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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 vacan&€4.63-182@09)05439-9

[. INTRODUCTION bon fibers heat treated at the different temperatures. Then, it
predicts that the density of states increases with the square of
It is well known that poorly graphitized carbons exhibit the applied magnetic field at lower fields.
peculiar behaviors of electronic transport properties, such as In 80s, a completely different mechanism was applied for
negative magnetoresistance, Hall coefficients inversely prathe explanation of negative magnetoresistance in poorly
portional to the applied magnetic field at low temperaturegyraphitized carbons. To explain the galvanomagnetic behav-
and so on. First, Mrozowski and Chaberski discovered that ifior of grafoil, Koike et al1° applied the theory of Abrahams,
disordered pregraphitic carbons the electrical resistivity deAnderson, Licciardello, and RamakrishRarfor the first
creased with increasing the magnetic fiel&ince then, this time, and later Piraugt al’>?*and Bayotet al}**3analyzed
unusual phenomenon has been found also in a lot of preahe data of negative magnetoresistance in intercalated graph-
graphitized carbon materiats®® ite fibers, pyrocarbon and so on within the frame work of this
One of the characteristics of poorly graphitized carbons igheory. The theory of Abrahamet al. predicts that, in the
their turbostratic structure, i.e., random stacking of graphendisordered 2D electron system, interference effects induce
layer planes*!® This structure causes a largemxis lattice  the weak localization of propagating electréfdJnder the
parameter and then a more two-dimensiof®D) electron  magnetic field, the phase coherence between electron waves
system than those of highly graphitized samples. By usings destroyed and then the weak localization is suppressed.
Wallace’s 2D band structure for graphifeMcClure ob-  Therefore, the weak-localization theory explains the negative
tained the energy leveld.andau levels of 2D free-electron magnetoresistance as due to the increase in carrier mobility
system for graphite under the magnetic field and showed thatnder the magnetic field.
the state density of each level was proportional to the mag- No matter which mechanism is truly responsible for the
netic field}” Uemura and Inoue analyzed the result of Hall negative magnetoresistance, there seems to be no doubt that
coefficient for graphite by considering the change in carrieithe two dimensionality of electron system and the structural
concentration with the magnetic field, which was induced bydisorder (or lattice defects play an important role in the
the formation of the 2D Landau level, and assuming a disappearance of negative magnetoresistance in poorly graphi-
crete acceptor level in the band'® Further, Yazawa added tized materials. We are interested in the type of intrinsic
a constant state density at the=0 Landau level as a result defects actively involved in the phenomenon. We assume
of 3D correlations between layer planes, and explained théhat the first candidate of these defects is vacancies in gra-
negative magnetoresistance and the magnetic-field depephitic layer planes and the most effective may be single va-
dence of the Hall coefficients of pyrolytic carbdf® After-  cancies, which are formed during pyrolytic deposition pro-
ward, Bright refined Yazawa’s analysis by adding the effectcess.
of defect- and phonon-induced broadening of the Landau We have artificially produced single vacancies in pyro-
level 2° His theory could quantitatively reproduce the experi-lytic carbon by using 2 MeV electron irradiation &35 K,
mental result of negative magnetoresistance for several cawhere the interstitial atoms produced are considered to be
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not so active, as discussed later. The density of vacancies 1 T T
produced can be controlled so as to change the carrier den- | before irradiation
sity considerably with hardly changing the carrier mobility. - —— 30K

We have measured the Hall coefficient and magnetoresis- 0.8 ——50K )
tance as a function of magnetic field before and after the L —s— 100K ]

electron irradiations and after the thermal annealing. We
have found that the electron irradiation accelerates the ap-
pearance of negative magnetoresistance. A theoretical con-
sideration shows that the relatipn-n=N,, is valid indepen-
dent of the temperature and magnetic field, where, and

N, are the density of holes, electrons and electron acceptors,
respectively. Using this relation and the simple two-band
model, we have calculated the carrier densities as functions
of magnetic field and electron fluence. Both before and after
irradiation, the carrier densities increase with the square of

