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Structure, Raman scattering, and transport properties of boron-doped graphite
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Boron-doped highly oriented graphite films~B-HOGF’s! with an atomic fraction of boron from 0.4 up to 2.2
at. % have been prepared from well-crystallized, highly oriented graphite. The effect of boron doping on crystal
structure has been investigated in terms of texture observation with a field-emission gun-type scanning electron
microscope and by measurements of the x-ray diffraction and Raman scattering. The results indicate that in
B-HOGF’s, boron atoms substituted in the graphite lattice and induced disorder, which caused the Raman
bands related to the disorder in graphite layer planes to appear. For each of the B-HOGF’s, the temperature
dependence of the resistivity in a range 1.8–300 K has been measured. The Hall coefficient and transverse
magnetoresistance have also been measured at 3.0 K in a magnetic field range up to 4 T. The Hall coefficient
data indicate that each of the B-HOGF’s is a mixed crystal of graphite grains with and without boron atoms.
The temperature dependence of the resistivity and field dependence of the transverse magnetoresistance for
B-HOGF’s show a characteristic that is possibly explained by a three-dimensional weak localization theory
proposed by Sugihara Hishiyama, and Kaburagi.

DOI: 10.1103/PhysRevB.63.245406 PACS number~s!: 68.55.Jk, 61.10.2i, 81.15.2z, 78.30.2j
p
in
th
%

r
uc
th
re

co
o
c-
s

n
sin
es

an
ic

r
tro
u
b

tiv
tu

sh-
ns-

for
not
-
ate-
hite

ite
eir

ite
hly

ll-
in-
se

-

re-

ed
-
nal
y

I. INTRODUCTION

The present paper concerns the structure and trans
properties of boron-doped graphite related to disorder
duced by boron doping. Boron atoms can dissolve into
graphite lattice with a maximum solid solubility of 2.35 at.
boron at 2350 °C.1 Within the solubility limit, the lattice con-
stanta0 increases linearly with increasing boron contentxB ,
while c0 decreases linearly, though both variations a
slight.1 Hagio, Nakamizo, and Kobayashi studied the str
tural evolution of purified China natural graphite mixed wi
0.6 wt. % boron by heat treatment at various temperatu
between 1400 and 2700 °C for 1 h.2 In their x-ray diffraction
study on the samples heat-treated above 2400 °C, they
cluded that these boron-doped graphite samples were c
posed of large crystallites with a fairly high crystal perfe
tion, but the lattice constants are slightly different from tho
of undoped pristine graphite with slight elongation ofa0 , but
with slightly contradictingc0 . They also measured Rama
spectra of the boron-doped graphite specimens u
514.5-nm excitation. All of the boron-doped graphit
showed the intense 1360-cm21 band~D mode! and the weak
but sharp 1618-cm21 band ~D8 mode! at the higher-
frequency side of the strong 1589-cm21 band ~G mode!;
these bands are known to be caused by lattice disorder.3–6 It
was concluded that boron doping introduced a signific
amount of structural defects into the graphite lattice, wh
contradicted the x-ray result.

A boron atom has three valence electrons, and the bo
atom substituted into the graphite lattice traps an elec
from the conduction band and lowers the Fermi level. So
studied the effect of the depression of the Fermi level
boron doping on the transport properties,7 being based on the
energy band model of graphite. He observed a nega
transverse magnetoresistance at liquid-nitrogen tempera
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for specimens with atomic fractions of boron withxB
>0.5 at. %, but he did not give a detailed explanation. Hi
iyama, Mrozowski, and Vagh also found a negative tra
verse magnetoresistance at liquid-nitrogen temperature
specimens of boron-doped Kish graphite, but they did
carry out any structural study.8 The negative transverse mag
netoresistance observed for the boron-doped graphite m
rials seems to be due to the disorder induced in the grap
lattice by boron doping.

Commercially available graphite materials have graph
structure but they are rather defective if we compare th
crystal structure with those of highly crystallized graph
materials such as a single crystal, Kish graphite, and hig
oriented pyrolytic graphite~HOPG!. A commercially avail-
able graphite film named Grafoil is an example of a we
crystallized graphite film having almost the same crystall
ity as natural graphite but with lower crystallinity than tho
of highly crystallized graphite materials. Koikeet al. carried
out detailed measurements on the resistivityr and magne-
toresistanceDr/r0 for specimens of Grafoil at very low tem
peratures below 1 K and in magnetic fields up to 0.4 T.9

They found anomalous behavior for the specimens rep
sented by

r~T!5r~0!2aAT ~1!

and

Dr/r052bAB, ~2!

