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Structure, Raman scattering, and transport properties of boron-doped graphite
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Boron-doped highly oriented graphite filtB-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.
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. INTRODUCTION for specimens with atomic fractions of boron witkg
=0.5at. %, but he did not give a detailed explanation. Hish-
The present paper concerns the structure and transpdgiama, Mrozowski, and Vagh also found a negative trans-
properties of boron-doped graphite related to disorder inverse magnetoresistance at liquid-nitrogen temperature for
duced by boron doping. Boron atoms can dissolve into thepecimens of boron-doped Kish graphite, but they did not
graphite lattice with a maximum solid solubility of 2.35 at. % carry out any structural studyThe negative transverse mag-
boron at 2350 °C.Within the solubility limit, the lattice con- netoresistance observed for the boron-doped graphite mate-
stanta, increases linearly with increasing boron contegf  rials seems to be due to the disorder induced in the graphite
while ¢, decreases linearly, though both variations areattice by boron doping.
slight! Hagio, Nakamizo, and Kobayashi studied the struc- Commercially available graphite materials have graphite
tural evolution of purified China natural graphite mixed with structure but they are rather defective if we compare their
0.6 wt. % boron by heat treatment at various temperaturesrystal structure with those of highly crystallized graphite
between 1400 and 2700 °C for n their x-ray diffraction ~ materials such as a single crystal, Kish graphite, and highly
study on the samples heat-treated above 2400 °C, they conriented pyrolytic graphitéHOPG. A commercially avail-
cluded that these boron-doped graphite samples were corable graphite film named Grafoil is an example of a well-
posed of large crystallites with a fairly high crystal perfec- crystallized graphite film having almost the same crystallin-
tion, but the lattice constants are slightly different from thoseity as natural graphite but with lower crystallinity than those
of undoped pristine graphite with slight elongationagf, but  of highly crystallized graphite materials. Koik al. carried
with slightly contradictingc,. They also measured Raman out detailed measurements on the resistiyitand magne-
spectra of the boron-doped graphite specimens usintpresistance\ p/pq for specimens of Grafoil at very low tem-
514.5-nm excitation. All of the boron-doped graphitesperatures bels 1 K and in magnetic fields up to 0.4 °T.
showed the intense 1360-chband(D mode and the weak They found anomalous behavior for the specimens repre-
but sharp 1618-cm' band (D’ mode at the higher- sented by
frequency side of the strong 1589-cmband (G mode:;
these bands are known to be caused by lattice disSr8ér. p(T)=p(0)—ayT (1)
was concluded that boron doping introduced a significan
amount of structural defects into the graphite lattice, which
contradicted the x-ray result. Aplpo=—DbAB, )
A boron atom has three valence electrons, and the boron
atom substituted into the graphite lattice traps an electrowherep(T) andp(0) are the resistivity at temperatufeand
from the conduction band and lowers the Fermi level. Souldéhat at 0 K,a is a positive constanB is the magnetic field,
studied the effect of the depression of the Fermi level byand b is a positive constant. These results were explained
boron doping on the transport propertidseing based on the fairly well in terms of localization, the electron-electron in-
energy band model of graphite. He observed a negativteraction, and the ellipsoidal band in the three-dimensional
transverse magnetoresistance at liquid-nitrogen temperatuf@8D) weak localization. The/T dependence of the resistivity
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TABLE |. Boron-doping treatments for graphite films, the lattice constagtandc,, the atomic fraction of boron dissolved into the
graphite latticexg, the full width at half maximum of the peak intensity recording of the 002 diffractbgn, room-temperature resistivity
Paoo K+ resistivity ratio pseg k/p3 k, and transverse magnetoresistance measur@dkain a field of 1 T, (Ap/pg)3 k11 for HOGF and
B-HOGF's.

Doping Second o Co XB P12 P300 K (Aplpo)akat

Sample treatment heat treatment (nm) (nm  (at.% (deg (10°Qm) paook/Psk (%)

HOGF 0.24612 0.67076 0 4.04 6.33 1.13 901
B-HOGF-0.4 2350°C for 5 min 2600 °C for 10 sec 0.24623 0.67054 0.4 4.62 13.0 1.0391 0.137
B-HOGF-0.5 2350°C for 5 min 2550 °C for 10 sec 0.670 46 0.5 14.2 0.9911 0.003
B-HOGF-0.9 2350°C for 5 min 2500 °C for 10 sec 0.67022 0.9 19.5 0.9735 -0.183
B-HOGF-1.4 2350°C for 5 min 2450 °C for 10 sec 0.66992 1.4 24.8 0.9645 —0.179
B-HOGF-2.2  2500°C for 2 h 0.24682 0.66944 22 10.23 26.4 0.9785 —0.169

