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Negative magnetoresistance of pyrolytic carbon and effects
of low-temperature electron irradiation
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Pyrolytic carbon that exhibits negative magnetoresistance is irradiated with 2 MeV electrons at temperatures
below 35 K, and the changes in electronic transport properties such as zero-magnetic field resistivity, Hall
coefficient, and magnetoresistance are measured as a function of electron fluence. With increasing electron
fluence, the zero-field resistivity decreases, while the Hall coefficient and the absolute values of negative
magnetoresistance increase. The experimental data are analyzed assuming that the densities of electrons and
holes vary with the magnetic field. The analysis shows that the densities increase with the square of the
magnetic field; the result is in good agreement with the Bright theory, in which the two-dimensional Landau
levels are assumed to be broadened due to defect scattering. Both intrinsic defects and irradiation-produced
defects act as electron acceptors. The addition of acceptors increases the ratio of hole density to electron
density,p/n, resulting in the enhancement of negative magnetoresistance. The present results clarify that the
negative magnetoresistance in pyrolytic carbon is caused by the existence of acceptor defects and the two-
dimensional Landau levels, which are broadened by the defects. In addition, they suggest that the intrinsic
acceptor defects in pyrolytic carbon are presumably vacancies.@S0163-1829~99!05439-9#
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I. INTRODUCTION

It is well known that poorly graphitized carbons exhib
peculiar behaviors of electronic transport properties, suc
negative magnetoresistance, Hall coefficients inversely p
portional to the applied magnetic field at low temperatu
and so on. First, Mrozowski and Chaberski discovered tha
disordered pregraphitic carbons the electrical resistivity
creased with increasing the magnetic fields.1 Since then, this
unusual phenomenon has been found also in a lot of
graphitized carbon materials.2–13

One of the characteristics of poorly graphitized carbon
their turbostratic structure, i.e., random stacking of graph
layer planes.14,15 This structure causes a largerc-axis lattice
parameter and then a more two-dimensional~2D! electron
system than those of highly graphitized samples. By us
Wallace’s 2D band structure for graphite,16 McClure ob-
tained the energy levels~Landau levels! of 2D free-electron
system for graphite under the magnetic field and showed
the state density of each level was proportional to the m
netic field.17 Uemura and Inoue analyzed the result of H
coefficient for graphite by considering the change in car
concentration with the magnetic field, which was induced
the formation of the 2D Landau level, and assuming a d
crete acceptor level in thep band.18 Further, Yazawa added
a constant state density at then50 Landau level as a resu
of 3D correlations between layer planes, and explained
negative magnetoresistance and the magnetic-field de
dence of the Hall coefficients of pyrolytic carbon.4,19 After-
ward, Bright refined Yazawa’s analysis by adding the eff
of defect- and phonon-induced broadening of the Lan
level.20 His theory could quantitatively reproduce the expe
mental result of negative magnetoresistance for several
PRB 600163-1829/99/60~15!/10811~9!/$15.00
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bon fibers heat treated at the different temperatures. The
predicts that the density of states increases with the squa
the applied magnetic field at lower fields.

In 80s, a completely different mechanism was applied
the explanation of negative magnetoresistance in po
graphitized carbons. To explain the galvanomagnetic beh
ior of grafoil, Koike et al.10 applied the theory of Abrahams
Anderson, Licciardello, and Ramakrishnan21 for the first
time, and later Pirauxet al.22,23and Bayotet al.12,13analyzed
the data of negative magnetoresistance in intercalated gr
ite fibers, pyrocarbon and so on within the frame work of th
theory. The theory of Abrahamset al. predicts that, in the
disordered 2D electron system, interference effects ind
the weak localization of propagating electrons.24 Under the
magnetic field, the phase coherence between electron w
is destroyed and then the weak localization is suppres
Therefore, the weak-localization theory explains the nega
magnetoresistance as due to the increase in carrier mob
under the magnetic field.

No matter which mechanism is truly responsible for t
negative magnetoresistance, there seems to be no doub
the two dimensionality of electron system and the structu
disorder ~or lattice defects! play an important role in the
appearance of negative magnetoresistance in poorly gra
tized materials. We are interested in the type of intrin
defects actively involved in the phenomenon. We assu
that the first candidate of these defects is vacancies in
phitic layer planes and the most effective may be single
cancies, which are formed during pyrolytic deposition pr
cess.