wherer(T) andr(0) are the resistivity at temperatureT and
that at 0 K,a is a positive constant,B is the magnetic field,
and b is a positive constant. These results were explain
fairly well in terms of localization, the electron-electron in
teraction, and the ellipsoidal band in the three-dimensio
~3D! weak localization. TheAT dependence of the resistivit
©2001 The American Physical Society06-1
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TABLE I. Boron-doping treatments for graphite films, the lattice constantsa0 andc0 , the atomic fraction of boron dissolved into th
graphite latticexB , the full width at half maximum of the peak intensity recording of the 002 diffractionf1/2, room-temperature resistivity
r300 K, resistivity ratior300 K/r3 K , and transverse magnetoresistance measured at 3 K in a field of 1 T, (Dr/r0)3 K,1 T for HOGF and
B-HOGF’s.

Sample
Doping

treatment
Second

heat treatment
a0

~nm!
c0

~nm!
xB

~at. %!
w1/2

~deg!
r300 K

(107 V m) r300 K/r3 K

(Dr/r0)3 K,1 T

~%!

HOGF 0.246 12 0.670 76 0 4.04 6.33 1.13 901
B-HOGF-0.4 2350 °C for 5 min 2600 °C for 10 sec 0.246 23 0.670 54 0.4 4.62 13.0 1.0391 0.1
B-HOGF-0.5 2350 °C for 5 min 2550 °C for 10 sec 0.670 46 0.5 14.2 0.9911 0.00
B-HOGF-0.9 2350 °C for 5 min 2500 °C for 10 sec 0.670 22 0.9 19.5 0.9735 20.183
B-HOGF-1.4 2350 °C for 5 min 2450 °C for 10 sec 0.669 92 1.4 24.8 0.9645 20.179
B-HOGF-2.2 2500 °C for 2 h 0.246 82 0.669 44 2.2 10.23 26.4 0.9785 20.169
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and negativeAB magnetoresistance at low temperatures h
been observed in doped semiconductors and many a
phous alloys, however.10 Recently, Sugihara, Hishiyama, an
Kaburagi reported the resistivity and negative transve
magnetoresistance expressed by Eqs.~1! and ~2!, respec-
tively, for boron-doped natural graphite compacts at rat
high temperatures and in a rather strong magnetic fi
region.11 Since the crystallinity of the boron-doped specim
is similar to that of pristine natural graphite, they explain
the results in terms of the Slonczewski-Weiss-McCu
~SWMcC! band model and a weak localization theory o
tained by extending Kawabata’s theory in a regime of int
mediate atomic fraction of boron with anxB of 1 at. %.12,13

The effect of boron doping on rather high doping leve
from 0.5 at. % boron to the limit of its solubility, using wel
crystallized graphite materials of large sizes has not b
studied systematically. Well crystallized, highly orient
graphite films~HOGF’s! prepared from aromatic polyimid
films are included in such well-crystallized graphi
materials.14 The aim of the present paper is to study t
effect of disorder induced in the graphite layer planes
boron doping on transport properties using boron-do
HOGF’s ~B-HOGF’s! with xB from 0.4 up to 2.2 at. % B.

II. EXPERIMENT

A. Sample preparation

A 25-mm-thick polyimide film Kapton was used as th
starting material for the HOGF of the present study. T
HOGF specimens of about 11mm in thickness were obtaine
finally by heat treatment at 3000 °C for 1 h. The preparat
method for HOGF is given elsewhere.14

Boron doping of HOGF’s was made as they were sa
wiched between polished, commercially available boro
doped artificial graphite plates containing 10 wt. % bor
~Toyo Tanso GB110! and then heat-treated in a graphite r
sistance furnace at 2500 °C for 2 h or2350 °C for 5 min in a
flow of Ar gas. As a result of these treatments, we co
dope boron of about 2 at. % into HOGF’s. To obta
B-HOGF’s with lower boron concentrations, B-HOGF’s th
obtained were diluted by a second heat treatment at temp
tures of 2450, 2500, 2550 and 2600 °C for 10 sec, wh
being sandwiched between polished artificial graphite pla
24540
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without boron. Doping and the second heat-treatment co
tions are summarized in Table I.