and negative/B magnetoresistance at low temperatures havavithout boron. Doping and the second heat-treatment condi-
been observed in doped semiconductors and many amotions are summarized in Table I.
phous alloys, howeveéf. Recently, Sugihara, Hishiyama, and
Kaburagi re_ported the resistivity and negative transverse g X-ray diffraction and scanning-electron-microscope
magnetoresistance expressed by Ed$.and (2), respec- observation
tively, for boron-doped natural graphite compacts at rather ) ) ) )
high temperatures and in a rather strong magnetic field X-ray diffraction measurements were carried out using a
region** Since the crystallinity of the boron-doped specimenWide-angle diffractometer with a specially designed sample
is similar to that of pristine natural graphite, they explainedgholder for films and CuKa radiation. Since the graphite
the results in terms of the SIonczewski-Weiss-McCure'a!yer planes were oriented parallel to the film surface to a
(SWMcC) band model and a weak localization theory ob-nigh degree for each of the HOGF and B-HOGF's, the 002,
tained by extending Kawabata’s theory in a regime of inter-004, and 006 diffraction lines were measured in the reflec-
mediate atomic fraction of boron with a of 1 at. %213 tlo_n mode and the 100 .and 110 diffraction lines in the trans-
The effect of boron doping on rather high doping levels,Mission mode. The Iatt!ce constazy was determined from
from 0.5 at. % boron to the limit of its solubility, using well- the 002, 004, and 006 lines and the constgnfrom the 100
crystallized graphite materials of large sizes has not bee@nd 110 lines, referring to the external standard of the thin
studied systematically. Well crystallized, highly oriented HOPG specimen with a flat cleaved surfacgof the HOPG
graphite films(HOGF’s) prepared from aromatic polyimide SPecimen was found to be 0.67070 nm by the powder
films are included in such well-crystallized graphite Method with the internal standard of high-purity silicon pow-
materials'* The aim of the present paper is to study theder. In order to obtain the effect of boron doping on the
effect of disorder induced in the graphite layer planes bypref(.arred orientation of the c_rystalhtes., the full width at half
boron doping on transport properties using boron-dopednaximum of the peak intensity recording of the 002 diffrac-

HOGF's (B-HOGF'’S) with xg from 0.4 up to 2.2 at. % B.  tion plotted as a function of rotation angteof the specimen,
@12, was measured for the HOGF and B-HOGFs,,,

gives information on the degree of orientation of thaxes
Il. EXPERIMENT of constituent crystallites in the film. Cross sections of
B-HOGF's were observed by a field-emission gun-type scan-
ning electron microscopéFESEM), which was operated

A 25-um-thick polyimide film Kapton was used as the with an acceleration voltage for the primary electron beam of
starting material for the HOGF of the present study. The2 kV.
HOGF specimens of about Jim in thickness were obtained
finally by heat treatment at 3000 °C for 1 h. The preparation
method for HOGF is given elsewheté.

Boron doping of HOGF’s was made as they were sand- The Raman-scattering experiments were carried out for
wiched between polished, commercially available boronthe HOGF and B-HOGF's at room temperature in air using
doped artificial graphite plates containing 10 wt.% boronthe JOBIN YBON RAMANOR T-64000 instrument. For
(Toyo Tanso GB11pand then heat-treated in a graphite re-comparison, the measurements of an HOPG and a glasslike
sistance furnace at 2500 °Crfd h or2350°C for 5 minina carbon heat-treated at 1600 °G5C-1600 were made.
flow of Ar gas. As a result of these treatments, we couldHOPG has high crystallinity with the lattice constaagsand
dope boron of about 2 at.% into HOGF's. To obtain cy of 0.246 12 nm and 0.670 80 nm, respectively, ang of
B-HOGF'’s with lower boron concentrations, B-HOGF's thus 0.4°. GC-1600 is a typical disordered carbon having, af
obtained were diluted by a second heat treatment at temper@:704 nm, argg of 0.242 nm and the same values of crys-
tures of 2450, 2500, 2550 and 2600 °C for 10 sec, whilgallite sizesL, and L. along the basal plane and axis,
being sandwiched between polished artificial graphite platesespectively, of 2.0 nm. These values were determined in the

A. Sample preparation

C. Raman scattering
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present study by a powder method using Kua radiation B L L L A
and an internal standard of high-purity silicon powder. To
obtain the values, corrections of the diffraction pattern for
Lorentz polarization and atomic scattering and absorption
factors were made. Raman scattering signals from cleavet B~HOGF-2. 2
surfaces of the HOPG, HOGF, and B-HOGF and the frac-
tured surface of GC-1600 were recorded with 514.5-nm ex-
citation. The optical power at the sample position was about
10 mW, and 10 h accumulation was employed for each mea:
surement.