—o— 200K
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o
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the magnetic field, which is in good agreement with the oF 7
Bright theory. Both intrinsic and irradiation-produced defects i ]
act as electron acceptors. The addition of acceptors by the 0.2 B

electron irradiation increases the ratio of hole density to elec- o 1 2 3 4 5 86 7
tron density, and contributes to the enhancement of the nega- Magnetic Field (T)

tive magnetoresistance. e . .
The present results clearly show that the negative magne- I_:IG. 1. Magr_1et|c field depen_dence of magnetoresistance of unir-
toresistance in pyrolytic carbon is caused by the existence J diated pyrolytic carbon at various temperatures.
acceptor defects and the two-dimensional Landau levels . -
broadened by the defects. In addition, they suggest that tHaetoresistance and H_aII _coeff|C|ent were measured at 30 K as
intrinsic acceptor defects in pyrolytic carbon might be vacan@ function of magnetic field. Subsequently, to study the re-
cies. covery of galvano—magngtlc propertles,_the specimen was an-
In the weak-localization approach, it will be expected that"€@/ed up to 300 K. During the annealing process, the zerof-
static lattice defects produced by electron irradiation accelMagnetic-field resistivity was measured as a function o
erate the weak-localization effect and would give rise to arffémpPerature. Hall coefficient and magnetoresistance were
electrical resistivity increase. In the present experimentMeasured at 300 K after annealing, and at 30 K after cooling
however, the electrical resistivity at the zero-magnetic fielddoWn the specimen temperature. Finally, the zero-field-
decreases by the irradiation. Hence, we do not try to analyzZEeSistivity was measured again as a function of temperature

the data in the framework of the weak-localization theory. Petween 30 and 300 K.

lIl. EXPERIMENTAL RESULTS
Il. EXPERIMENTAL PROCEDURE

Speci terial for th t stud Vi In Fig. 1, the magnetoresistance for unirradiated specimen
pecimen materialfor the E)re_sen study was pyrolylic carsg plotted against the magnetic field taking the measurement
bon deposited at about 2200 °C in the atmosphere of methal

than mperature as a parameter. Magnetoresistance is defined as
gas. Any heat treatment was not performed after deposition.

A bridge-shaped specimen for basal plane resistivity and

Hall coefficient measurements was cut from the material. @Z p(H)~po

The thickness of specimen was 0.28 mm. Po po
In the present experiment, we used the irradiation appara-

tus interfaced to a dynamitron-type accelerator at JAGBY  wherep(H) is the resistivity under the magnetic figtj and

pan Atomic Energy Research Institi{Bakasaki. This appa- pg is the zero-field resistivity.

ratus has been designed to allow both the electron irradiation Figure 2 shows the Hall coefficients of unirradiated speci-

at low temperatures and the subsequersitu measurements men as a function of magnetic field with the measurement

of the galvanomagnetic properties under the magnetic fieldemperature as a parameter.

of 0-6 T. Figure 3 presents the effect of 2-MeV electron irradiation
Before irradiation, zero-magnetic-field resistivity was on the zero-field resistivity between 15 an®0 K. Electron

measured as a function of temperature between 15 and 30@adiation causes the decrease in basal plane resistivity.

K. The Hall coefficient and magnetoresistance were alsiNegative temperature coefficients are, however, little

measured at 30, 50, 100, 200, and 300 K applying the magshanged. Electron irradiation also affects the magnetoresis-

netic field of 0-6 T perpendicular to the basal plane. tance and Hall coefficients of pyrolytic carbon as can be seen
Then, the specimen was irradiated with 2.0-MeV elec-in Figs. 4 and 5. As the electron fluence increases, Hall co-

trons to the fluence of 4X%10°Ym? 9.6x10°Ym? 1.4 efficient at 30 K increases and the magnetoresistance at 30 K

X 10%Ym?, and 1.X10*Ym? During the irradiation, the becomes more and more negative.

specimen temperature was kept below 35 K. After each irra- Effects of annealing up to 300 K after irradiation are pre-

diation, the zero-magnetic-field resistivity was measured as sented in Fig. 6. At the low temperature region, about 25%

function of temperature between 15 and 30 K, and the magef irradiation-induced decrease in the zero-field resistivity is