B. X-ray diffraction and scanning-electron-microscope
observation

X-ray diffraction measurements were carried out using
wide-angle diffractometer with a specially designed sam
holder for films and CuKa radiation. Since the graphite
layer planes were oriented parallel to the film surface to
high degree for each of the HOGF and B-HOGF’s, the 0
004, and 006 diffraction lines were measured in the refl
tion mode and the 100 and 110 diffraction lines in the tra
mission mode. The lattice constantc0 was determined from
the 002, 004, and 006 lines and the constanta0 from the 100
and 110 lines, referring to the external standard of the t
HOPG specimen with a flat cleaved surface:c0 of the HOPG
specimen was found to be 0.670 70 nm by the pow
method with the internal standard of high-purity silicon po
der. In order to obtain the effect of boron doping on t
preferred orientation of the crystallites, the full width at ha
maximum of the peak intensity recording of the 002 diffra
tion plotted as a function of rotation anglew of the specimen,
w1/2, was measured for the HOGF and B-HOGF’s.w1/2
gives information on the degree of orientation of thec axes
of constituent crystallites in the film. Cross sections
B-HOGF’s were observed by a field-emission gun-type sc
ning electron microscope~FESEM!, which was operated
with an acceleration voltage for the primary electron beam
2 kV.

C. Raman scattering

The Raman-scattering experiments were carried out
the HOGF and B-HOGF’s at room temperature in air us
the JOBIN YBON RAMANOR T-64000 instrument. Fo
comparison, the measurements of an HOPG and a glas
carbon heat-treated at 1600 °C~GC-1600! were made.
HOPG has high crystallinity with the lattice constantsa0 and
c0 of 0.246 12 nm and 0.670 80 nm, respectively, andw1/2 of
0.4°. GC-1600 is a typical disordered carbon having ac0 of
0.704 nm, ana0 of 0.242 nm and the same values of cry
tallite sizesLa and Lc along the basal plane andc axis,
respectively, of 2.0 nm. These values were determined in
6-2
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STRUCTURE, RAMAN SCATTERING, AND TRANSPORT . . . PHYSICAL REVIEW B 63 245406
present study by a powder method using CuKa radiation
and an internal standard of high-purity silicon powder.
obtain the values, corrections of the diffraction pattern
Lorentz polarization and atomic scattering and absorp
factors were made. Raman scattering signals from clea
surfaces of the HOPG, HOGF, and B-HOGF and the fr
tured surface of GC-1600 were recorded with 514.5-nm
citation. The optical power at the sample position was ab
10 mW, and 10 h accumulation was employed for each m
surement.

D. Transport properties

The transport properties were measured for the HO
and all B-HOGF’s by a dc method. A gold wire of 50mm
diameter was used for electrical leads. Contacts of electr
leads to the specimen were made by gold paint.14

The electrical resistivity was measured at 300 K. The
pendence of the relative electrical resistivity on temperat
was measured in the temperature range of 1.8–300 K.
Hall coefficientRH and transverse magnetoresistanceDr/r0
were measured at 3.0 K in fields up to 4.2 T using a sup
conducting magnet. For the measurements, the magn
field was applied perpendicular to the film surface.

III. RESULTS AND DISCUSSION

A. X-ray diffraction and scanning-electron-microscope
observation

The lattice constantsa0 and c0 for the HOGF and
B-HOGF’s are listed in Table I. The empirical relations f
the lattice constantsa0 and c0 with respect to the atomic
fraction of dissolved boronxB ~in at. %! for Madagascar
graphite obtained by Lowell are

a05~a0!gr10.000 310xB ~3!

and

c05~c0!gr20.000 594xB , ~4!

in nanometers, where (a0)gr and (c0)gr are the lattice con-
stants of original Madagascar graphite.1 The values of (a0)gr
and (c0)gr obtained by Lowell are 0.246 023 and 0.6711
nm, respectively. Differences in the lattice constants betw
Madagascar graphite and the HOGF are so small that
may use these equations, replacing (a0)gr and (c0)gr with the
lattice constants of the HOGF. ThexB values for other
B-HOGF’s were estimated using relation~4!. The values of
xB for B-HOGF’s are listed in Table I. The B-HOGF is de
ignated hereafter as B-HOGF followed by a value ofxB . The
xB values obtained for B-HOGF-0.4 and B-HOGF-2.2 usi
relation~3! are 0.37 and 2.22 at. %, respectively, while tho
obtained from relation~4! are 0.35 and 2.25 at. %, respe
tively. Agreement of thexB values evaluated from two equa
tions is very good.

For the HOGF, only the 002, 004, and 006 diffractio
lines have been observed in the reflection mode while
100 and 110 lines with traces of the 002 and 101 lines in
transmission mode. The 004 and 006 lines are separated
24540
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two peaks due toKa1 andKa2 radiations. With increasing
xB , the 002, 004, and 006 lines in the reflection mode
B-HOGF’s shift to the higher angles, which is exemplified
Fig. 1 for the 004 diffraction.