D. Transport properties B-HOGF-0. 4

The transport properties were measured for the HOGF
and all B-HOGF's by a dc method. A gold wire of 5im
diameter was used for electrical leads. Contacts of electrica
leads to the specimen were made by gold pHint.

The electrical resistivity was measured at 300 K. The de-
pendence of the relative electrical resistivity on temperature
was measured in the temperature range of 1.8—300 K. The
Hall coefficientRy and transverse magnetoresistang# pq
were measured at 3.0 K in fields up to 4.2 T using a super-
conducting magnet. For the measurements, the magneti
field was applied perpendicular to the film surface.

NTENSITY (arb. units)

HOGF

PR N T S T [T ST Y SHT S WY S0 NV WOUY S Y SHN S ST S AT TS T S N S WO S 9

Ill. RESULTS AND DISCUSSION 54.5 546 547 548  54.9  55.0  55.1  55.2

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

The lattice constants, and c, for the HOGF and FIG. 1. 004 diffraction patterns of the HOGF, B-HOGF-0.4, and
B-HOGF's are listed in Table I. The empirical relations for B-HOGF-2.2.
the lattice constants, and c, with respect to the atomic y\q heaks due t& a; and K, radiations. With increasing
fraction of dissolved bororxg (in at.% for Madagascar " ihe 002, 004, and 006 lines in the reflection mode for

graphite obtained by Lowell are B-HOGF's shift to the higher angles, which is exemplified in
Fig. 1 for the 004 diffraction.

20 (°)

39=(89)gr+0.000 31(kg ) Boron doping slightly disturbs the highly oriented texture

and in the HOGF. The disturbance in orientation is seen in the
002 peak intensity recordings of the HOGF, B-HOGF-0.4,

Co=(Cq)gr— 0.000 594, (4) and B-HOGF-2.2, as shown in Fig. 2. In Fig. 2, the 002 peak

intensities for these films are shown, normalizing the maxi-

in nanometers, whereag), and (Co)q are the lattice con- mum intensity to be unified. The values qfy, for the
stants of original Madagascar grapt‘?it@he values of )y  HOGF, B-HOGF-0.4, and B-HOGF-2.2 are listed in Table I.
and (Co)q Obtained by Lowell are 0.246 023 and 0.6711630n the other hand, boron doping causes the 101 and 112
nm, respectively. Differences in the lattice constants betweelines to be observable in the transmission mode but not in the
Madagascar graphite and the HOGF are so small that weeflection mode. The intensities of these lines are quite low,
may use these equations, replaciag)(, and (o) 4 With the  mere traces for the specimen with the lowest valuegf
lattice constants of the HOGF. The; values for other They increased with an increasexg. The disturbance is so
B-HOGF's were estimated using relatio#). The values of  slight, however, with some of the large crystal domains in-
xp for B-HOGF's are listed in Table I. The B-HOGF is des- creasing their declining angles of theiraxes from the nor-
ignated hereafter as B-HOGF followed by a valuxgf The  mal to the film surface, that it cannot be detected in the
Xg values obtained for B-HOGF-0.4 and B-HOGF-2.2 usingreflection mode but in the transmission mode.
relation(3) are 0.37 and 2.22 at. %, respectively, while those Figure 3 shows the images of the FESEM for cross sec-
obtained from relation(4) are 0.35 and 2.25 at. %, respec- tions of the HOGF and B-HOGF-2.2. The micrographs of the
tively. Agreement of theg values evaluated from two equa- FESEM images for the cross sections of the B-HOGF's are
tions is very good. very similar to those of the HOGF. In the FESEM images of

For the HOGF, only the 002, 004, and 006 diffraction B-HOGF-2.2, extended layer textures are recognized, and
lines have been observed in the reflection mode while themall regions of bend layer textures are seen. These regions
100 and 110 lines with traces of the 002 and 101 lines in théncrease thep,;, value and the appearance of the 101 and
transmission mode. The 004 and 006 lines are separated inld 2 lines in the x-ray diffraction patterns in the transmission
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!

FIG. 2. Peak intensity record-
ings of 002 diffraction plotted as a
function of rotation anglee for
the HOGF, B-HOGF-0.4, and
B-HOGF-2.2.