@
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FIG. 2. Hall coefficient of unirradiated pyrolytic carbon as a -0.25 —beer b b oo e
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recovered by the annealing. The thermal annealing effect £ 4 Effect of electron irradiation on magnetoresistance of

function of magnetic field at various temperatures.

was also observed in the magnetoresistance. pyrolytic carbon. Measuring temperature is 30 K.
IV. DATA ANALYSIS BY USING A SIMPLE TWO-BAND field does not affect the carrier mobility. The magnetoresis-
MODEL tance can be calculated from Eq%) and (2) as
A. Simple two-band model Po+No 2012 (p—n)?
_ -~ T+ uHY 1- ————
To analyze the present result, we use a simple two-band 4 _ p+n (PotNno)(p+n)
model assuming that the hole mobility,, is equal to the Po p—n\?
- . . 242
electron mobilityu. The resulting expression for the elec- 1+u™H p+n
trical resistivity under the magnetic field, is*>2° (4a)
1+ p2H? —n\2
p(H) = M - - ) ,LLZHz Po+Ng 1([3 n)
ep(p+n)| 1+ p?H?| — _|_q4[PotNo p+n p+n
- + —
and the Hall coefficient 8% 14w p+n

4b
(p—n)(1+u?H?) “

“el(ptn)Z+(p—n)ZuPHY’

RH (3) P- S o A A L L L L L L R B N B

—e—before irradiation
—— 4.5x10%° /m?
—a— 96x10% /m?
—o— 1.4x10%" / m?
—— 1.9x10% /m?

wherep and n are the hole and electron densities, respec-
tively, and . the hole and electron mobility. We assume that
p andn depend on the magnetic field, and that the magnetic
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FIG. 3. Effect of electron irradiation on the zero-field electrical ~ FIG. 5. Effect of electron irradiation on Hall coefficient of py-
resistivity of pyrolytic carbon. rolytic carbon. Measuring temperature is 30 K.
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97 ] we call such vacancy-type defects “electron acceptor de-
r —e—— before irradiation 1 fects”, and the difference in density between hole and elec-
= F —a—— after irradiation E —n i i ; .
g 9.6 after annealing tr_on, p—n, is approximately related to the density of vacan
E cies,Ny, through
=]
“?S 9.5 p—n=Ny. (5)
294 This relation does not depend on the temperature or mag-
é netic field. We will use Eq(5) later to estimate the value of
2 9.3 carrier mobility.
A Soule measured the magnetic susceptibility, electrical
[ ] conductivity and Hall effect of boron-doped graphiteand
9.2 T T has found from th luation of th ber of holes intro-
30 a5 40 45 50 as found from the evaluation of the number of holes intro
Temperature (K) duced by boron that “ionization efficiency” is about 75

+15%. Similar to a vacancy, a boron atom that goes into the
FIG. 6. Effect of thermal annealing up to 300 K on zero-field Substitutional site in graphite lattice acts as a repulsive po-
resistivity at low-temperature region. tential to 7 electrons. The introduction of one boron atom
does not change the density of states of thealence band
where the subscript zero denotes the zero-magnetic-fieldf graphite, but removes one electron from thevalence
value. The second term of the right-hand side of @dp) is  band. Considering that some of boron atoms are probably
always positive, while the first term becomes negativp if trapped in imperfection sites of various types and become
+n increases with the magnetic field. o= n, which is the  ineffective for the removal ofr electrons, Soule’s result is
case of well-graphitized materials, the second positive terngonsistent with Eq(5).
dominates and the magnetoresistance becomes positive. For
p>n or p<n due to the existence of acceptors or donors, C. Carrier mobility
respectively, the second term becomes small, and the first

term dominates the magnetoresistance. The carrier mobility,u, is generally expressed by

1 1 1
B. Electronic state of vacancy-type defects —=—+ =
Mo Mo Mirr

1 1
S
Mp  Md

1
Mirr ’

(6)