Boron doping slightly disturbs the highly oriented textu
in the HOGF. The disturbance in orientation is seen in
002 peak intensity recordings of the HOGF, B-HOGF-0
and B-HOGF-2.2, as shown in Fig. 2. In Fig. 2, the 002 pe
intensities for these films are shown, normalizing the ma
mum intensity to be unified. The values ofw1/2 for the
HOGF, B-HOGF-0.4, and B-HOGF-2.2 are listed in Table
On the other hand, boron doping causes the 101 and
lines to be observable in the transmission mode but not in
reflection mode. The intensities of these lines are quite l
mere traces for the specimen with the lowest value ofxB .
They increased with an increase inxB . The disturbance is so
slight, however, with some of the large crystal domains
creasing their declining angles of theirc axes from the nor-
mal to the film surface, that it cannot be detected in
reflection mode but in the transmission mode.

Figure 3 shows the images of the FESEM for cross s
tions of the HOGF and B-HOGF-2.2. The micrographs of t
FESEM images for the cross sections of the B-HOGF’s
very similar to those of the HOGF. In the FESEM images
B-HOGF-2.2, extended layer textures are recognized,
small regions of bend layer textures are seen. These reg
increase thew1/2 value and the appearance of the 101 a
112 lines in the x-ray diffraction patterns in the transmiss

FIG. 1. 004 diffraction patterns of the HOGF, B-HOGF-0.4, a
B-HOGF-2.2.
6-3
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FIG. 2. Peak intensity record
ings of 002 diffraction plotted as a
function of rotation anglew for
the HOGF, B-HOGF-0.4, and
B-HOGF-2.2.
a
ca

.4
n
o

e as

at
c-
58,
-
imi-
ib-
mode. Particles on the specimen surface of B-HOGF-2.2
residual gold particles of the gold paint used for electri
contacts.

B. Raman scattering

The Raman spectra of HOPG, HOGF, B-HOGF-0
B-HOGF-2.2, and GC-1600 in the region between 800 a
3500 cm21 are shown in Fig. 4, taking the peak intensities
the G band to almost the same values.
24540
re
l

,
d
f

The Raman spectrum of the present HOPG is the sam
that obtained for HOPG by Kawashima and Katagiri.15 The
Raman spectrum of the HOPG shows aG band at 1585
cm21, an overtone band at 2441 cm21, G18 andG28 bands at
2680 and 2725 cm21, respectively, and an overtone band
3249 cm21 ~2D8 mode!. In addition to these bands, the spe
trum exhibits weak and distinguishable bands at 1048, 17
1846, and 3186 cm21, though the intensity scale is not en
larged enough to see them. For the HOGF, a spectrum s
lar to that of HOPG has been obtained but the HOGF exh
FIG. 3. FESEM images for
cross sections of~a, b! HOGF and
~c, d! B-HOGF-2.2.
6-4
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its a very weakD band at 1372 cm21. The crystallinity of the
HOGF is less perfect than that of HOPG. Assignments of
peaks for the HOPG and HOGF according to Kawashi
and Katagiri are listed in Table II.15

As shown in Fig. 4, the spectra of B-HOGF-0.4 a
B-HOGF-2.2 are similar to those of carbon materials w
small crystallites.5 For B-HOGF-0.4, the spectrum shows th
relatively strongD band ~1367 cm21!, the D8 band ~1623
cm21! at the high-frequency side of theG band~1584 cm21!,
the single unsymmetricalG8 band~2720 cm21!, which is a
merged band ofG8 and G9 bands~observed in HOPG and
the HOGF!, the D9 band ~2962 cm21!, and the 2D8 band
~3246 cm21!. TheD band is assigned to first-order scatteri
from a Brillouin-zone-boundary phonon activated by the d
order associated with the small crystallite boundary
boundaries of larger crystallites.3 This assignment is sup
ported by the observation of the G8 band
(2725 cm21;231367 cm21) in the second-order Rama
spectrum4 of HOPG and also the present HOPG and HOG
The D8 band is identified with the high density of states f
midzone phonons near the maximum phonon frequency
the 2D8 band is assigned to be a counterpart in the seco
order spectrum of this band.4,6 The D9 band is assigned to
combination of the D and G bands (2962 cm21

FIG. 4. Raman spectra of the HOPG, HOGF, B-HOGF-0
B-HOGF-2.2, and GC-1600 with 514.5-nm excitation.
24540
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;136711584 cm21).4 The appearance of theD, D8, andD9
bands is a characteristic of the disordered graphite struc
and related to the substituted boron atoms in graphite la
planes.