RELATIVE INTENSITY

0 2 4 6 8

® ()

mode. Particles on the specimen surface of B-HOGF-2.2 are The Raman spectrum of the present HOPG is the same as
residual gold particles of the gold paint used for electricalthat obtained for HOPG by Kawashima and Katadjirihe
contacts. Raman spectrum of the HOPG showsGaband at 1585
cm %, an overtone band at 2441 ¢ G; and G} bands at
2680 and 2725 cit, respectively, and an overtone band at
3249 cm! (2D’ mode. In addition to these bands, the spec-
The Raman spectra of HOPG, HOGF, B-HOGF-0.4,trum exhibits weak and distinguishable bands at 1048, 1758,
B-HOGF-2.2, and GC-1600 in the region between 800 and.846, and 3186 citt, though the intensity scale is not en-
3500 cm * are shown in Fig. 4, taking the peak intensities oflarged enough to see them. For the HOGF, a spectrum simi-
the G band to almost the same values. lar to that of HOPG has been obtained but the HOGF exhib-

B. Raman scattering

(©) FIG. 3. FESEM images for

cross sections dfa, b HOGF and
(c, d B-HOGF-2.2.

2.8 kV X7.89K '4.29rm B-HOGF-22 2.@ kV X7.@89K 4.29um
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Ty T ~1367+1584 cm1).* The appearance of tli2, D', andD”
bands is a characteristic of the disordered graphite structure
G and related to the substituted boron atoms in graphite layer

N, planes.
HOPG o, ! The spectrum of B-HOGF-2.2 in Fig. 4 indicates that with
[ W

increasingxg the intensities of thé® andD’ bands relative

! to the G band increase and that of tl&&' band decreases.

: Since the x-ray diffraction profiles in the transmission mode

: show the quite narrow 101 and 112 diffraction lines, it is
. worthwhile to note that degrees of the crystallinity of these

_E)G,F.———-J i materials are still high. As shown in Fig. 4, the Raman spec-

— trum of GC-1600 is similar to that of B-HOGF-2.2, showing
i a higher disorder.

5 :

g : C. Transport properties

S |eooro.s ,\D ;‘\D L ALY Figure 5 illustrates the SWMcC bantswhereE; . and

- | ~ E,. are electron bands, whilg;_ and E,_ denote hole

2 bands. We suppose that the SWMcC bands were not affected

H j : by boron doping. Since the Fermi enerBy is located far

= below theEj, level for B-HOGF's, there are two hole Fermi

BoHOGF-2. 1 | O surfaces corresponding to the majority band and minority

E, band. These Fermi surfaces are schematically shown in
Fig. 6.

According to the SWMcC band mod&lwe can relate the
majority holes per carbon atoh,,;/C and also the minority
holes per carbon atoim,,;,/C to the Fermi energ¥g by the
following equations:

[ A U T [ SR WA S T HN T S S S NI S ST S T S T S

1000 1500 2000 2500 3000 3500 hmaj 1 2 )
Raman Shlft (cm—l) C :\/3772')/% 0 d¢{EF_EF(El+E3)+E1E3}1 (5)
FIG. 4. Raman spectra of the HOPG, HOGF, B-HOGF-0.4, h 1 "
B-HOGF-2.2, and GC-1600 with 514.5- itation. in_ m
o " i exelation %_ ﬁﬂ_zyzf d¢{E;2:—E|:(E2+ E3)+EE5}. (6)
0

its a very wealD band at 1372 cimt. The crystallinity of the In these equations
HOGF is less perfect than that of HOPG. Assignments of the '

peaks for the HOPG and HOGF according to Kawashima E;=A+2y,cos¢+2yscos ¢,
and Katagiri are listed in Table 1

As shown in Fig. 4, the spectra of B-HOGF-0.4 and E,=A—2v,C0S¢+27ys5CoS ¢,
B-HOGF-2.2 are similar to those of carbon materials with
small crystallites. For B-HOGF-0.4, the spectrum shows the Es=2y,c08 ¢, $=Cok,/2,

relatively strongD band (1367 cm}), the D’ band (1623 . . .

cm 1) at the high-frequency side of ti@band(1584 cn 3), Co is _the Ia_ttlce constant ang, is the value 0f¢>oat the
the single unsymmetricab’ band (2720 cm'Y), which is a  ¢r0ssing point ofr andE; and equals 1.01 ra7°). o,
merged band o5’ andG” bands(observed in HOPG and Y1+ Y2» Y3, ¥s, andA denote the band parameters. To ob-
the HOGH, the D” band (2962 Cmil), and the ®' band ta!n Eq5(1) and (2), we SetVE(Z’)/4/’}/O)COS¢<1. We ob-
(3246 cm 3). TheD band is assigned to first-order scattering {&in holes per carbon atofwC as the sum of Eqg5) and
from a Brillouin-zone-boundary phonon activated by the dis-(6): Using the values of the band parameters as foliws:
order associated with the small crystallite boundary or
boundaries of larger crystallitdsThis assignment is sup-
ported by the observation of theG’ band __ _
(2725cm1~2x1367cm?) in the second-order Raman 72= 00208V, 7,=0.044¢eV,
spectrurfi of HOPG and also the present HOPG and HOGF.
TheD’ band is identified with the high density of states for
midzone phonons near the maximum phonon frequency an8lince the calculated value bfC is related taxg, the values
the 2D’ band is assigned to be a counterpart in the secondf h,,,;/C, hp,,/C andEg are obtained as listed in Table IIl.
order spectrum of this barfef. The D” band is assigned to a The room-temperature electrical resistivjiyy k, the re-
combination of the D and G bands (2962cm  sistivity ratio psgo k/ps kK Whereps « , the resistivity at 3.0 K,

