heat treated show little
temperature dependence in the Hall constant (Fig. 2)
but they vary not only in the amount of change with
temperature, but even in its direction. No sample was
found which would show as great a change in Hall
constant as observed for polycrystalline graphite by
Kinchin (Fig. 1 of reference 6). It has been found that
in some cases an apparent extra temperature dependence
is due to the Hall probes being located too close to the
main cross section of the plate or still more so too close
to the corners (positions u, Fig. 1). It has been noticed
furthermore, that handling the samples directly by
hand, or rubbing their surface with emergy paper,
changes the Hall constant slightly, all the changes
being not sufhcient, however, to explain the scatter of
results. One has to conclude that the differences are
real and due to the nonuniformity in composition of the

original carbon material, which becomes noticeable
only after the material has been graphitized. As will be
evident later, acceptor or donor impurities in small
concentration acct strongly the electronic properties
of graphite, but not that of corresponding material
heat treated to lower temperatures. It might be that
some impurities of this kind survive through the
graphitization process.

For very highly purified Ceylon graphite, ground and
compressed into a plate under pressure of 10 tons/
square inch, with the magnetic field perpendicular to
the surface of the Rakes, values for the Hall constant
of —1.9 and —4.2 emu were found at the room and
liquid nitrogen temperatures respectively. A very small
change in the Hall constant was observed in this tem-
perature range for natural graphite by Kinchin. ' Evi-
dently a strong temperature dependence is obtained
only for very pure specimens.

B. Magnetoresistance

Concurrently with the determinations of the Hall
constant, measurements of the magnetoresistance were
performed for all samples. The measurements are easily
reproducible for well-graphitized materials. However,
in the lower heat-treatment range, where the magneto-
resistance eGect for the fields available was very small,
considerable di6iculties were encountered at 6rst, until
it was realized that a very Grm contact between the
potential probes and the sample is essential for the
success. When the magnetic 6eld is turned on and oG,
slight induced currents in the probe circuit are sufhcient
to move the point of contact and completely falsify
the results. The probes were therefore firmly imbedded
into .the. samples by pushing them into undersized
holes (points c in Fig. 1). The circles in Fig. 2 indicate
the reproducibility of the results obtained. The two
curves correspond to two ambient temperatures, .the
Ap/p values being obtained for a magnetic field of
6500 oersteds. Quite unexpectedly, a negative magneto-
resistance was found to be present for carbons in the
range where the Hall constant reaches its positive
maximum. It seems very signi6cant that the minima
of magnetoresistance almost coincide (they are shifted
by about 20'C towards higher Ti,&) with the Hall eBect
maxima. More than that, for lower heat treatments

FIG. 3. Three arrangements for the determination of
the magnetoresistive e6ect.
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even a dip corresponding to the hump in the Hall
curve at 1800'C can be seen, when the low-temperature
magnetoresistance curve is plotted on an enlarged scale.

The field dependence of the magnetoresistance at
room temperature has an exponent of 1.75 for all heat
treatments from 2300'C up; for lower ones the effect is
too small for a study in a sufficiently wide range of field
strengths. At liquid nitrogen temperatures the ex-
ponent is variable: It is close to 2 when Ap/p is small,
decreases to 1.75 for larger values of Ap/p (for both
positive and negative magnetoresistance effects), and
drops even below 1.60 for well-graphitized samples and
for high magnetic fields ()10000 oe). For the last
samples, the exponent increases up to 2 at around 1000
oersteds, and seems even to increase further for still
lower 6elds.

A series of tests was made with the carbon samples
arranged with the main surface of the sample parallel
to the magnetic 6eld (cases B and C and intermediate,
Fig. 3) in order to investigate the parallel Hall effect."
The current through the sample was 0.5 amp, the
sample was rotated around the normal, and the Hall
voltage was determined for different positions. As
expected, no difference of potential between the Hall
probes was present when the direction of the current
was parallel to or perpendicular to the 6eld. A maxi-
mum value is observed for the 45' position. The parallel
Hall effect was detectable only for well-graphitized
samples, since the potential difference is quite small.
For a field of 11400 oe and the 45' arrangement, a
potential difference of 9 pv at room temperature and
24 p,v at liquid nitrogen were found for a sample of
Ty„~=3100'C,the arm with negative potential being on
the side of the pole piece from which the current entered
the sample. The sign is independent of the direction of
the magnetic Geld, as expected for this type of an effect.