The spectrum of B-HOGF-2.2 in Fig. 4 indicates that w
increasingxB the intensities of theD andD8 bands relative
to the G band increase and that of theG8 band decreases
Since the x-ray diffraction profiles in the transmission mo
show the quite narrow 101 and 112 diffraction lines, it
worthwhile to note that degrees of the crystallinity of the
materials are still high. As shown in Fig. 4, the Raman sp
trum of GC-1600 is similar to that of B-HOGF-2.2, showin
a higher disorder.

C. Transport properties

Figure 5 illustrates the SWMcC bands,13 whereE11 and
E21 are electron bands, whileE12 and E22 denote hole
bands. We suppose that the SWMcC bands were not affe
by boron doping. Since the Fermi energyEF is located far
below theE3 level for B-HOGF’s, there are two hole Ferm
surfaces corresponding to the majorityE1 band and minority
E2 band. These Fermi surfaces are schematically show
Fig. 6.

According to the SWMcC band model,13 we can relate the
majority holes per carbon atomhmaj/C and also the minority
holes per carbon atomhmin /C to the Fermi energyEF by the
following equations:

hmaj

C
5

1

)p2g0
2 E0

p/2

df$EF
22EF~E11E3!1E1E3%, ~5!

hmin

C
5

1

)p2g0
2 Ef0

p/2

df$EF
22EF~E21E3!1E2E3%. ~6!

In these equations,

E15D12g1 cosf12g5 cos2 f,

E25D22g1 cosf12g5 cos2 f,

E352g2 cos2 f, f5c0kz/2,

c0 is the lattice constant andf0 is the value off at the
crossing point ofEF andE2 and equals 1.01 rad~57°!. g0 ,
g1 , g2 , g3 , g5 , andD denote the band parameters. To o
tain Eqs.~1! and ~2!, we setn[(2g4 /g0)cosf!1. We ob-
tain holes per carbon atomh/C as the sum of Eqs.~5! and
~6!, using the values of the band parameters as follows:16

g053.16 eV, g150.39 eV,

g2520.020 eV, g450.044 eV,

g550.038 eV, D520.008 eV.

Since the calculated value ofh/C is related toxB , the values
of hmaj/C, hmin /C andEF are obtained as listed in Table III

The room-temperature electrical resistivityr300 K, the re-
sistivity ratior300 K/r3 K wherer3 K , the resistivity at 3.0 K,

,

6-5
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TABLE II. Peak position of Raman spectra in units of cm21 for the HOPG, HOGF, B-HOGF-0.4
B-HOGF-2.2, and GC-1600 with 524.5-nm excitation. Assignments are from Kawashima and Katagir~Ref.
15!.

HOPG HOGF B-HOGF-0.4 B-HOGF-2.2 GC-1600 Assignment

853 853 853
1048 1046 1050 1054 1100

1372 1367 1369 1351 D
1560 1559 1557 1560 1560 Atmospheric O2

1585 1585 1584 1591 1599 G
1623 1616 D8

1758 1754 1753 1751
1846 1864 1860
2331 2331 2328 2330 2328 Atmospheric N2

2441 2443 2446 2430 10531D
2725 2725 2720 2708 2691 2D (G8)

2962 2946 2940 D1G (D9)
3186 3186 3180 3162 2G
3249 3249 3246 3229 3246 2D8
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and transverse magnetoresistance at 3.0 K in a magnetic
of 1 T, (Dr/r0)3 K,1 T, for the HOGF and B-HOGF’s are
listed in Table I. The HOGF is characterized by a large va
of (Dr/r0)3 K,1 T, while each of B-HOGF’s is differentiated

FIG. 5. Illustration of the Slonczewski-Weiss-McClur
~SWMcC! band.
24540
eld

e

by a small positive or a small negative value
(Dr/r0)3 K,1 T.

Values ofr300 K and r3 K for the HOGF and B-HOGF’s
are plotted againstxB in Fig. 7. At any temperature, the
resistivity increases with increasingxB . The dependence o
the resistivityrT on temperature for the HOGF is weaken
at the lowestxB value in the present study, while keeping th
weak dependence for all of B-HOGF’s. This fact indicat
that scattering from the substituted boron atoms domina
over the lattice scattering.7

Figure 8~a! shows the relative resistivityrT /r300 K for the
HOGF plotted as a function of temperatureT. The depen-
dence ofrT on temperature for the HOGF is quite similar
that of the graphite whisker of the highest crystallinity17

indicating a high degree of the crystallinity of the HOG
The Hall coefficientRH and transverse magnetoresistan
Dr/r0 for the HOGF as a function of magnetic fieldB are
shown in Figs. 8~b! and 8~c!, respectively.RH of the HOGF
is negative and Shubunikov–de Haas oscillations superp
on the field dependence ofRH and also on that ofDr/r0 ,
showing again the high degree of crystallinity of the HOG