v0=3.16eV, 7,=0.39eV,

¥5=0.038eV, A=-0.008eV.
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TABLE II. Peak position of Raman spectra in units of thifor the HOPG, HOGF, B-HOGF-0.4,
B-HOGF-2.2, and GC-1600 with 524.5-nm excitation. Assignments are from Kawashima and K@agiri

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 Atmospherig O
1585 1585 1584 1591 1599 G
1623 1616 D’
1758 1754 1753 1751
1846 1864 1860
2331 2331 2328 2330 2328 Atmospherig N
2441 2443 2446 2430 103D
2725 2725 2720 2708 2691 D2(G')
2962 2946 2940 D+G (D")
3186 3186 3180 3162 @
3249 3249 3246 3229 3246 o2

and transverse magnetoresistance at 3.0 K in a magnetic fiehy a small positive or a small negative value of
Of 1 T, (Ap/po)g K1T» f0r the HOGF and B-HOGF's are (Ap/p0)3 K1T-
listed in Table I. The HOGF is characterized by a large value Values of p3oq« and ps ¢ for the HOGF and B-HOGF's
of (Ap/po)s k11, While each of B-HOGF's is differentiated are plotted againskg in Fig. 7. At any temperature, the
resistivity increases with increasing . The dependence of
£ E the resistivityp; on temperature for the HOGF is weakened
at the loweskg value in the present study, while keeping the

Ey. weak dependence for all of B-HOGF's. This fact indicates
L that scattering from the substituted boron atoms dominates

over the lattice scattering.

Figure 8a) shows the relative resistivity/ p3q0  for the
HOGF plotted as a function of temperatufe The depen-
dence ofpt on temperature for the HOGF is quite similar to
that of the graphite whisker of the highest crystallirify,
indicating a high degree of the crystallinity of the HOGF.
The Hall coefficientRy and transverse magnetoresistance
/E2+ Aplpg for the HOGF as a function of magnetic fieRlare

shown in Figs. &) and 8&c), respectivelyRy of the HOGF

E; kg is negative and Shubunikov—de Haas oscillations superpose
on the field dependence &y and also on that oA p/p,,
E_ showing again the high degree of crystallinity of the HOGF.
= ks Values ofp1/p30 k for B-HOGF'’s are plotted as a func-

E% 3~ tion of \T in Fig. 9. In the figure, the number represents the
value ofxg. As described above, all B-HOGF’s show very
weak temperature-dependent resistivity and exhibit system-
atical changes in the resistivity againgt. With increasing
JT, starting from the lowest temperature, the resistivity de-
creases linearly with/T but gradually up to about 20 K at

I
|
|
|
I
i
1
i
!
|
I
|
|
|
!
i
I
|
|
I
!
i
I
f
|

|
|
|
|
|
|
|
I
|
!
t
|
|
|
|
|
|
|
|
)

H K ) ¢ H N ¢y =57°
(6=-7/2) (9=0) (6=r/2) ul ke (90) ki (0) o)
‘ 3

1
e H 45:500/%
q):%cokZ D \/4\ /

E,_(majority band) E,_ (minority band)