We have artificially produced single vacancies in pyr
lytic carbon by using 2 MeV electron irradiation at,35 K,
where the interstitial atoms produced are considered to
10 811 ©1999 The American Physical Society
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10 812 PRB 60IWASE, ISHIKAWA, IWATA, CHIMI, AND NIHIRA
not so active, as discussed later. The density of vacan
produced can be controlled so as to change the carrier
sity considerably with hardly changing the carrier mobilit

We have measured the Hall coefficient and magnetore
tance as a function of magnetic field before and after
electron irradiations and after the thermal annealing.
have found that the electron irradiation accelerates the
pearance of negative magnetoresistance. A theoretical
sideration shows that the relationp2n5Nn is valid indepen-
dent of the temperature and magnetic field, wherep, n, and
Nn are the density of holes, electrons and electron accep
respectively. Using this relation and the simple two-ba
model, we have calculated the carrier densities as funct
of magnetic field and electron fluence. Both before and a
irradiation, the carrier densities increase with the square
the magnetic field, which is in good agreement with t
Bright theory. Both intrinsic and irradiation-produced defe
act as electron acceptors. The addition of acceptors by
electron irradiation increases the ratio of hole density to e
tron density, and contributes to the enhancement of the n
tive magnetoresistance.

The present results clearly show that the negative mag
toresistance in pyrolytic carbon is caused by the existenc
acceptor defects and the two-dimensional Landau le
broadened by the defects. In addition, they suggest that
intrinsic acceptor defects in pyrolytic carbon might be vac
cies.

In the weak-localization approach, it will be expected th
static lattice defects produced by electron irradiation ac
erate the weak-localization effect and would give rise to
electrical resistivity increase. In the present experime
however, the electrical resistivity at the zero-magnetic fi
decreases by the irradiation. Hence, we do not try to ana
the data in the framework of the weak-localization theory

II. EXPERIMENTAL PROCEDURE

Specimen material for the present study was pyrolytic c
bon deposited at about 2200 °C in the atmosphere of meth
gas. Any heat treatment was not performed after deposit
A bridge-shaped specimen for basal plane resistivity
Hall coefficient measurements was cut from the mater
The thickness of specimen was 0.28 mm.

In the present experiment, we used the irradiation app
tus interfaced to a dynamitron-type accelerator at JAERI~Ja-
pan Atomic Energy Research Institute!-Takasaki. This appa
ratus has been designed to allow both the electron irradia
at low temperatures and the subsequentin situ measurements
of the galvanomagnetic properties under the magnetic fi
of 0–6 T.

Before irradiation, zero-magnetic-field resistivity wa
measured as a function of temperature between 15 and
K. The Hall coefficient and magnetoresistance were a
measured at 30, 50, 100, 200, and 300 K applying the m
netic field of 0–6 T perpendicular to the basal plane.

Then, the specimen was irradiated with 2.0-MeV ele
trons to the fluence of 4.531020/m2, 9.631020/m2, 1.4
31021/m2, and 1.931021/m2. During the irradiation, the
specimen temperature was kept below 35 K. After each i
diation, the zero-magnetic-field resistivity was measured a
function of temperature between 15 and 30 K, and the m
es
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netoresistance and Hall coefficient were measured at 30
a function of magnetic field. Subsequently, to study the
covery of galvano-magnetic properties, the specimen was
nealed up to 300 K. During the annealing process, the z
magnetic-field resistivity was measured as a function
temperature. Hall coefficient and magnetoresistance w
measured at 300 K after annealing, and at 30 K after coo
down the specimen temperature. Finally, the zero-fie
resistivity was measured again as a function of tempera
between 30 and 300 K.

III. EXPERIMENTAL RESULTS

In Fig. 1, the magnetoresistance for unirradiated specim
is plotted against the magnetic field taking the measurem
temperature as a parameter. Magnetoresistance is defin

Dr

r0
5

r~H !2r0

r0
, ~1!

wherer(H) is the resistivity under the magnetic fieldH, and
r0 is the zero-field resistivity.

Figure 2 shows the Hall coefficients of unirradiated spe
men as a function of magnetic field with the measurem
temperature as a parameter.