Values ofrT /r300 K for B-HOGF’s are plotted as a func
tion of AT in Fig. 9. In the figure, the number represents t
value ofxB . As described above, all B-HOGF’s show ve
weak temperature-dependent resistivity and exhibit syst
atical changes in the resistivity againstAT. With increasing
AT, starting from the lowest temperature, the resistivity d
creases linearly withAT but gradually up to about 20 K a

FIG. 6. Schematic drawing of the Fermi surfaces for B-HOGF
6-6
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first, continues to decrease a little bit steeply, passes thro
a shallow minimum, and then increases. The temperatur
which the resistivity minimum appears increases with
creasingxB , exceeding 300 K for B-HOGF-1.4 and22.2.
The low-temperature resistivity can be written by Eq.~1!.
Since the temperature dependence of the resistivity for e
of the B-HOGF’s is very weak, Eq.~1! can be related to the
additional resistivity superimposed on the Boltzmann con
bution. The additional resistivity is possibly attributed to t
quantum correction of the resistivity due to the 3D we
localizationdr, which is obtained by Sugihara, Hishiyam
and Kaburagi, extending Kawabata’s theory to the SWM
band.11 Equation~A1! in the Appendix gives their calculate
results, showingdr}AT.

The Hall coefficientRH measured at 3.0 K for B-HOGF’s
is plotted as a function of magnetic fieldB in Fig. 10. The
values obtained for B-HOGF-1.4 are not shown in the figu
but they are very close to those measured for B-HOGF-
Expected behaviors of the field dependence ofRH from the
calculated values ofhmaj/C andhmin /C for B-HOGF’s are as
follows: RH is positive and with increasing magnetic field
decreases at first and levels off in the high-field region. T
high-field values are related toh/C by the following equa-
tion:

FIG. 7. Resistivities r300 K and r3 K for the HOGF and
B-HOGF’s plotted as a function of the atomic fraction of boronxB .

TABLE III. Values of majority holes per carbon atomhmaj /C,
minority holes per carbon atomhmin /C, and Fermi energyEF cal-
culated by the SWMcC band model for B-HOGF’s.

Sample

hmaj

C

hmin

C EF ~eV!

B-HOGF-0.4 0.0037 0.0003 20.44
B-HOGF-0.5 0.0046 0.0004 20.50
B-HOGF-0.9 0.0079 0.0011 20.71
B-HOGF-1.4 0.012 0.002 20.92
B-HOGF-2.2 0.018 0.004 21.18
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@RH#B→`5
1

~nmin1nmaj!e
. ~7!

In Eq. ~7!, nmin and nmaj are densities of the minority an
majority holes, respectively. The observed behavior
B-HOGF-0.4 is completely different from that expected, a

FIG. 8. Relative resistivityrT /r300 K plotted as a function of~a!
temperatureT, and~b! Hall coefficientRH , and~c! transverse mag-
netoresistanceDr/r0 measured at 3.0 K plotted as a function
magnetic fieldB for the HOGF.
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the expected high-field value of (RH)exp by Eq. ~7! for each
of the B-HOGF’s is higher than that observed (RH)obs as
listed in Table IV. The difference between (RH)exp and
(RH)obshowever, becomes smaller with increasingxB . Since
the Hall coefficient is proportional to the Hall voltage, th
difference may be due to the cancellation of the Hall volta
of the different sign. We note the Hall coefficient of th
HOGF at 3.0 K is negative and field dependent, and its
solute values are 2–3 orders of magnitude larger than th
for B-HOGF’s @Fig. 8~b!#. The cancellation of the Hall volt-
ages is probably due to inhomogeneous boron doping in e
of the B-HOGF’s. B-HOGF’s other than B-HOGF-2.2 we
prepared by dilution of boron contained in the materi
similar to B-HOGF-2.2, i.e., by a second heat treatmen
temperatures between 2450 and 2600 °C for 10 sec, as
scribed in sample preparation. The second heat treatmen
only dilutes the atomic fraction of boron of the B-HOGF b
also possibly creates a small amount of crystal grains
graphite, which contain few boron atoms. The result
B-HOGF is probably mixed crystal grains with and witho
boron atoms. The grains without boron atoms are distribu
among the grains with boron atoms. By flowing an electri
current and application of a magnetic field, a negative H
voltage with a large absolute value is generated in each c
tal grain without boron atoms and a small positive Hall vo
age in that with boron atoms. The amount of the crys