FIG. 5. |lllustration of the Slonczewski-Weiss-McClure
(SWMcCO) band. FIG. 6. Schematic drawing of the Fermi surfaces for B-HOGF's.
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TABLE lIl. Values of majority holes per carbon atohy,;/C,
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minority holes per carbon atomm.,;,/C, and Fermi energ¥, cal- ;HOGF ooommamoofémo OO;
culated by the SWMcC band model for B-HOGFs. 095 Fro i gQOOTE S
0.9 [ SO 3
hlaj Nmin v 0.85 L ‘ o.o 3
Ssample c C Er (eV) &f YT SRR (USSR SRS WO M £
B-HOGF-0.4 0.0037 0.0003 —0.44 R T VU N U R
B-HOGF-0.5 0.0046 0.0004 —0.50 [ o : : "
B-HOGF-0.9 0.0079 0.0011 —0.71 R N
B-HOGF-1.4 0.012 0.002 —-0.92 0.65 g [T e . _
B-HOGF-2.2 0.018 0.004 ~1.18 0.5 ; , e i :
0 50 100 150 200 250 300
(@ T (K
first, continues to decrease a little bit steeply, passes through I — — — ,
a shallow minimum, and then increases. The temperature at L Hoer 3.0 K
which the resistivity minimum appears increases with in- o5 o i ]
creasingxg, exceeding 300 K for B-HOGF-1.4 and2.2. o
The low-temperature resistivity can be written by E#)). o :
Since the temperature dependence of the resistivity for each ~ ~ g ]
of the B-HOGF's is very weak, Eq1) can be related to the é; % i ]
additional resistivity superimposed on the Boltzmann contri- =z ote e e ]
bution. The additional resistivity is possibly attributed to the 2 P ]
guantum correction of the resistivity due to the 3D weak X 20 L L o]
localization 8p, which is obtained by Sugihara, Hishiyama, = °P o s ]
and Kaburagi, extending Kawabata’'s theory to the SWMcC o5 Lo R NI
band!! Equation(A1) in the Appendix gives their calculated 1
results, showingsp \T. e TR
The Hall coefficienR; measured at 3.0 K for B-HOGF's 0 05 10 15 20 25 30 85 4.0
is plotted as a function of magnetic fieRlin Fig. 10. The ) B(M
values obtained for B-HOGF-1.4 are not shown in the figure, 10 S —
but they are very close to those measured for B-HOGF-2.2. " HocF 3.0 K 50
Expected behaviors of the field dependencdrpffrom the LI S S T R B ]
calculated values df,,;/C andh,,/C for B-HOGF's are as . : o°
follows: Ry is positive and with increasing magnetic field it 30 b R R >
decreases at first and levels off in the high-field region. The ] ; P ]
high-field values are related to/'C by the following equa- ST R OO """"""""""""""""" ]
tion: &£ n =T S N S O b
5=y ;
30
‘ ‘ % © 4 ]
25 :_ ............... ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘8 U .
20 Lo i e ]
2 r § O 300 K ]
] : O 30K
:’ 15 s E ...................................................................... -
=} 8
- X FIG. 8. Relative resistivity1/p3q0  plotted as a function ofa)
X010 e ] temperaturdl, and(b) Hall coefficientRy, , and(c) transverse mag-
< 2 ] netoresistance\ p/po measured at 3.0 K plotted as a function of
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FIG. 7. Resistivitiespzpox and pszx for the HOGF and
B-HOGF's plotted as a function of the atomic fraction of borgn

In EQ. (7), Nyin and n,; are densities of the minority and
majority holes, respectively. The observed behavior for
B-HOGF-0.4 is completely different from that expected, and
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T2 (K2 grains without boron atoms is possibly so small even for