Figure 3 presents the effect of 2-MeV electron irradiati
on the zero-field resistivity between 15 and;30 K. Electron
irradiation causes the decrease in basal plane resisti
Negative temperature coefficients are, however, li
changed. Electron irradiation also affects the magnetore
tance and Hall coefficients of pyrolytic carbon as can be s
in Figs. 4 and 5. As the electron fluence increases, Hall
efficient at 30 K increases and the magnetoresistance at 3
becomes more and more negative.

Effects of annealing up to 300 K after irradiation are pr
sented in Fig. 6. At the low temperature region, about 2
of irradiation-induced decrease in the zero-field resistivity

FIG. 1. Magnetic field dependence of magnetoresistance of u
radiated pyrolytic carbon at various temperatures.
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recovered by the annealing. The thermal annealing ef
was also observed in the magnetoresistance.

IV. DATA ANALYSIS BY USING A SIMPLE TWO-BAND
MODEL

A. Simple two-band model

To analyze the present result, we use a simple two-b
model assuming that the hole mobilitymh , is equal to the
electron mobilityme . The resulting expression for the ele
trical resistivity under the magnetic fieldH, is25,26

r~H !5
11m2H2

em~p1n!F11m2H2S p2n

p1nD 2G , ~2!

and the Hall coefficient is25,26

RH5
~p2n!~11m2H2!

e@~p1n!21~p2n!2m2H2#
, ~3!

where p and n are the hole and electron densities, resp
tively, andm the hole and electron mobility. We assume th
p andn depend on the magnetic field, and that the magn

FIG. 2. Hall coefficient of unirradiated pyrolytic carbon as
function of magnetic field at various temperatures.

FIG. 3. Effect of electron irradiation on the zero-field electric
resistivity of pyrolytic carbon.
ct

d

-
t
ic

field does not affect the carrier mobility. The magnetores
tance can be calculated from Eqs.~1! and ~2! as

Dr

r0
5

211S p01n0

p1n D F11m2H2H 12
~p2n!2

~p01n0!~p1n!J G
11m2H2S p2n

p1nD 2

~4a!

5F211S p01n0

p1n D G1

m2H2S p01n0

p1n D F12S p2n

p1nD 2G
11m2H2S p2n

p1nD 2 ,

~4b!

l

FIG. 4. Effect of electron irradiation on magnetoresistance
pyrolytic carbon. Measuring temperature is 30 K.

FIG. 5. Effect of electron irradiation on Hall coefficient of py
rolytic carbon. Measuring temperature is 30 K.
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10 814 PRB 60IWASE, ISHIKAWA, IWATA, CHIMI, AND NIHIRA
where the subscript zero denotes the zero-magnetic-
value. The second term of the right-hand side of Eq.~4b! is
always positive, while the first term becomes negative ip
1n increases with the magnetic field. Forp'n, which is the
case of well-graphitized materials, the second positive te
dominates and the magnetoresistance becomes positive
p@n or p!n due to the existence of acceptors or dono
respectively, the second term becomes small, and the
term dominates the magnetoresistance.

B. Electronic state of vacancy-type defects

We discuss here the electronic state of the defects in
rolytic carbon. As we mention later, vacancy-type defects
expected to be most actively involved in the electronic pr
erties of pyrolytic carbon.

Uemura and Inoue,18 Yazawa,4,19 Bright,20 and Rahim
et al.11 assumed a single acceptor level for a defect stat
their analyses. In neutron-irradiated graphite, it has been
sumed that irradiation-produced vacancies act as elec
acceptors.27 The electronic state of these ‘‘electron acce
tors’’, however, still remains unclear.

Fukuda calculated the effects of localized perturbatio
due to defects or impurities on the band structure of
graphitic material, and showed that the density of states n
the Fermi energy was modified by such perturbations.28 Af-
ter that, Van Der Hoevenet al.29 and Boardman, Darby, an
Micah30 showed for defect concentrations,1022 that the
density of states differed at most by a few per cent from t
of unperturbed material.

