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Detailed measurements of the transverse magnetoresistance of a benzene-derived graphite fiber
annealed at 3000°C have been carried out between temperatures of 1.4 and 249 K and in magnetic
fields between 30 and 80000 G. Using a modification of a simple two-band theory due to Noto and
Tsuzuku, we have been able to generate a good fit to the magnetoresistance data over the entire
magnetic field range studied. Using this model, we find that the mobility varies from 9.8 x 10°
cm?/Vsec at 249 K to 3.2X10* cm?>/Vsec at 1.4 K, the total carrier density varies from
9.7x 10%/cm? at 249 K to 3 10"%/cm® at 1.4 K, and | (n,—ny)/(n,+n;)| changes from 0.21 at
249 K t0 0.094 at 1.4 K. Various other models have also been employed to estimate carrier densities
and mobilities. Using simple theories, we can fit the temperature dependence of the mobility, the
carrier density, and the resistivity. We show that changes in the temperature dependence of the
resistivity of pyrolytic graphites and benzene-derived graphite fibers annealed at temperatures be-
tween ~ 2500 and 3500°C can be understood simply by changes in the crystallite size which alter the

amount of boundary scattering.

I. INTRODUCTION

Recently, Endo et al.! and Chieu et al.? have reported
magnetoresistance measurements on highly graphitized
benzene-derived fibers (BDF’s). These fibers have stimu-
lated considerable interest' !> due to their being highly
graphitizable, considerably more so than either
polyacrylonitrile (PAN) or mesophase pitch-derived
fibers. The graphitic structure of the annealed BDF’s
leads to a positive magnetoresistance whereas most PAN
and pitch fibers exhibit negative magnetoresistance. How-
ever, the magnetoresistance of the BDF’s in high magnet-
ic fields is approximately 1 order of magnitude smaller
than that of highly oriented pyrolytic graphite (HOPG).?
Since the magnetoresistance is a probe of the carrier mo-
bility, this suggests that the carrier mobility in the BDF is
significantly reduced from that of HOPG.?

Endo et al.? have performed an extensive study of the
magnetic field and angular dependence of the magne-
toresistance at 77 K of BDF’s annealed at a variety of
heat-treatment temperatures. Chieu et al.? have exam-
ined the magnetic field and angular dependence of the
high-field magnetoresistance of the BDF at 4.2 K. How-
ever, neither study attempted to derive carrier mobilities
or carrier densities from their data. In addition, neither
paper examined the temperature dependence of these
transport quantities.

In this paper we show the results of a study of the mag-
netoresistance of a BDF, heat-treated to 3000°C, in mag-
netic fields between 30 G and 80 kG and at temperatures
between 1.4 and 249 K. Using various models, we derive
carrier densities and carrier mobilities as a function of
temperature and discuss their implications.

II. EXPERIMENTAL DETAILS

Carbon fibers up to 10 cm long were grown from a
mixture of benzene and hydrogen on an iron-powder-
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catalyzed substrate between 1100 and 1300°C. Graphiti-
zation of the vapor-deposited fibers was done in outgassed
graphite crucibles. The crucible and fibers were heated in
high-purity argon to 3000°C with an electrical-resistance
furnace and then held at 3000°C for 3 min. Temperatures
were measured with an optical pyrometer which was cali-
brated against a standard tungsten lamp at 2300°C and
cross-checked against a two-color infrared pyrometer at
3000°C. Scanning-electron-microscope photomicrographs
show the annealed fibers to have a polygonalized cross
sectior61 that had previously been reported by Koyama
et al.

A 35-um-diam fiber was mounted in air and set on a
sapphire block to decrease its thermal resistance to the
copper heat sink on which the thermometers were mount-
ed. Electrical contact to the sample was made using silver
paint to attach four 0.001-in.-diam copper wires. A dc
four-terminal method was used with the current having
the constant value of 100 pA. Thermal emf’s were mini-
mized by nulling them out at each temperature in zero
magnetic field. As a check, the magnetoresistance derived
using the dc method was compared at various tempera-
tures and magnetic fields with that obtained using a
phase-sensitive ac technique and good agreement was al-
ways found. The fiber was mounted perpendicular to the
applied magnetic field so that the transverse magne-
toresistance was probed. Since the fiber morphology has
its graphite planes arranged cylindrically like the rings of
a tree about the fiber axis,® the in-plane electrical conduc-
tivity was measured in this experiment. In comparing our
data with that taken by other workers on pyrolytic
graphites, we implicitly mean to compare our data with
their in-plane data.