) o B-HOGF-0.4 that the x-ray diffraction lines related to the
FIG. 9. Relative resistivityr/psoo « for B-HOGF's plotted as @ ¢rystal grains of graphite cannot be detected and the tem-
function of \T. perature dependence of the resistivity is not affected by ex-
istence of such crystal grains. The amount may possibly de-
the expected high-field value oR(;)ey, by Eq.(7) for each ~ crease with increasingg . In this conjecture, the atomic
of the B-HOGF'’s is higher than that observeR{) s as fraction of boron fqr.each of the B—HOGF’s. is hqrd to obtain
listed in Table IV. The difference betweerR{)e,, and from the Hall coeff|_C|ent result. Howeve_r, since in B-HO_GF-
(Ry) ons hOWever, becomes smaller with increasiag Since ~ 2-2 the difference inRy)) exp and Ry)ops IS the smallest, its
the Hall coefficient is proportional to the Hall voltage, the Hall coefficient r(_es_ult seems to exhibit t_he field dependence
difference may be due to the cancellation of the Hall voltage®f the Hall coefficient for a B-HOGF witfxg close to the
of the different sign. We note the Hall coefficient of the Solubility limit. _
HOGF at 3.0 K is negative and field dependent, and its ab- Figure 11 shows the transverse magnetoresistandg,
solute values are 2—3 orders of magnitude larger than thogﬁ\easured at 3.0 K for the B-HOGF's plotted as a function of
for B-HOGF's[Fig. 8b)]. The cancellation of the Hall volt- VB. For B-HOGF-1.4 and -2.2Ap/p, is negative and de-
ages is probably due to inhomogeneous boron doping in eadteases with increasings. For B-HOGF-0.4, -0.5, and -0.9,
of the B-HOGF’s. B-HOGF's other than B-HOGF-2.2 were Ap/pq is negative in low fields, decreases with increasing
prepared by dilution of boron contained in the materials\B at first, passes through a minimum, and increases with a
similar to B-HOGF-2.2, i.e., by a second heat treatment athange in the sign. The magnetic field for the minimum or
temperatures between 2450 and 2600 °C for 10 sec, as dthe field with the change of the sign Afp/p, increases with
scribed in sample preparation. The second heat treatment nioicreasingxg . The Ap/pq values for B-HOGF-0.4 and -0.5
only dilutes the atomic fraction of boron of the B-HOGF but in a field of 4.0 T are not shown in the figure, the values are
also possibly creates a small amount of crystal grains 08.38% and 1.57%, respectively. These results indicate further
graphite, which contain few boron atoms. The resultanincrease of the positive transverse magnetoresistance with
B-HOGEF is probably mixed crystal grains with and without increasing magnetic field. The positive transverse magne-
boron atoms. The grains without boron atoms are distributetbresistance is measured for well-crystallized graphite mate-
among the grains with boron atoms. By flowing an electricalrials such as natural single crystals, HOPG and HOGF, etc.,
current and application of a magnetic field, a negative Halwhich is due to the mixed electron and hole carrier conduc-
voltage with a large absolute value is generated in each crysion and proportional t@" with n close to 1.8 The positive
tal grain without boron atoms and a small positive Hall volt- transverse magnetoresistance is measured as the voltage
age in that with boron atoms. The amount of the crystalchange in the electric resistance by application of magnetic
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TABLE IV. Expected values of the high-field Hall coefficierR() ¢y, from xg and Ry)qps at 3.0 K.

B-HOGF-0.4 B-HOGF-0.5 B-HOGF-0.9 B-HOGF-1.4 B-HOGF-2.2

(Ri)exp (10°m3C™) 13.3 10.5 6.18 3.95 2.48
(R ops (10°m3C™Y) 3.64 2.14 2.05 2.14 2.14

field, and the voltage change is obtained as the result of thige, the contribution of these crystal grains to the transverse
cancellation of the positive and negative changes when thmagnetoresistance of B-HOGF-0.9 can reasonably be negli-
positive changes are larger than the negative changes. Tlgible in fields below 0.41 T. Accordingly, the negative trans-
positive changes are attributed to the crystal grains of graphrerse magnetoresistance observed in low fields for this
ite and the negative changes to the grains in which boroB-HOGF is substantially characterized by E@®). Since
atoms were substituted. The appearance of the positive trangrere are, however, similarities among the curves of the field
verse magnetoresistance in B-HOGF-0.4 and -0.5 gives eVjjependence ohp/p, for B-HOGF-0.4, -0.5, and -0.9, we
dence for the inhpmogeneous poron doping mentioned abovg.c,me that Eq2) is applicable for these B-HOGF’s in low
for the Hall coe_ff|C|ent results, i.e., these B-HOGF's can befiaigs. Equation(2) is qualitatively explained by EqA2),

hich is obtained by Sugihara, Hishiyama, and Kaburagi,

present magnetic field range, the result indicates the chang(?:)eXtendlng Kawabata's theory to the SWMcC bahd.

of sign of the transverse magnetoresistance to occur in the
field of about 4.4 T, and this B-HOGF can also be regarded

as a mixed crystal. IV. SUMMARY
For B-HOGF-1.4 and -2.2A p/p, decreases linearly with
JB in fields above about 0.8 T, i.e., Boron-doped graphite film&B-HOGF's) have been pre-
pared from well-crystallized highly oriented graphite films
Aplpo=c—Dby/B, (8) (HOGF's). The following is a summary of the present study.

(1) B-HOGF's are substantially composed of well-
wherec is a positive constant. Equati@8) is not the relation  crystallized grains. Boron doping disturbs the highly oriented
in low fields but in rather high fields. With a further increase texture in the HOGF, but the disturbance is very slight.
of magnetic field A p/py must saturate in very high fields if (2) The HOGF shows a Raman spectrum very similar to
it is due to the 3D weak localization. The dependence of thehat of HOPG. Boron doping causes the Raman bands char-
negative transverse magnetoresistance in proportiafBtés  acteristic of graphite materials with lattice disorder. Increas-
observed for B-HOGF-0.9 in fields below 0.41 T, as showning atomic fractionxg enhances the lattice disorder.
in Fig. 12. If we take note of the field dependence of the (3) The electrical resistivity increases with increasiqg
transverse magnetoresistance for the crystal grains of grapBoron doping weakens the temperature dependence of the