We discuss here the electronic state of the defects in py- ) . . . .
rolytic carbon. As we mention later, vacancy-type defects aré/N€ré o is the mobility for unirradiated specimep,, cor-
expected to be most actively involved in the electronic prop€SPonds to the scattering by phonopg, the scattering by
erties of pyrolytic carbon. defects .and/.or.dlsorder which already gmst in 'the specimen
Uemura and Inou® Yazawa*® Bright2° and Rahim before irradiation, andpm the scattering by irradiation-
et all! assumed a single acceptor level for a defect state jRroduced defects. We estimate the valug.dor the present
their analyses. In neutron-irradiated graphite, it has been agPecimen as follows.
sumed that irradiation-produced vacancies act as electron )
acceptorg/ The electronic state of these “electron accep- 1. Estimate ofL/ir
tors”, however, still remains unclear. We consider the dependence ojtjl/ on the concentra-
Fukuda calculated the effects of localized perturbationsion of irradiation-produced defects. As;,, is temperature
due to defects or impurities on the band structure of 2Dindependent, we use the data measured at 300 K. Figare 7
graphitic material, and showed that the density of states neahows the low field i <2 T) magnetoresistance measured at
the Fermi energy was modified by such perturbat@m&f- 300 K before irradiation, and Fig() shows the same mea-
ter that, Van Der Hoeveat al?® and Boardman, Darby, and surement after the electron irradiation to %.807/m? at
Micah® showed for defect concentrations10™2 that the <35 K and subsequent annealing up to 300 K. Both magne-
density of states differed at most by a few per cent from thatoresistances follow aH? dependence at 300 K. This means
of unperturbed material. that the numerator of the second term of E}) dominates

Based on these calculations, we consider the electronighe magnetoresistance, and the magnetoresistance is
state of vacancy-type defects as follows: A vacancy acts as a

repulsive potential to the electrons efbands, resulting in p 2012

their deformation. The deformation appears, however, in the E:(M )°H*, (7a)
whole of 7 bands, and it does not create discrete defect lev-

els in thew bands. As the vacancy concentration which iswhere (u*)?, the slope of the straight lines in Fig. 7, is
employed in the present study is at most ten ppm, the changgiven by

in the density of states due to vacancies is negligibly small,

and the rigid-band approximation can be used. The addition 2 2
of single vacancies does not change the number of states of (n*)"=n
the 7 valence band, but decreases the number efectrons

by the number of single vacancies. In other words, the intro- From Eqgs.(2), (3), and(4) or (7), we can selfconsistently
duction of one single vacancy causes a removal of one eledetermine the values of the mobility, at 300 K before and
tron from ther valence band of pyrolytic carbon. Therefore, after irradiation as 0.201 #Vs and 0.199 Vs, respec-

Pot+Ng
p+n

|o—n)2

p+n (7b)
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% r ] FIG. 8. Zero-magnetic field values df(p—n) at 30 K as a
g o1 ] function of N,_yaq fOr o= 0.38 n#/Vs.
g L —
5] r 4
c = i —
=0T . p(H)u \n/~ (p/n)+1
r ] As the value off (p/n) cannot exceed 1, the value pfhave
0 b L s ‘5 to be larger tharR, /p(H). Therefore,uy should be larger
0 1 2 b (T2)3 4 than 0.36 rA/Vs.

Next, a clue to the estimation @f, can be obtained from
FIG. 7. H? dependence of room temperature magnetoresistanci'€ refation of Eq(5). In the following, we assume that the

at low field measureds) before irradiation, andb) after irradiation ~ Irradiation-produced defects which are involved in the elec-

at <35 K and Subsequent annea”ng up to 300 K. tronic pI’OpertIes are vacancies, as dISCUSSGd |a'[el’ FOI‘

electron-irradiated specimen, E&) becomes

tively, and the difference in reciprocal mobility between be-

fore and after irradiation is 0.045 Vsfm P—N=N, _intrinsict N»_irrad> (10

of Eh;xrfgzlﬁ)/rr?‘ga\lvgs bgmgg;t?ﬁ;gs:rlggogfttgrt?ﬁeﬂL;lejggz and _the change ip—n due to irradiation has to satisfy the

quent annealing up to 300 K, and some parts of defects prd€ation

duced by irradiation had been already recovered when the A(p—n)=N,_, (11)

magnetoresistance was measured at 300 K. From Fig. 6, we virrad:

assume that about 1/4 of the irradiation-produced defectahereN, _insic iS the density of vacancies already-existing

was annihilated during the annealing to 300 K. Therefore thén the specimen before irradiation amd,_;,.q is that of

change in the reciprocal carrier mobility at 30 K after thejrradiation-produced vacancies, which can be estimated as

irradiation to the fluence of 1:10°Ym? should be 0.045

X (4/3)=0.060 Vs/n. N, _irrag=PogN. (12)