C. InQuence of Alignment of Crystallites

During these last experiments the magnetoresistance
was also checked, and it was noticed that for some
samples the magnetoresistance eRect was slightly larger
when the sample was perpendicular than when it was
parallel to the 6eld (the current in both cases being
perpendicular to the field, cases A and B, Fig. 3). The
ratio of the magnetoresistances for the two positions
was independent of temperature and for such a small
effect, was very well reproducible. It was furthermore
found that the samples showing this variation are only
the ones which have been cut out from the carbon rod
off the central axis (cuts type Ib, Fig. 4) the axial cuts
(Iu) showing no change in magnetoresistance when
rotated around the axis parallel to the direction of the
current. This experiment demonstrated the great
sensitivity of the magnetoresistance to the relative
alignment of crystallites in the sample (carbon particles

"C. Goldberg and R. E. Davis, Phys. Rev. 94, 1121 (1934).

FzG. 4. Different
types of cuts from a
cylindrical piece of
extruded carbon.

0 bI

being aligned in the process of extrusion of the carbon
rods prior to baking"), and therefore additional experi-
ments were performed to gain more information about
the infj.uence of this geometrical factor.

The magnetoresistance was measured for the carbon
sample and current both perpendicular to magnetic
6eld (A), for the sample parallel but the current per-
pendicular (B), and finally for the sample and current
parallel to the magnetic field (C).

It was checked first that the ratios of the three
values for A, 8, and C are independent of the strength
of the magnetic field and independent of temperature.
They do, however, change with heat treatment. For
instance, a sample type Ib heat treated to 2100'C was
subsequently graphitized to about 2850'C. Measured
at a field of 11 400 oe, the ratio A to 8 increased from
1.02 to 1.06 and the ratio 8 to C increased from 1.74 to
2.12, thus indicating an increase in alignment of
crystallites with their growth in heat treatments, the
conclusion being in best agreement with the results of
x-ray diffraction studies concerning the alignment of
crystallites in platelets of a soft carbon (see Fig. 5 in
reference 12). Another variant of the experiments was
to cut samples from rods in three directions I, II, and
III (Fig. 3) and investigate all in arrangement type A:
It was found that the magnetoresistance and Hall
constant for cuts I and II are about the same and for
cut III, lower by about 37% and 18%is (irrespective
of heat treatment and ambient temperature). The
ratios of resistance at liquid nitrogen to that at room
temperature were found slightly different for different
cuts; no consistent differences were found between cuts
I and II or III which would be in any way distinctive
for the two cases of Row of current relative to the ex-
trusion axis as was observed by Goetz and Holser. '4

In order to gain some rough information about the
"See a paper by S. Mrozowski in ProceeCkngs of the Conferences

on Carbon, University of Buffalo, Buffalo, 1956, p. 31.
"This last result agrees vrith an observation by Kinchin

(reference 6).
'4A. Goetz and A. Holser, Trans, Am, Electrochem. Sop. 82,

391 (1942).
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magnetoresistance of a single crystal of graphite and its
dependence on direction of the current and on the field
relative to the crystal, a rectangular plate was cut from
a highly puri6ed lump of Ceylon graphite as closely
parallel to the surface of the Bakes as possible. At
11400 oe, for the three arrangements, the following
three ratios Dp/p were obtained: (A) 0.13, (8) 0.08, and

(C) 0.03. The difference between A and 8 demonstrates
the confinement of the current to the graphitic planes;
the fact that C is different from zero is due to the elec-
trons di6using along the plane and not moving ex-
clusively in the direction of the current. Since it was
suspected that the alignment of the Rakes throughout
such a plate was not perfect, some very highly purified
Ceylon graphite was ground and then compressed into
a plate under pressure of 10 tons/square inch. For such
a plate, the following results were obtained: (A) 0.168,
(8) 0.058, and (C) 0.033, thus showing that a good
alignment is essential in the case of the current Rowing
perpendicular to the 6eld, the values of A and 8 being
respectively larger and smaller in this case. A smaller
difference between cases 8 and C is also to be expected
for a very good alignment. Thus, for a disordered

assembly of Ceylon graphite crystals an intermediate
magnetoresistance should be expected, about equal to
an average of the three 6gures A, 8, and C, or about
0.086. This seems a reasonable 6gure, since for a well
graphitized sample (Ts~ ——3100'), Ap/p =0.058 was
found at the same 6eld strength.