O'ZL”"""'f"“'f”"!‘ 0B L A B T
[ 30K Y oa g ooa ] [ B-HOGF-0.9 |
0.1 o AAAAAAAAAAAAAAAAAAA e A 0:5 AAAAAA 5 :
i : LA oo o9
i v A R I I 3 3 ‘ j : f 1
[/ 3] - SRCETEPEEPRL) CRNRPIS IRTPRRRRIT PR B N X 2.2 ] ~-0.05 R S o """"""" """""" -
T <& Al : . £ : : : : : :
F Riy At z ]
va o : (W
0.1 d Ral : SRR
0.1 Lo B L ]
9 VSO % o <
~ O "% -0 S 2001 b 4
1) DDQ%% DDDDD -
\O' -0.2 R R o T Frrntrenresseete — &
S [ e S
i % < L ‘ ]
[ : % oo : : : :
T T T O && AAAAAAAAAAAAAAAAA o L » : : i
[ % ] —0.15 ool ......... ............ ............ .......... -
204 D S - E f : 1 é
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FIG. 11. Transverse magnetoresistag® p, measured at 3.0 FIG. 12. Square-rodB dependence of transverse magnetoresis-
K for B-HOGF's plotted as a function ofB. tance measured for B-HOGF-0.9 in fields below 0.41 T at 3.0 K.
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resistivity, but the resistivity changes systematically with in-effective and a negative magnetoresistance is observed. The
creasingxg in a range 1.8—300 K. At low temperatures, the quantum correction of the resistivity caused by the 3D weak
— T-dependent resistivity is observed, which is possibly exJocalizationdp due to extension of Kawabata’s theory to the
plained by a characteristic ascribed by the 3D weak localizaSWMcC band calculated by Sugihara, Hishiyama, and
tion. Kaburagt? is

(4) The Hall coefficientR,; measured at 3.0 K for each of
the B-HOGF's is positive. The values &, for B-HOGF’s op 2v2 1 1
with xg of 0.9 at. % boron and below indicate that they are - 4 = '
mixed crystals of grains with and without boron atoms. p(0) mhO(Er) \/IEIE \/DaDC

(5) For B-HOGF’s withxg of 0.9 at. % boron and below, (A1)
the field dependence of the transverse magnetoresistance also — 1
indicates existence of the crystal grains with and without Daziv
boron atoms. The negative transverse magnetoresistance for
these B-HOGF's decreases witfB, possibly explained by .
the 3D weak localization. V=(Vq,0c), |=v,ar, |,=v,7,,

wherep(0) is the in-plane resistivity at 0 ke is the proton

chargeg(Eg) is the density of state &, v, andv, are the
The authors thank Professor M. Inagaki of Aichi Institute velocity components of holes in the basal planes and along

of Technology, K. Sugihara of Nihon University, and Pro- the ¢ axis, respectively| is the average mean free path for

fessor E. Madeen and Dr. Yoshida of the Musashi Institute Ofne elastic scattering, and is the average mean free path for
Technology for helpful discussions. This research was parge inelastic scatterind,, or 7, is associated with the scat-

tially supported by the Ministry of Education, Science,, . o —

Sports and Culture, Grant-in-Aid for Scientific Research one"ng proceis.due o the out-of-plane V|brat|on§ @I.

Priority Areas(Carbon Alloys, 09243101, 1997. In Eqg. (A1) I, is the onlyT-dependent term, which is pro-
portional toT~ ! (Ref. 22, and we haveSpo JT.

The negative transverse magnetoresistance term repre-
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APPENDIX sented by Eq(2) can also be calculated as follows:
In disordered electronic systems, constructive quantum )
interference between elastically backscattered partial carrier Ap 0 e°F F—06 A=+202/02
waves known as weak localization occtits?* Weak local- o p( )—2—477 WA 06 A=v2ulvg,
ization is a low-temperature effect, because inelastic scatter- (A2)

ing processes due to electron-phonon or electron-electron in-

teractions make the phase incoherence between carriém Eq.(A2), |5 denotes the magnetic length given /e B
waves. Experimentally, the weak localization superimposeand A=0.24 obtained by using the SWMcC band model.
on the electrical resistivity of the Boltzmann contribution asTherefore, the negative transverse magnetoresistance is pro-
an additional one, giving rise to a small increase in electricaportional toy/B. Equation(A2) is valid if the following con-
resistivity with decreasing temperature. The coherence of thdition is satisfied:

backscattered waves tends to be suppressed when the mag-

netic field is applied, i.e., the weak localization becomes in- l<Lg<L,, Lg=+fil4eB, L,= Nl . (A3)
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