The concentration of defects produced by irradiatiiyn

is given by oy®, whereoy is the defect production cross

segtion an{ﬂ)dis the electrgn fluence. Thepdefect production[l'1>< 1029/m3: (Ref. 33]. . .

cross sectiongy, for 2-MeV electron irradiation to highly e consider the experimental ratio af(p—n) to

oriented pyrolgtic graphitéHOPG has been determined as Nv—irad- This ratio is called the ionization efficiency and is

1.9x 10~ 2"m?.32 By using this cross section, we can calcu- |d¢allly 1.0. We calculated the |(_)n|zat|on eff|C|e_ncy for an a

late the value ofc4, and the change in A, per unit con- Priori assumed, from the experimental data using E¢8),

centration of irradiation-produced defects is estimated as (3), (6), (8), and(12). The result was 0.95, 0.92, 0.87, and

0.75 for the assumed, of 0.37, 0.38, 0.40, and 0.457¥’s,

respectively. The values qf, above 0.45 Vs give too

small ionization efficiency and should be discarded.

(8) Moreover, forug above 0.4 fVs, A(p—n) becomes to
show the remarkable dependence on the magnetic field.
These results are inconsistent with the theoretical prediction

We estimate the value of carrier mobility at 30 K for of Eq. (11).

unirradiated specimep. First, from Eqgs.(2) and (3), the Considering the uncertainty in the measurements of elec-

ratio of Ry, to p(H) « is given by tron fluence and the defect production cross section, we can

Here, N is the number of carbon atoms per unit volume

1 .
A(M )=1.7>< 10 2Vs/n? per atomic ppm of defects.
irr

2. Estimate ofl/u,
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FIG. 9. Densities of holes and electrons at 30 K as a functioklofat various electron fluence&) before irradiation,(b) for 4.5
X 1079 m?, (c) for 9.6x 107%Ym?, (d) for 1.4x 10?Ym?, and(e) for 1.9x 10?Ym?. (f) shows densities gb andn at 300 K before irradiation
as a function oH?.

reasonably assume that the carrier mobility at 30 K for theg, A(p—n) is proportional toN,_ .4, and the ionization
unirradiated specimen is _0-382/MS- o efficiency is nearly 1. The uncertainty gf affects the nu-
Thus, the carrier mobility at 30 K is given as merical results op andn, but has no essential effects on the
conclusion of the present paper.

1
—=2.6+0.01%4(Vs/m?), (13
K D. Dependence of electron and hole densities on magnetic field

wherecy is the concentration of irradiation-produced vacan- and defect density

cies in atomic ppm. EquatiofiL3) shows that the effect of Substituting the values of the carrier mobility given by
the present irradiation op is quite small;x differs at most  Eq.(13) into Egs.(2) and(3), we can calculate the density of
about 1% fromuy. Using Eq.(13), we have calculated the holes and electrons at 30 K as functions of magnetic field
N, _iraq dependence ok (p—n); the result is shown in Fig. and electron fluencéor density of irradiation-produced va-



PRB 60

N

+
o ]
v_

'O\

s b e e b s v s

—_
wn

T

LI B S B A B

Carrier Density (1024 / m3)

0.5
n
M
(o J) IR DL i St
0 1 2 3 4 5
23 3
v-irrad(10 /m )

— 2 T
" (b)
m\1.5 B =
NO Bp
S . s . . ®
o 1 B
‘qc-; n
3‘;:’0.5 - -
[«}]
(o]
© 0 l ! ! i

0 1 2 3 4 5

23 3
v-irrad(-IO /m )

FIG. 10. (& N, _jaq dependence opg and ng. (B) N, _iad
dependence of the coefficierig andB,, .

cancies,N, _ia0)- The carrier densities at 300 K were also

calculated for the unirradiated specimen. The result of the

calculation is presented in Figs(a@-9(f). As shown in the
figures, the density of carriers follows th& dependence at
a givenN, _;aq, and is expressed as