FIG. 9. Relative resistivityrT /r300 K for B-HOGF’s plotted as a
function ofAT.
24540
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grains without boron atoms is possibly so small even
B-HOGF-0.4 that the x-ray diffraction lines related to th
crystal grains of graphite cannot be detected and the t
perature dependence of the resistivity is not affected by
istence of such crystal grains. The amount may possibly
crease with increasingxB . In this conjecture, the atomic
fraction of boron for each of the B-HOGF’s is hard to obta
from the Hall coefficient result. However, since in B-HOG
2.2 the difference in (RH)exp and (RH)obs is the smallest, its
Hall coefficient result seems to exhibit the field depende
of the Hall coefficient for a B-HOGF withxB close to the
solubility limit.

Figure 11 shows the transverse magnetoresistanceDr/r0
measured at 3.0 K for the B-HOGF’s plotted as a function
AB. For B-HOGF-1.4 and -2.2,Dr/r0 is negative and de-
creases with increasingAB. For B-HOGF-0.4, -0.5, and -0.9
Dr/r0 is negative in low fields, decreases with increasi
AB at first, passes through a minimum, and increases wi
change in the sign. The magnetic field for the minimum
the field with the change of the sign ofDr/r0 increases with
increasingxB . The Dr/r0 values for B-HOGF-0.4 and -0.5
in a field of 4.0 T are not shown in the figure, the values
3.38% and 1.57%, respectively. These results indicate fur
increase of the positive transverse magnetoresistance
increasing magnetic field. The positive transverse mag
toresistance is measured for well-crystallized graphite m
rials such as natural single crystals, HOPG and HOGF, e
which is due to the mixed electron and hole carrier cond
tion and proportional toBn with n close to 1.8.18 The positive
transverse magnetoresistance is measured as the vo
change in the electric resistance by application of magn

FIG. 10. Hall coefficientRH measured at 3.0 K for B-HOGF’s
plotted as a function of magnetic fieldB.
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TABLE IV. Expected values of the high-field Hall coefficient (RH)exp from xB and (RH)obs at 3.0 K.

B-HOGF-0.4 B-HOGF-0.5 B-HOGF-0.9 B-HOGF-1.4 B-HOGF-2.

(RH)exp (109 m3 C21) 13.3 10.5 6.18 3.95 2.48
(RH)obs (109 m3 C21) 3.64 2.14 2.05 2.14 2.14
t
t
T
p
ro
a
ev
o
b
er
th
n
t
e

se
if
th

w
he
ap

rse
gli-
s-
this

eld

gi,

s
y.
ll-
ed

to
har-
as-

the

is-
.

field, and the voltage change is obtained as the result of
cancellation of the positive and negative changes when
positive changes are larger than the negative changes.
positive changes are attributed to the crystal grains of gra
ite and the negative changes to the grains in which bo
atoms were substituted. The appearance of the positive tr
verse magnetoresistance in B-HOGF-0.4 and -0.5 gives
dence for the inhomogeneous boron doping mentioned ab
for the Hall coefficient results, i.e., these B-HOGF’s can
regarded as mixed crystals. Though the positive transv
magnetoresistance is not observed for B-HOGF-0.9 in
present magnetic field range, the result indicates the cha
of sign of the transverse magnetoresistance to occur in
field of about 4.4 T, and this B-HOGF can also be regard
as a mixed crystal.

For B-HOGF-1.4 and -2.2,Dr/r0 decreases linearly with
AB in fields above about 0.8 T, i.e.,

Dr/r05c2bAB, ~8!

wherec is a positive constant. Equation~8! is not the relation
in low fields but in rather high fields. With a further increa
of magnetic field,Dr/r0 must saturate in very high fields
it is due to the 3D weak localization. The dependence of
negative transverse magnetoresistance in proportion toAB is
observed for B-HOGF-0.9 in fields below 0.41 T, as sho
in Fig. 12. If we take note of the field dependence of t
transverse magnetoresistance for the crystal grains of gr

FIG. 11. Transverse magnetoresistanceDr/r0 measured at 3.0
K for B-HOGF’s plotted as a function ofAB.
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ite, the contribution of these crystal grains to the transve
magnetoresistance of B-HOGF-0.9 can reasonably be ne
gible in fields below 0.41 T. Accordingly, the negative tran
verse magnetoresistance observed in low fields for
B-HOGF is substantially characterized by Eq.~2!. Since
there are, however, similarities among the curves of the fi
dependence ofDr/r0 for B-HOGF-0.4, -0.5, and -0.9, we
assume that Eq.~2! is applicable for these B-HOGF’s in low
fields. Equation~2! is qualitatively explained by Eq.~A2!,
which is obtained by Sugihara, Hishiyama, and Kabura
extending Kawabata’s theory to the SWMcC band.11

