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Abstract

The electrical properties of Egyptian natural graphite flakes,

obtained from the graphite schists of Wadi Bent, Eastern Desert, were

measured. The flakes were ground and compressed into pellets. The

standard four probe dc method was used to measure the temperature

dependence of the electrical resistivity from room temperature down to

12 K. The transverse and longitudinal magnetoresistance were measured

in the low magnetic field range at temperatures 300 K, 77 K and 12 K.

The transverse magnetoresistance data was used to estimate the average

mobility, assuming a simple two-band model.

* Permanent address: Department of Physics, Faculty of Science, Alexandria University, Alexandria,

Egypt.



Introduction

Natural graphite occurs world wide in different forms such as flakes,

lumps or cryptocrystalline masses referred to commercially as amorphous

graphite. It differs from the carbon, coal and diamond in its predominantly

lamellar hexagonal crystal structure.

X-ray studies suggest that in a lattice of monocrystalline graphite,

carbon atoms occur in almost parallel layers, the distance between two

neighboring layers at room temperature is do = 3.354 A0 ' ' \ In each layer,

carbon atoms are at a distance a = 1.421 A" from one another, forming

a network of regular hexagons.

The electrical properties of graphite were measured by a great

number of workers. The electrical resistivity was found to be very sensitive

to sample perfection. Graphite single crystals have been studied by

Kinchin(2), Primak and Fucks<3) and Soule<4). For the in-plane resistivity,

they found that the temperature coefficient of resistivity is positive.

Dutta(5) found that the transverse magnetoresistance and the longitudinal

one are several orders of magnitude different.

Tyler and Wilson(6) measured the resistivity for several artificial

graphite samples, such as artificial extruded graphite and natural molded

graphite. They found that the temperature coefficient of resistivity is

negative. Inagaki el a/.(7) studied the resistivity and magnetoresistance for

soft and hard carbon samples. They found that the resistivity increases

with decreasing temperature. Similar behavior was found by Smith and

RasortS) for artificial pitch bonded and pyrolytic graphite.

Klein(9) studied the electrical properties of pyrolytic graphites (PG).

He found that the in-plane resistivity increases with decreasing

temperature. Klein(*> also found that magnetoresistance measurements

were sensitive to the relative alignment of the graphite crystallites.

General reviews on the properties of graphite have been published

by Reynolds00* and Moore(1I). The electronic properties of graphite are

given in two reviews by Spain(l2iI3).

We are interested in measuring the electrical properties of different

Egyptian natural graphite flakes. The present research is a continuation to

our program. Natural graphite flakes were obtained from the graphite

schists of Wadi Bent, Abu Geraiya, Eastern desert, Egypt. Natural graphite



samples were pressure compacted into disks. The electrical properties were

measured at low temperature.

Experimental

Pure graphite was chosen from the graphite schists. The natural

graphite flakes were ground into powder and then passed through a

200 .̂m mesh sieve. A small amount of the grounded graphite was

compressed at a pressure of 5 Tons/cm2 and a pellet of 1.3 cm diameter

was obtained. A rectangular plate was made in order to ensure that the

current flow is parallel and uniformly distributed over its cross section.

Very thin copper wires were attached to the sample by using silver paint.

The standard four probe dc method was used for measuring the

electrical resistivity and magnetoresistance. The resistivity was measured

during cooling as well as during heating the sample in the temperature

range between 300 K and 12 K by using a closed cycle cryostat from Air

roducts. The sample temperature was measured with a calibrated Kp-Au

0.07 at.% Fe thermocouple and stabilized with the aid of a temperature

controller. A current source (model 120, from Lake Shore Cryotronics) was

used to supply the stabilized current (positive and negative). A small

current, typically of 10 mA, was used in order to minimize heating the

sample. A Keithley 181 nanovoltmeter was used to measure the sample

voltage.

The transverse and longitudinal magnetoresistance were measured

as a function of the magnetic field up to 4.8 kG at 300 K, 77 K and 12 K.

In the case of transverse magnetoresistance the current was applied along

the sample and perpendicular to the magnetic field. In the case of

longitudinal one, the current was applied also along the sample, but

parallel to the magnetic field. Magnetorsistance measurements provide a

highly sensitive measure of the degree of crystalline order through the

angular dependence measurements.

Results and Discussion

The temperature dependence of the resistivity ratio ( p I p3W)K )>

defined as the resistivity at a given temperature relative to that at room

temperature, is shown in Fig.l. It is clear that the temperature coefficient

of electrical resistivity is negative, i.e. the resistivity increases as the

temperature is lowered. This behavior is quite different from the behavior

of graphite single crystals. For example, Soule'4^ Kinchin'2-1 and Primak

and Fucks(3) found that for single crystals of graphite, the temperature

coefficient of resistivity is positive.



On the other hand, the negative temperature coefficient of resistivity

was found for polycrystalline graphite<14\ soft carbon(15) and pyrolytic

graphites deposited and heat treated at different temperatures{8'9). The

resistivity measurements of polycrystalline graphite by Reynolds et alS1**

and pitch bonded graphite (sample SA-25) by Smith et a/.(8) are shown in

Fig.2 along with the natural graphite sample.

The behavior of electrical resistivity of the natural graphite sample

could be explained by considering the familiar formula of resistivity given

by Drude-Lorentz(1(p) :

P -
e2N

(1)

where m is the effective mass of the carrier, N is the number of carriers,

e is the charge of the electron and T is the collision time. The increase

of the resistivity as the temperature decreases is due to the decrease in

the carrier concentration. This is in agreement with the interpretation of

Klein(1)). He indicated that the temperature dependence of resistivity of

polycrystalline graphite is due to the variation of the number of carriers

with temperature.