D. Acceptors

Changes in the Hall constant of polycrystalline
graphite caused by introduction of acceptors were
studied by Hennig. ' Kmetko' investigated the corre-
sponding changes in thermoelectric power, extending
the range to carbons heat treated as low as 1400'C.
It seemed worthwhile to investigate correspondingly
the magnetoresistance, since this is a property of poly-
crystalline graphite which varies very strongly in the
range of high heat treatments. Also, the behavior in the
region of negative magnetoresistance was of interest.
A set of rods, variously heat treated and containing
various amounts of residual bisulfate acceptors, pre-
pared and used by Pinnick and Kiive'5 in their work on
diamagnetic susceptibility of carbons, was kindly
loaned by Mr. Kiive to the authors for these experi-
ments. The results of the measurements for a transverse
magnetic field of 12 700 oe are presented in a graphical
form in Fig. S.One can see that the e6'ect of introduction
of acceptors is strongly dependent on the heat treat-
ment of the carbon sample and on the ambient tem-
perature. In Fig. 6, the magnetoresistance for untreated
samples is plotted as a function of heat-treatment tem-
perature. The slight difference in the curves Fig. 6 and
Fig. 2 is due to a difference in carbon material and
heat-treatment procedure. Comparing the various
curves of Fig. 5 with Fig. 6, one sees that introduction
of acceptors produces changes equivalent to a decrease
in heat treatment. Oxidation levels corresponding to
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Pro. 5. lnfIuence of introduction of bisulfate ions into the
carbon structure on the magnetoresistance for differently heat-
treated samples of carbon. I.E—liquid nitrogen, R—room tem-
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FiG. 6. Schematic drawing illustrating the relative inHuence of
introduction of acceptors (bisulfates) and of change in heat
treatment on the magnetoresistance. LS—liquid nitrogen, R—
room temperature.

"H. T Pinnick and.P. Kiive, Phys Rev. 102, 58 .(1N6).
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changes in heat treatment are indicated in Fig. 6 for
each investigated group of rods. These diferent scales
are roughly combined in a unified single scale given at
the top of the 6gure, which should permit one to esti-
mate approximately the number of acceptors necessary
to induce a desired change in magnetoresistance. It can
be estimated from it, for instance, that in order to
execute a shift from Ty, ~=2800'C to the minimum in
the curve at room temperature, about 60&(10 4 ac-
ceptors per carbon atom are necessary. The scale is
probably not quite correct, since when one goes to
lower heat treatments the crystallite size decreases and
as a result the total resistance increases because of
increase in boundary scattering, while on the other
hand for the increasing concentration of acceptors the
resistance falls. A direct comparison of Ap instead of
Dp/p is maybe more appropriate; this will slightly
change the estimated scale in the Fig. 6 and decrease
the concentration corresponding to the minimum to
about 50)&IO 4, but definitely to not less than that.
This number seems to be in poor agreement with the
concentration of acceptors corresponding to a maximum
in the Hall effect (25&(10 ', reference 4) and in the
thermoelectric effect (30X10 ', reference 2), as ob-
served for well-graphitized samples. This discrepance
should not be disturbing, however, since the whole
band structure changes with heat treatment' "and the
two cases are strictly not comparable anyway.

III. DISCUSSION

A. General Remarks

Because of the great anisotropy of crystallites of
graphite, all the electronic properties of polycrystalline
carbons are a function of the relative alignment of
crystallites in the sample. Furthermore, they are also
dependent on the porosity of the material. Kinchin' has
pointed out a number of corrections which have to be
introduced in order to compare the Hall constant of
single crystals to that of polycrystalline materials and
has tried to estimate roughly their magnitude. Until,
however, the nature of such corrections is well under-
stood and their magnitude obtainable with reasonable
accuracy, not much importance can be attached to the
absolute values of the Hall constant and of the magneto-
resistance, and their differences for diGerent carbons.
Fortunately, however, for a broad explanation of the
changes occurring in carbons with change in heat
treatment, with change in ambient temperature, with
introduction of acceptors, etc. , the knowledge of the
relative changes in these constants is sufhcient. The
results reported in this paper help to clarify a number of
features of the general problem and to formulate more
precisely the di%culties which will have to be resolved
before the nature of electronic processes in carbons and
polycrystalline graphites is understood in detail.