(143
(14b)

where py and ny are the carrier densities for the zero-
magnetic field. The dependencemf andng on N, _;;4q at
30 K is presented in Fig. 18). With increasingN,, _i;aq: Po
linearly increases, whil@, linearly decreases. Figure (1)
shows thaB,, is nearly equal td, at 30 K and they hardly
depend orN,,_i;aq, i-€.,

p=po+B,H?,

n=ng+B,H?,

Bp=B,=B. (15
Then, Eq.(14) is reduced to
p=po+BH?, (163
n=ny+ BH?. (16b)
From Eq.(16), we can deduce the relation of
P—N=po—Ng. (17)
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FIG. 11. (a) N, _iaq dependence of hole density, at 30 K for
various magnetic fields. Solid lines are from the calculation by Eq.
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various magnetic fields. Solid lines are from the calculation by Eq.
(20b).

Equation(17) means that the value @—n does not depend
on the magnetic field. Besides, the comparison of Fi¢s). 9
and 9f) shows thap—n does not depend on the temperature
either. Here, we can confirm thpt-n depends only on the
density of vacancies.

In Figs. 11a) and 11b), p andn are plotted against the
density of irradiation-produced vacanci®, ;,q, for vari-
ous magnetic fields. A increases andh decreases with
N, _irad, the values op/n at a given magnetic field increase
with N, _iag- This N, _iraq dependence op/n is a main
reason why the negative magnetoresistance is enhanced by
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] A~ 1.291f the carrier mobility and the Fermi energy are small,
o® | and the magnetic field is not so high, the resultant density of
¢ ] states depends only d#h and\ ~ %, and is expressed by

wn
T
o
\
L

Phs ] g(E,H A" H=g(OH, A" Y)=a+bH2 (19

I - ] The coefficientsa and b, depend o\ ~. If the Fermi en-
L P . ergy does not depend on the magnetic field, the carrier den-
I -« (—Nv_imrmsm, N 1 sities,p andn, show the samel? dependence as E(L9). As
T~ ] can be seen in Fig. 9, the experimental results are in good
~ n I agreement with the Bright theory. This implies that the 2D
~ .0 ] Landau levels and their broadening are realized in the speci-
~ . . men under the magnetic field. From E¢$6) and(18), the

P o ] carrier densitiesp andn, under the magnetic field, are

Carrier Density ( 10% / m3)
\

-2 -1.5 -1 -0.5 0 0.5
N (10%/m*)

v-irrad

P(H,N,)=No+K,N,+BH? (203

n(H,N,)=Ny+K,N,+BH?. (20b)
FIG. 12. Same as Fig. 18 except that the straight lines fpg ) o
andn, are extrapolated to their intersecting point. Figures 11a) and 11b) show that the solid lines calculated
using Eq.(20) can well reproduce the experimentally deter-

electron irradiation as is proved by Edb). That is because, Minedp andn.

as N,_ .4 increases for a gived, [(p—n)/(p+n)]? in- According to the Bright theory, the coefficieBtdepends
creases withp/n, while p+n hardly changes. on the carrier mobility or the broadening of 2D Landau level.
In the present experiment, howeves, is nearly constant
V. DISCUSSION againstN, _j.q. The carrier mobility and the broadening of

the Landau level are little changed by irradiation. Electron

First, we consider the effect of intrinsic and irradiation- irradiation only causes the increase in the density of vacan-
produced vacancies on the carrier densities. cies which act as electron acceptors.

The two straight lines in Fig. 18), which express the It should be noted that in the present analysis we have not
linear dependence g, andny on N, _;,q, iNtersect at a needed to assume the existence of the discrete acceptor lev-
negativeN,_;.q vValue, wherep, andng have a same value els, which was a main assumption in the previous
of Ny (see Fig. 12 The casep,=n, means that there exist analyse$:'*18-20
no acceptor defeciwacanciesin the specimen, and then the  Finally, we discuss the effects of thermal annealing up to
absolute value of the axis at the intersecting point gives the 300 K on the zero-magnetic field resistivity and the negative
density of intrinsic vacancies\, _iwinsic: The value ofN, ~ magnetoresistance. In HOPG irradiated with electrons at low
can be considered as the additional carrier density due to tHemperatures, several recovery stages of resistivity have been
small 3D band overlap effect and the thermal excitation ofound in the wide-temperature rangfe®® It is known that
carriers. The contribution of the thermal excitation can beirradiation with 1-3 MeV electrons produces single intersti-
separated if we measuMy, as a function of temperature. tials and single vacancié8.As single interstitial atoms in