Based on these calculations, we consider the electr
state of vacancy-type defects as follows: A vacancy acts
repulsive potential to the electrons ofp bands, resulting in
their deformation. The deformation appears, however, in
whole of p bands, and it does not create discrete defect
els in thep bands. As the vacancy concentration which
employed in the present study is at most ten ppm, the cha
in the density of states due to vacancies is negligibly sm
and the rigid-band approximation can be used. The addi
of single vacancies does not change the number of state
thep valence band, but decreases the number ofp electrons
by the number of single vacancies. In other words, the in
duction of one single vacancy causes a removal of one e
tron from thep valence band of pyrolytic carbon. Therefor

FIG. 6. Effect of thermal annealing up to 300 K on zero-fie
resistivity at low-temperature region.
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we call such vacancy-type defects ‘‘electron acceptor
fects’’, and the difference in density between hole and el
tron, p2n, is approximately related to the density of vaca
cies,NV , through

p2n5NV . ~5!

This relation does not depend on the temperature or m
netic field. We will use Eq.~5! later to estimate the value o
carrier mobility.

Soule measured the magnetic susceptibility, electr
conductivity and Hall effect of boron-doped graphite,31 and
has found from the evaluation of the number of holes int
duced by boron that ‘‘ionization efficiency’’ is about 7
615%. Similar to a vacancy, a boron atom that goes into
substitutional site in graphite lattice acts as a repulsive
tential to p electrons. The introduction of one boron ato
does not change the density of states of thep valence band
of graphite, but removes one electron from thep valence
band. Considering that some of boron atoms are proba
trapped in imperfection sites of various types and beco
ineffective for the removal ofp electrons, Soule’s result is
consistent with Eq.~5!.

C. Carrier mobility

The carrier mobility,m, is generally expressed by

1

m
5

1

m0
1

1

m irr
5S 1

mp
1

1

md
D1

1

m irr
, ~6!

wherem0 is the mobility for unirradiated specimen,mp cor-
responds to the scattering by phonons,md the scattering by
defects and/or disorder which already exist in the specim
before irradiation, andm irr the scattering by irradiation
produced defects. We estimate the value ofm for the present
specimen as follows.

1. Estimate of1/µirr

We consider the dependence of 1/m irr on the concentra-
tion of irradiation-produced defects. Asm irr is temperature
independent, we use the data measured at 300 K. Figure~a!
shows the low field (H<2 T) magnetoresistance measured
300 K before irradiation, and Fig. 7~b! shows the same mea
surement after the electron irradiation to 1.931021/m2 at
,35 K and subsequent annealing up to 300 K. Both mag
toresistances follow anH2 dependence at 300 K. This mean
that the numerator of the second term of Eq.~4b! dominates
the magnetoresistance, and the magnetoresistance is

Dr

r0
5~m* !2H2, ~7a!

where (m* )2, the slope of the straight lines in Fig. 7,
given by

~m* !25m2S p01n0

p1n D F12S p2n

p1nD 2G . ~7b!

From Eqs.~2!, ~3!, and~4! or ~7!, we can selfconsistently
determine the values of the mobility,m, at 300 K before and
after irradiation as 0.201 m2/Vs and 0.199 m2/Vs, respec-
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tively, and the difference in reciprocal mobility between b
fore and after irradiation is 0.045 Vs/m2.

The reciprocal mobility after the irradiation to the fluen
of 1.931021/m2 was, however, measured after the sub
quent annealing up to 300 K, and some parts of defects
duced by irradiation had been already recovered when
magnetoresistance was measured at 300 K. From Fig. 6
assume that about 1/4 of the irradiation-produced def
was annihilated during the annealing to 300 K. Therefore
change in the reciprocal carrier mobility at 30 K after t
irradiation to the fluence of 1.931021/m2 should be 0.045
3(4/3)50.060 Vs/m2.

The concentration of defects produced by irradiationCd ,
is given bysdF, wheresd is the defect production cros
section andF is the electron fluence. The defect producti
cross section,sd , for 2-MeV electron irradiation to highly
oriented pyrolytic graphite~HOPG! has been determined a
1.9310227m2.32 By using this cross section, we can calc
late the value ofCd , and the change in 1/m irr per unit con-
centration of irradiation-produced defects is estimated as

DS 1

m irr
D51.731022 Vs/m2 per atomic ppm of defects.

~8!