The general band model as brieQy described in the

introduction consists of two main features": a variable
energy gap between two electronic bands, and the
presence of deep surface traps. The first of these is of
importance mainly for the explanation of the electronic
processes in aromatic molecular solids, the second for
the processes in carbons and graphites. The results of
various experiments lead to the conclusion that carbons
and graphites, no matter how pure they are, possess a
great number of electronic traps. These traps are the
carbon valencies which are not engaged in cross-bonds
and which are present mostly on the peripheries of
crystallites: Electrons from the m band jump into these
0 orbitals, forming spin pairs and thus quenching the
chemical activity of these free valencies. The holes
created in the ~ band are mobile and disuse away from
the periphery, leaving the carbon atoms with an elec-
tronic arrangement analogous to that of the nitrogen
atom in the pyridine ring. When a carbon atom is
missing on the inside of a graphitic plane, as might
happen as the result of neutron irradiation, freezing-in
of lattice vacancies by quenching or simply in the
process of growth of crystallites by fusion of neighbors,
three free valencies per vacancy are available as traps.
Because of Coulombian repulsion, however, probably
one and not more than two electrons will be accom. -
modated in the narrow space of the vacancy; taking in
addition, the vacant m-electron state of the absent
carbon atom, it is to be expected, therefore, that an
average from two to three excess holes in the band will
correspond to each vacant carbon site. When two
almost-parallel crystallites (in twisted position) fuse
together at the peripheries in the process of growth,
heat-resistant screw dislocations will frequently be
formed, which might leave many valencies along the
axis unsaturated. One can see therefore that even in
well-graphitized pure carbon materials a great number
of these 0 traps will be available.

An extrapolation of the curve of Fig. 6 to high heat
treatment based on Fig. 2 (up to 3100'C) and on the
estimated magnetoresistance for a disordered arrange-
ment of large graphite crystals, in conjunction with an
extrapolation of the upper scale of Fig. 6, makes it
clear that the well-graphitized artificial polycrystalline
graphites contain maybe as much as 1)&10 3 hole per
carbon atom or more. Thus, one can see that a direct
comparison of the results for such graphites with the
theoretical predictions for perfect graphite crystals is
not possible. As an illustration of this situation, the
results of the recent work by Keesom and Pearlman'7
can be taken. The authors found a linear term in the
specific heat of graphite at very low temperatures: an
approximately linear term is actually expected for
partly overlapping bands, but no comparison with the

"Graphs presenting in a schematic way the changes occurring
with heat treatment were given in McMichael, Kmetko, and
Mrosowski, J.Opt. Soc. Am. 44, 26 (1954},Fig. 1 and reference 3,
pjg 9"P.H. Keesom and ¹Pearlman, Phys. Rev. 99, 1119 (1955).
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theoretical predictions is possible until the concentra-
tion of excess holes in the particular piece of arti6cial
graphite they used is obtained from other experiments.
In fact, it seems very probable that the main contribu-
tion in their case was due to these excess holes and not
to the intrinsic carriers as assumed by these authors.

B. Hall Constant

Figure 2 shows that the Hall constant is almost in-
dependent of temperature for the lowest heat treat-
ments. It seems probable that for a pure specimen in
absence of the anomalies around Ty, ~=1650'C and
1800'C the constant will continue to be temperature
independent up to TI,~ 1800'C. Such a behavior is
expected from the band model. For these heat treat-
ments the number of traps is very large, the Fermi level
is depressed far below the top of the band, and the
conduction is essentially of one carrier semimetallic
type. The proportionality of the thermoelectric power
with absolute temperature' is in best agreement with
this view. As the Fermi level gradually rises with in-
creasing heat treatment (decrease in number of traps),
it crosses the inflection curve (Hall effect changes sign),
and finally comes close enough to the top of the band,
so that electrons begin to be activated into the upper
band. This last process seems to start at room tempera-
ture for Ti„greater than 1800'C (the two Hall curves
separate); it is only around Ti,&

——2050'C that a balance
between the decrease in number of excess holes and
the increase in activated electrons is reached, leading to
a maximum in the Hall constant. For lower ambient
temperature, such a balance will be reached when the
Fermi level is located higher, that is, for higher heat
treatments. The observed shift of the position of the
maximum in Hall constant (Fig. 2) and in the thermo-
electric e6ect' not only supports this prediction but
permits one to draw an important conclusion concern-
ing the structure of energy bands in graphite. If, for a
perfect graphite crystal, the two energy bands just
touch (as in Wallace's theory), then, with decreasing
ambient temperature, the maximum should move
towards higher Ty, ~ inde6nitely, tending toward per-
fectly graphitized material for O'K. This is because at
a suKciently low temperature, that is, when kT is
smaller than the depression of the Fermi level, a posi-
tive Hall constant will always be obtained no matter
how small (if only finite) the number of excess holes is;
in other words, because the Hall constant at O'K tends
to in6nity as the Fermi level approaches the corners of
the zone. On the other hand, if the energy bands partly
overlap, the Hall eRect maximum will tend to a finite
T~& value with decrease of ambient temperature: The
limit will be reached when the Fermi level crosses the
lower limit of the upper band. For overlapping bands in
highly graphitized substances, no change in sign of the
Hall effect even down to the lowest ambient tempera-