From Fig. 12, the dependencemf andn, at 30 K on the  graphite can move rapidly even at low temperatures and va-

vacancy density is given as cancies cannot move below1000 °C, the recoveries of re-
sistivity observed in HOPG below room temperature are at-
Po=No+KyN,, (188 tributed to the motion of interstitial atoms.
In the present pyrolytic carbon specimen, although the
Ng=Np+KyN,, (180  recoveries of the zero-field resistivity and the negative mag-

netoresistance are observed, the amount of the recovery after

annealing up to 300 K is much smaller than for HOPG.
N,=N, st Ny irag- (180 Then, the reverse annealing around 100 K., whi.ch is one of

v Y the characteristics for electron and neutron-irradiated HOPG,
whereNy=18.6x 107¥m® andN, _ i yinsic= 1.7X 10?4/m>. The  cannot be found. This experimental result suggests that, be-
coefficientK,, is positive andK,, is negative. The value of cause of a larger layer spacing and a small crystalline size,
Ko—K,, which little depend on the temperature or the mag-some of interstitial atoms have already migrated during irra-
netic field, is nearly 1. Equatiofl8) means that both intrin- diation at<35 K to disappear at grain boundaries and others
sic and irradiation-produced vacancies act as electron accepave agglomerated to form interstitial clusters, which are not
tors, and they increaggand decrease. active electronically. In addition, previous stored energy re-
Next we discuss the effect of the magnetic fieldpand lease experiments on HOP®Refs. 39 and 40show that

n. Based on McClure’s theory, Bright incorporated the ef- interstitial atoms cannot recombine with vacancies at these
fects of the collision broadening of the Landau level as dow temperatures. Therefore, single vacancies can survive
result of defect and phonon scattering, and calculated ththe irradiation at<35 K and make a major contribution to
density of statesy(E,H,\ 1), as a function of electron en- the enhancement of negative magnetoresistance. The result
ergy E, magnetic fieldH, and width of each Landau level, of thermal annealing, therefore, justifies the assumption used

and
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through this report that acceptor defects produced by irradia—n=N,. The hole and electron densities were obtained as
tion are mainly single vacancies. functions of magnetic field and the density of irradiation-
As the present specimen has been deposited at abopioduced vacancies. At a given density of vacancies, the car-
2200 °C, most of the intrinsic defects, which already exist inrier densitiesp andn, increase linearly with the square of the
the specimen before irradiation, are presumably vacancymagnetic field. On the other hand, at a given magnetic field,
type defects, as interstitial-type defects are unstable at high increases and decreases linearly with the vacancy den-
temperatures. The density of .intrinsic vacancies is, howevegity_ From the dependence pfandn on the magnetic field
only 1.7><1024/m3,_ as shown in Fig. 12. Therefore, €VEN & and the vacancy density, we can conclude that the negative
small amo3unt3 of irradiation produced vacancies ¢4 magnetoresistance in pyrolytic carbon is attributed to the ex-
—4.0X _102 /m°) has a large effect on the electronic transportigiance of acceptor defects, the two dimensionality of con-
properties of pyrolytic carbon. duction electrons and the broadening of 2D Landau levels
induced by disorder. Then, the result of electron irradiation
VI. SUMMARY clarifies that the vacancy-type defects, in particular single
vacancies, are most actively involved in the appearance of

As-deposited pyrolytic carbon was irradiated with 2-MeV the negative magnetoresistance in pyrolytic carbon.
electrons at<35 K, and the electronic transport properties

were measured at 30 K as a function of electron fluence.

With increasing the electro_n _fluen_ce, the zero-field resistivit_y ACKNOWLEDGMENTS
decreased, the Hall coefficient increased and the negative
magnetoresistance became more negative. We are grateful to the technical staff of TIARAakasaki
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