2. Estimate of1/µ0

We estimate the value of carrier mobility at 30 K fo
unirradiated specimenm0 . First, from Eqs.~2! and ~3!, the
ratio of RH to r(H)m is given by

FIG. 7. H2 dependence of room temperature magnetoresista
at low field measured~a! before irradiation, and~b! after irradiation
at ,35 K and subsequent annealing up to 300 K.
-

-
o-
e

we
ts
e

RH

r~H !m
5 f S p

nD[
~p/n!21

~p/n!11
. ~9!

As the value off (p/n) cannot exceed 1, the value ofm have
to be larger thanRH /r(H). Therefore,m0 should be larger
than 0.36 m2/Vs.

Next, a clue to the estimation ofm0 can be obtained from
the relation of Eq.~5!. In the following, we assume that th
irradiation-produced defects which are involved in the el
tronic properties are vacancies, as discussed later.
electron-irradiated specimen, Eq.~5! becomes

p2n5Nn2 intrinsic1Nn2 irrad, ~10!

and the change inp2n due to irradiation has to satisfy th
relation

D~p2n!5Nn2 irrad, ~11!

whereNn2 intrinsic is the density of vacancies already-existin
in the specimen before irradiation andNn2 irrad is that of
irradiation-produced vacancies, which can be estimated

Nn2 irrad5FsdN. ~12!

Here, N is the number of carbon atoms per unit volum
@1.131029/m3 ~Ref. 33!#.

We consider the experimental ratio ofD(p2n) to
Nn2 irrad. This ratio is called the ionization efficiency and
ideally 1.0. We calculated the ionization efficiency for an
priori assumedm0 from the experimental data using Eqs.~2!,
~3!, ~6!, ~8!, and ~12!. The result was 0.95, 0.92, 0.87, an
0.75 for the assumedm0 of 0.37, 0.38, 0.40, and 0.45 m2/Vs,
respectively. The values ofm0 above 0.45 m2/Vs give too
small ionization efficiency and should be discarded.

Moreover, form0 above 0.4 m2/Vs, D(p2n) becomes to
show the remarkable dependence on the magnetic fi
These results are inconsistent with the theoretical predic
of Eq. ~11!.

Considering the uncertainty in the measurements of e
tron fluence and the defect production cross section, we

FIG. 8. Zero-magnetic field values ofD(p2n) at 30 K as a
function of Nn2 irrad for m050.38 m2/Vs.

ce
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FIG. 9. Densities of holes and electrons at 30 K as a function ofH2 at various electron fluences;~a! before irradiation,~b! for 4.5
31020/m2, ~c! for 9.631020/m2, ~d! for 1.431021/m2, and~e! for 1.931021/m2. ~f! shows densities ofp andn at 300 K before irradiation
as a function ofH2.
th

n
f

.

e

d

y
f
eld
-

reasonably assume that the carrier mobility at 30 K for
unirradiated specimen is 0.38 m2/Vs.

Thus, the carrier mobility at 30 K is given as

1

m
52.610.017cd~Vs/m2!, ~13!

wherecd is the concentration of irradiation-produced vaca
cies in atomic ppm. Equation~13! shows that the effect o
the present irradiation onm is quite small;m differs at most
about 1% fromm0 . Using Eq.~13!, we have calculated the
Nn2 irrad dependence ofD(p2n); the result is shown in Fig
e

-

8. D(p2n) is proportional toNn2 irrad, and the ionization
efficiency is nearly 1. The uncertainty ofm affects the nu-
merical results ofp andn, but has no essential effects on th
conclusion of the present paper.

D. Dependence of electron and hole densities on magnetic fiel
and defect density

Substituting the values of the carrier mobility given b
Eq. ~13! into Eqs.~2! and~3!, we can calculate the density o
holes and electrons at 30 K as functions of magnetic fi
and electron fluence~or density of irradiation-produced va
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cancies,Nn2 irrad). The carrier densities at 300 K were als
calculated for the unirradiated specimen. The result of
calculation is presented in Figs. 9~a!–9~f!. As shown in the
figures, the density of carriers follows theH2 dependence a
a givenNn2 irrad, and is expressed as

p5p01BpH2, ~14a!

n5n01BnH2, ~14b!

where p0 and n0 are the carrier densities for the zer
magnetic field. The dependence ofp0 andn0 on Nn2 irrad at
30 K is presented in Fig. 10~a!. With increasingNn2 irrad, p0
linearly increases, whilen0 linearly decreases. Figure 10~b!
shows thatBp is nearly equal toBn at 30 K and they hardly
depend onNn2 irrad, i.e.,

Bp5Bn5B. ~15!