tures is expected. The slow rate at which the maximum
shifts with decrease of ambient temperature seems to
point very strongly towards the second alternative.
Extrapolating very roughly the temperature dependence
to O'K, one 6nds it reasonable to assume that for soft
cokes around Ty, &

——2300'C the Fermi level crosses into
the upper band. Combining this information with the
results of Sec. IID, one can say then that the Fermi
level for a perfect graphite crystal is located above the
lower limit of the upper band by about 2 to 3)&10 '
electrons per atom (combined number for both over-
lapping bands).

The change of the Hall constant from the positive
maximum to negative values for well-graphitized sub-
stances is due to the increasing contribution of the
more mobile negative carriers in the upper energy band.
In order to explain the temperature dependence of the
Hall constant for well-graphitized materials, Kinchin6
assumes the existence of electron traps above the Fermi
level; it is hard to see what the nature of such traps
could be. In view of the unclari6ed situation as to the
temperature dependence of the Hall constant for the
well-graphitized materials (see Sec. IIA, and the dis-
crepancies in ours and in Kinchin's results between
artificial and natural graphite), it seems too early to
look beyond the changes in concentration of free
carriers and their mobilities for an explanation of this
dependence.

C. Thermoelectric Effect

In Fig. 7(a) the two smoothed out Hall curves of
Fig. 2 are redrawn and a curve for T=575'K is added,
the data for which were taken from Fig. 2 of the work
of Kinchin, 6 by plotting Kinchin's values as a function
of crystallite size as given by Kinchin in his Table I and
translating the crystallite sizes into corresponding T~~
values as found for our specimens. The probable ex-
tension of this curve to lower T~& is included in the form
of a dotted curve. In Fig. 7(b), the corresponding
variation of the absolute thermoelectric effect with
TI,& is given. Two curves for the ambient temperatures
of 573 and 305'K are taken directly from the experi-
mental data of Loebner. ' One can see that in the two
carrier region (Ti,i)2200'C), the crossover points
differ considerably from the crossovers for the Hall
constant, being shifted towards higher Ty, ~. A pre-
dicted full curve for T=90'K is drawn in Fig. 7(b) in
agreement with this general trend, and the actually
experimentally obtained by I.oebner' is given roughly
in Fig. 7(b) in dashed form. The increase in the absolute
value of the effect at low temperatures for well-
graphitized specimens was explained as "phonon drag"
effect'; the heavy arrows in Fig. 7(b) show that the
"phonon drag" eRect for an ambient temperature of
90'K is already present at Ti,&

——2300'C (this is for
quite small crystallites of about 200 A), increases
greatly with the size of crystallites, and above TI,~
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'Fio. 8. Temperature depend-
ence of the thermoelectric effect
for differently heat-treated car-
bons as expected for the band
model of carbon without (con-
tinuous curves) and with the con-
tribution of the "phonon drag"
eSect (dashed curves).
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crystalline graphites when the temperature is lowered
is not due to an increased scattering but to a decrease
in an effective number of carriers. As the temperature
is lowered, the number of carriers decreases towards a
limiting value determined by the number of excess
holes present (traps), and thus the resistivity will first
increase and then reach a plateau or a maximum beyond
which it might slowly decrease, the exact behavior
being dependent on the temperature dependence of
boundary and lattice scattering in this range. Since in
the previous work' the resistivity was fitted with an
empirical expression by extrapolating the scattering
factor from the 0'—1000'C range into the low tempera-
tures, there can be no wonder that the calculated curve
deviated at temperatures below 100'K from the experi-
mental one. If one assumes, however, that at low
temperatures scatt'ering depends less strongly on tem-
perature than in the 0'-1000'C range, the experimental
results such as those obtained by Reynolds et al."find
a simple explanation. It is easy to see that no reasonable
assumption about scattering alone can furnish an ex-
planation of the maximum found by Reynolds et al.