IV. SUMMARY

Boron-doped graphite films~B-HOGF’s! have been pre-
pared from well-crystallized highly oriented graphite film
~HOGF’s!. The following is a summary of the present stud

~1! B-HOGF’s are substantially composed of we
crystallized grains. Boron doping disturbs the highly orient
texture in the HOGF, but the disturbance is very slight.

~2! The HOGF shows a Raman spectrum very similar
that of HOPG. Boron doping causes the Raman bands c
acteristic of graphite materials with lattice disorder. Incre
ing atomic fractionxB enhances the lattice disorder.

~3! The electrical resistivity increases with increasingxB .
Boron doping weakens the temperature dependence of

FIG. 12. Square-rootB dependence of transverse magnetores
tance measured for B-HOGF-0.9 in fields below 0.41 T at 3.0 K
6-9



in
he
ex
iza

f

re

,
a

ou
e

te
o-

o
a
e,
o

tu
rr

tte
n
rr
se
as
ica
th
m
in

The
ak
e
nd

ong
or
or
t-

-

pre-

el.
pro-

Y. HISHIYAMA, H. IRUMANO, Y. KABURAGI, AND Y. SONEDA PHYSICAL REVIEW B 63 245406
resistivity, but the resistivity changes systematically with
creasingxB in a range 1.8–300 K. At low temperatures, t
2AT-dependent resistivity is observed, which is possibly
plained by a characteristic ascribed by the 3D weak local
tion.

~4! The Hall coefficientRH measured at 3.0 K for each o
the B-HOGF’s is positive. The values ofRH for B-HOGF’s
with xB of 0.9 at. % boron and below indicate that they a
mixed crystals of grains with and without boron atoms.

~5! For B-HOGF’s withxB of 0.9 at. % boron and below
the field dependence of the transverse magnetoresistance
indicates existence of the crystal grains with and with
boron atoms. The negative transverse magnetoresistanc
these B-HOGF’s decreases withAB, possibly explained by
the 3D weak localization.
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APPENDIX

In disordered electronic systems, constructive quan
interference between elastically backscattered partial ca
waves known as weak localization occurs.19–21 Weak local-
ization is a low-temperature effect, because inelastic sca
ing processes due to electron-phonon or electron-electro
teractions make the phase incoherence between ca
waves. Experimentally, the weak localization superimpo
on the electrical resistivity of the Boltzmann contribution
an additional one, giving rise to a small increase in electr
resistivity with decreasing temperature. The coherence of
backscattered waves tends to be suppressed when the
netic field is applied, i.e., the weak localization becomes
lid

on

oc
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effective and a negative magnetoresistance is observed.
quantum correction of the resistivity caused by the 3D we
localizationdr due to extension of Kawabata’s theory to th
SWMcC band calculated by Sugihara, Hishiyama, a
Kaburagi11 is

dr

r~0!
52

2&

p4\g~EF!

1

A l̄ l «

1

ADaDc

,

~A1!

Da5
1

2
va

2t, Dc5vc
2t,

v5~va ,vc!, l̄ 5vat, l̄ «5vat«,

wherer(0) is the in-plane resistivity at 0 K,e is the proton
charge,g(EF) is the density of state atEF , va andvc are the
velocity components of holes in the basal planes and al
the c axis, respectively,l̄ is the average mean free path f
the elastic scattering, andl̄ « is the average mean free path f
the inelastic scattering.l « or t« is associated with the sca
tering process due to the out-of-plane vibrations andl̄ «@ l̄ .
In Eq. ~A1! l̄ « is the onlyT-dependent term, which is pro
portional toT21 ~Ref. 22!, and we havedr}AT.

The negative transverse magnetoresistance term re
sented by Eq.~2! can also be calculated as follows:

Dr

r0
52r~0!

e2F

4p2\ l BA
, F50.6, A5A2vc

2/va
2,

~A2!

In Eq. ~A2!, l B denotes the magnetic length given byA\/eB
and A50.24 obtained by using the SWMcC band mod
Therefore, the negative transverse magnetoresistance is
portional toAB. Equation~A2! is valid if the following con-
dition is satisfied:

l̄ !LB!L« , LB5A\/4eB, L«5Al̄ l̄ «. ~A3!
.
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