It is interesting to notice that at the lower temperature range, the

variation of the resistivity with temperature is very small. It seems that

there is a tendency for the curve to level off. This behavior is consistent

with the calculations by McC!ure<17> for pure graphite. McClure(17>

indicated that at low temperatures, the carrier concentration is constant

or at most a slowly varying function of temperature. Therefore we are left

only with T to be the controlling variable for the temperature variation

of p at the low temperature region.

Bowen(ls) assumed that for polycrystalline graphite, T is given by :

where zT is the mean time for scattering of electrons from lattice

vibrations and T F is the mean time for scattering of electrons from fixed

centers. Considering Eqn-2., the flattening of the temperature dependence

of resistivity curve for the natural graphite at the lowest temperature

region is believed to be mainly due to balanced contribution of TT and

T F . Komatsu<1!> applied a similar argument to the interpretation of the

temperature dependence of resistivity on his soft graphite samples heat

treated at different temperatures.

The magnetoresistance is usually measured as the relative change

in resistance of the sample due to the magnetic field ( Ap ) referred to

the resistance in zero magnetic field (pa). When the magnetic field



B is perpendicular to the current, the transverse magnetoresistance is

defined as :

(3)

Similarly, when B is parallel to the current, the longitudinal

magnetoresistance ( a P / / Pa ) will have a similar definition.

The transverse magnetoresistance ( &p± / Po ) at temperature

300 K, 77 K and 12 K is shown in Fig.3 as a function of magnetic field.

Fig.4 shows the longitudinal magnetoresistance ( Ap; / Po ) at 300 K and

12 K.

The magnetoresistance measurements indicate that both the

transverse and longitudinal magnetoresistance have small values and both

have the same order of magnitude. For example, at 300 K and field of

4.8 kG, the ratio of the transverse to the longitudinal magnetoresistance

is about 5.1, while at the same magnetic field and at 12 K, this ratio is

about 5.6. This might indicate that the graphite crystallites are missing

alignment. Dutta(5> found that for graphite single crystals, the transverse

magnetoresisiance is much larger than the longitudinal one.

It is interesting to compare the results of the transverse

magnetoresistance of the natural graphite sample with that of highly

oriented pyrolytic graphite (HOPG)(19). Table (1) shows the value of

( LpL / po ) at a magnetic field of 4.8 JcG and at temperature 300 K,

77 K and 12 K for the natural graphite sample and HOPG. It is clear that

for HOPG, ( A P i / p o ) increases considerably as the temperature is

lowered from 300 K down to 12 K (a factor of about 130), while for the

natural graphite, the increase with lowering temperature is only minor (a

factor of about 5).

The large values of ( A P ± / pa ) for HOPG is in agreement with the

measurements of Klein (9), where he indicated that ( &p± I p0 ) is large

for well oriented pyrolytic graphite and increases with the degree of

preferred orientation. Klein(9) also indicated that ( Lpt I po ) is very small

for the well oriented pyrolytic graphite. For graphite single crystals,

Soule(4) found that the transverse magnetoresistance is exceedingly large,

and increases with decreasing temperature. Hence, our magnetoresistance

measurements for the natural graphite might indicate, again, that the

graphite crystallites of the graphite samples are far from having a

preferential orientation, i.e. the samples are considered to be highly

disordered graphite samples.



The average mobility < p > can be estimated from the transverse

magnetoresistance measurements. For graphite samples, the simple two-

band model(20), is often used. According to this model, the transverse

magnetoresistance is given by :

The average mobility •<;*>- for the natural graphite samples at 300 K,

77 K and 12 K. was found to be 0.263, 0.503 and 0.701 m2/V.s,

respectively. The average mobility of HOPG at 300 K, 77 K. and 12 K

were found to be11*' 1.324, 5.39 and 17.21 m2/V.s, respectively. It is clear

that the average mobility of the natural graphite sample is much less than

that of HOPG. This might indicate that the natural graphite sample is

missing crystalline alignment increases as the crystalline perfect improves.

Conclusion

The temperature dependence of the electrical resistivity of Egyptian

natural graphite was measured in the temperature range from 300 K down

to 12 K. The temperature coefficient of resistivity was found to be

negative, a typical behavior for polycrystalline graphite. The transverse and

longitudinal magnetoresistance were measured at 300 K, 77 K and 12 K

in the low magnetic field region (up to 4.8 kG). The magnetoresistance

10

measurements indicate that the graphite crystallites of the natural graphite

sample are missing alignment. A simple two-band model was used to

calculate the average mobility from the transverse magnetoresistance

measurements. It was found that the average mobility at 300 K, 77 K and

12 K have the values 0.263, 0.503 and 0.701 m2 / V.s, respectively. The

low values of mobility is an indication for the lack of a preferred

orientation of the graphite crystallites.
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Natural
Graphite

HOPG

300 K

0.015

0.400

77 K

0.047

5.620

12 K

0.081

50.850

Table 1. The values of the transverse magnetoresistance at field 4.8 kG

and at temperatures 300 K, 77 K and 12 K for HOPG*1*' and

natural graphite.

Figure Captions

Fig.l. Temperature dependence of the resistivity ratio ( p I P^OK ) °f 'he

natural graphite.

Fig.2. Temperature dependence of the resistivity ratio ( p / p M 0 K ) of the

natural graphite (0), polycrystalline graphite'1"' ( •) and pitch

bonded graphite(8) ( + ).

Fig.3. Transverse magnetoresistance of the natural graphite at 300 K ( • ) ,

77 K (+) and 12 K (0).

Fig.4. Longitudinal magnetoresistance of the natural graphite at 300 K (•)

and 12 K (0).
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