Then, Eq.~14! is reduced to

p5p01BH2, ~16a!

n5n01BH2. ~16b!

From Eq.~16!, we can deduce the relation of

p2n5p02n0 . ~17!

FIG. 10. ~a! Nn2 irrad dependence ofp0 and n0 . ~b! Nn2 irrad

dependence of the coefficientsBp andBn .
e

Equation~17! means that the value ofp2n does not depend
on the magnetic field. Besides, the comparison of Figs. 9~a!
and 9~f! shows thatp2n does not depend on the temperatu
either. Here, we can confirm thatp2n depends only on the
density of vacancies.

In Figs. 11~a! and 11~b!, p and n are plotted against the
density of irradiation-produced vacancies,Nn2 irrad, for vari-
ous magnetic fields. Asp increases andn decreases with
Nn2 irrad, the values ofp/n at a given magnetic field increas
with Nn2 irrad. This Nn2 irrad dependence ofp/n is a main
reason why the negative magnetoresistance is enhance

FIG. 11. ~a! Nn2 irrad dependence of hole density,p, at 30 K for
various magnetic fields. Solid lines are from the calculation by
~20a!, ~b! Nn2 irrad dependence of electron densityn, at 30 K for
various magnetic fields. Solid lines are from the calculation by
~20b!.
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10 818 PRB 60IWASE, ISHIKAWA, IWATA, CHIMI, AND NIHIRA
electron irradiation as is proved by Eq.~4b!. That is because
as Nn2 irrad increases for a givenH, @(p2n)/(p1n)#2 in-
creases withp/n, while p1n hardly changes.

V. DISCUSSION

First, we consider the effect of intrinsic and irradiatio
produced vacancies on the carrier densities.

The two straight lines in Fig. 10~a!, which express the
linear dependence ofp0 and n0 on Nn2 irrad, intersect at a
negativeNn2 irrad value, wherep0 andn0 have a same value
of N0 ~see Fig. 12!. The casep05n0 means that there exis
no acceptor defects~vacancies! in the specimen, and then th
absolute value of thex axis at the intersecting point gives th
density of intrinsic vacancies,Nn2 intrinsic. The value ofN0
can be considered as the additional carrier density due to
small 3D band overlap effect and the thermal excitation
carriers. The contribution of the thermal excitation can
separated if we measureN0 as a function of temperature.

From Fig. 12, the dependence ofp0 andn0 at 30 K on the
vacancy density is given as

p05N01KpNn , ~18a!

n05N01KnNn, ~18b!

and

Nn5Nn2 intrinsic1Nn2 irrad. ~18c!

whereN058.631023/m3 andNn2 intrinsic51.731024/m3. The
coefficientKp is positive andKn is negative. The value o
Kp2Kn , which little depend on the temperature or the ma
netic field, is nearly 1. Equation~18! means that both intrin-
sic and irradiation-produced vacancies act as electron ac
tors, and they increasep and decreasen.

Next we discuss the effect of the magnetic field onp and
n. Based on McClure’s theory,17 Bright incorporated the ef-
fects of the collision broadening of the Landau level as
result of defect and phonon scattering, and calculated
density of states,g(E,H,l21), as a function of electron en
ergy E, magnetic fieldH, and width of each Landau leve

FIG. 12. Same as Fig. 10~a! except that the straight lines forp0

andn0 are extrapolated to their intersecting point.
he
f
e

-

p-

a
e

l21.20 If the carrier mobility and the Fermi energy are sma
and the magnetic field is not so high, the resultant density
states depends only onH andl21, and is expressed by

g~E,H,l21!>g~0,H,l21!5a1bH2. ~19!