The empirical expression was interpreted in the
original paper, reference 1, as indicating the existence
of an energy gap e between the filled and empty bands.
It was soon after realized that e does not have to be a
gap but is just the activation energy of electrons into
the upper band. But even this seems to be too re-
strictive. Actually, when there is a deep minimum in.

the density of energy levels and the Fermi level is
located by an amount ~ below it, the inRuence of the
existence of this shift e on the number of effective
carriers has to disappear at temperatures T&)ejk, that

»Reynolds, Hemstreet, and Leinhardt, Phys. Rev. 91, 1152
(1953).

is, for kT something around several times e. %hen the
minimum is due to a slight overlap of bands, and the
electrons have a larger mobility than holes, even for a
Fermi level located in the overlap region but somewhat
oG-center, a resistivity curve with a minimum will be
obtained. In other words, according to the new inter-
pretation, AE as calculated from the resistivity mini-
mum gives roughly a value several times greater than
the position of the Fermi level relative to its position
in a perfect graphite crystal (for the Fermi level at the
lower limit of the upper band e turns out to be of the
order of 0.03 to 0.02 ev). The explanation of changes
due to introduction of donors remains essentially the
same as proposed previously. "

E. Negative Magnetoresistance

Although no explanation of the mechanism of the
negative magnetoresistance can be given, the close
correlation of the two —magnetoresistive and Hall
eBects—seems very significant and suggests that nega-
tive rnagnetoresistance is associated with holes and
positive magnetoresistance with electrons. When with
increasing heat treatment the Fermi level crosses the
inflection curve (Hall effect zero) and gradually moves
upward, the negative rnagnetoresistance increases, and
probably continues to increase all the way up to the
top of the band, ~here the curvature of the energy
surfaces is the greatest. However, as soon as electrons
are activated into the upper band, a positive magneto-
resistance appears which being greater per carrier, soon
overbalances the effect of holes. The combined eGect
of the two increases towards a limit which corresponds
to a perfect graphite crystal. For a Fermi level above

s' S. Mrosowski, J. Chem. Phys. 21, 492 (1953).
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this position, the magnetoresistance might decrease
since the Fermi level is moving away from the bottom
of the upper band, that is, into the region of lesser
curvature, and closer to the top of the lower band.
This is an interesting conclusion; experiments designed
to test this prediction are in preparation.

F. Diamagnetic Susceptibility
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The diamagnetic susceptibility of graphite is not
only very high (much too high to be explainable on the
grounds of Landau-Peierls theory as applied to the
Wallace-Coulson model), but also shows a remarkable
independence on crystallite size above a certain limit.
Recently Pinnick and Ki.ive" have shown that this
limit is slightly temperature-dependent, and varies
with temperature similarly to the variation of the
position of the maximum for the Hall constant. The
system of curves for the temperature variation of sus-

ceptibility, as obtained by Pinnick and Kiive for dif-
ferently heat-treated samples of a soft carbon, is repro-
duced in Fig. 9; and on top of their system of curves
two heavy curves are drawn which correspond re-

spectively to the positions of the maximum and of the
zero Hall constant. One can see that the maximum
susceptibility (plateau) is not obtained at any tempera-
ture unless the Hall constant is negative, that is, unless
the concentration of electrons in the upper band is
sufficiently great. The apparently conflicting facts of a
large change in magnetoresistance in the same range in
which the Hall eGect varies slightly but the suscepti-
bility is about constant (plateau) will perhaps be
reconciled in terms of a four-carrier band model (two
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FIG. 9. Temperature dependence of the diamagnetic suscepti-
bility of carbons as obtained by Pinnick and Kiive" for diR'erently
heat-treated carbons. The shaded area covers the two-carrier
conduction. The two heavy curves correspond to the location of
maximum Hall constant A and to the zero Hall constant. The
dashed heavy curve for A=O corresponds to the Fermi level
crossing the inflection curve.

types of holes and two types of electrons), such as
obtained recently by Johnston" and by Horton and
Tauber. " In general, it is hoped that experimentally
established relations between diGerent electronic eGects
in carbons such as presented in this paper will make
possible an unambiguous selection of the proper band
model for graphite.

s'D. P. Johnston, Proc. Roy. Soc. (London) 227, 349, 359
(1955).

s'G. K. Horton and G. E. Tauber (to be published). The
authors are indebted to Dr. Horton and Dr. Tauber for the
opportunity of seeing the manuscript.