The coefficients,a and b, depend onl21. If the Fermi en-
ergy does not depend on the magnetic field, the carrier d
sities,p andn, show the sameH2 dependence as Eq.~19!. As
can be seen in Fig. 9, the experimental results are in g
agreement with the Bright theory. This implies that the 2
Landau levels and their broadening are realized in the sp
men under the magnetic field. From Eqs.~16! and ~18!, the
carrier densities,p andn, under the magnetic fieldH, are

p~H,Nn!5N01KpNn1BH2 ~20a!

n~H,Nn!5N01KnNn1BH2. ~20b!

Figures 11~a! and 11~b! show that the solid lines calculate
using Eq.~20! can well reproduce the experimentally dete
minedp andn.

According to the Bright theory, the coefficientB depends
on the carrier mobility or the broadening of 2D Landau lev
In the present experiment, however,B is nearly constant
againstNn2 irrad. The carrier mobility and the broadening o
the Landau level are little changed by irradiation. Electr
irradiation only causes the increase in the density of vac
cies which act as electron acceptors.

It should be noted that in the present analysis we have
needed to assume the existence of the discrete accepto
els, which was a main assumption in the previo
analyses.4,11,18–20

Finally, we discuss the effects of thermal annealing up
300 K on the zero-magnetic field resistivity and the negat
magnetoresistance. In HOPG irradiated with electrons at
temperatures, several recovery stages of resistivity have b
found in the wide-temperature range.34–38 It is known that
irradiation with 1–3 MeV electrons produces single inters
tials and single vacancies.32 As single interstitial atoms in
graphite can move rapidly even at low temperatures and
cancies cannot move below;1000 °C, the recoveries of re
sistivity observed in HOPG below room temperature are
tributed to the motion of interstitial atoms.

In the present pyrolytic carbon specimen, although
recoveries of the zero-field resistivity and the negative m
netoresistance are observed, the amount of the recovery
annealing up to 300 K is much smaller than for HOP
Then, the reverse annealing around 100 K, which is one
the characteristics for electron and neutron-irradiated HO
cannot be found. This experimental result suggests that,
cause of a larger layer spacing and a small crystalline s
some of interstitial atoms have already migrated during ir
diation at,35 K to disappear at grain boundaries and oth
have agglomerated to form interstitial clusters, which are
active electronically. In addition, previous stored energy
lease experiments on HOPG~Refs. 39 and 40! show that
interstitial atoms cannot recombine with vacancies at th
low temperatures. Therefore, single vacancies can sur
the irradiation at,35 K and make a major contribution t
the enhancement of negative magnetoresistance. The r
of thermal annealing, therefore, justifies the assumption u
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through this report that acceptor defects produced by irra
tion are mainly single vacancies.

As the present specimen has been deposited at a
2200 °C, most of the intrinsic defects, which already exist
the specimen before irradiation, are presumably vacan
type defects, as interstitial-type defects are unstable at
temperatures. The density of intrinsic vacancies is, howe
only 1.731024/m3, as shown in Fig. 12. Therefore, even
small amount of irradiation produced vacancies (9.431022

24.031023/m3) has a large effect on the electronic transp
properties of pyrolytic carbon.

VI. SUMMARY

As-deposited pyrolytic carbon was irradiated with 2-Me
electrons at,35 K, and the electronic transport properti
were measured at 30 K as a function of electron fluen
With increasing the electron fluence, the zero-field resistiv
decreased, the Hall coefficient increased and the nega
magnetoresistance became more negative.

The experimental data were analyzed by using a sim
two-band model and a theoretically predicted relation op
oe

.

oc

Ca

.

n

V.
a-

ut

y-
gh
r,

t

e.
y
ve

le

2n5Nn . The hole and electron densities were obtained
functions of magnetic field and the density of irradiatio
produced vacancies. At a given density of vacancies, the
rier densities,p andn, increase linearly with the square of th
magnetic field. On the other hand, at a given magnetic fie
p increases andn decreases linearly with the vacancy de
sity. From the dependence ofp andn on the magnetic field
and the vacancy density, we can conclude that the nega
magnetoresistance in pyrolytic carbon is attributed to the
istence of acceptor defects, the two dimensionality of c
duction electrons and the broadening of 2D Landau lev
induced by disorder. Then, the result of electron irradiat
clarifies that the vacancy-type defects, in particular sin
vacancies, are most actively involved in the appearance
the negative magnetoresistance in pyrolytic carbon.
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