Measurements were performed in a Janis Supervari-
temp Dewar with an 8-T superconducting magnet. The
sample was always in contact with either flowing or static
helium gas. To monitor the temperature, a calibrated
germanium-resistance thermometer, a carbon-
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glass—resistance thermometer, and a calibrated silicon-
diode thermometer were mounted on the copper heat sink.
At each new temperature in zero magnetic field, the
carbon-glass thermometer was calibrated using either the
germanium thermometer and/or the silicon-diode ther-
mometer. In applied magnetic fields, the temperature was
stabilized by using a Linear Research model no. LR-400
four-wire ac resistance bridge to monitor the resistance of
the carbon-glass thermometer in conjunction with a
Linear Research model no. LR-130 temperature controller
which drove a heater mounted on the thermal shield of
the sample holder. The temperature (7) stability was
better than +0.017.

Data were collected automatically using an IBM Per-
sonal Computer in conjunction with a TECMAR model
no. 20030 IEEE-488 board. The computer read the sam-
ple voltage and the current through the magnet via two
Keithley model no. 195 digital multimeters. The data
were stored on magnetic disk for later analysis.

III. MAGNETORESISTANCE

Analyses of magnetoresistance data on pyrolytic
graphites (PG’s) and single-crystal graphite have been car-
ried out by numerous researchers. Klein investigated the
galvanomagnetic properties of pyrolytic graphites deposit-
ed from methane, heat-treated up to ~3500°C.!®!7 Us-
ing a simple two-band (STB) model and assuming that the
hole mobility uy, is equal to the electron mobility u,, that
the hole carrier density n, is equal to the electron carrier
density n,, and that (ZH)? << 1, Klein found that
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where T=(u.uy)'’%, H is the magnetic field, p, is the
zero-magnetic-field resistivity, and Ap=p(H)—p.
Klein'® found that the region over which Ap/p, obeyed an
H? dependence decreased as the heat-treatment tempera-
ture (and hence degree of graphitization) increased.
Values of the mobility were derived using the above ex-
pression with the magnetoresistance value at 2500 G.
Carrier densities were obtained using

p=1/nex , (3)
so that
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Klein also analyzed magnetoresistance data taken on a
“pyrofiber” annealed at 2800°C.!® Taking the angle be-
tween the crystallite ¢ axis and the magnetic field direc-
tion to be 8, with the current flow always perpendicular to
both the crystallite ¢ axis and the magnetic field direction,
he estimated the resultant fiber magnetoresistance to be
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is the transverse magnetoresistance obtained from a crys-
tallite whose c¢ axis is aligned parallel (at an angle 6) to the
magnetic field direction. The carrier mobility was then
calculated using
172
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while the carrier density was derived via Eq. (3).

Soule!® examined the magnetoresistance of various
natural graphite single crystals in considerable detail. He
also used Eq. (2) to determine the mobility using values of
the magnetoresistance at H =3000 G. Total carrier den-
sities were again derived using Eq. (4) and these values
were found to be in good agreement with those calculated
using the multicarrier model of McClure."’

More recently, Noto and Tsuzuku?® derived a two-band
theory of galvanomagnetic effects in graphite explicitly
including the angular dependence of the magnetic field
with respect to the graphite ¢ axis. This theory accounted
successfully for the angular dependence of the transverse
magnetoresistance of iron-melt graphite. The expression
they derived for nearly compensated specimens (n, ~ny)
was

Ap _ E’H?6
po  1+[(n,—ny)/(ng+n,)’GH*O ’

(8)

where © =cos20+a;sin?6, 0 is the angle between the mag-
netic field and the graphite ¢ axis (and the current flow is
perpendicular to these two directions), a; is estimated to
be 1/(12.1)%, and E=p, =p, is assumed. Rewriting Eq.
(8) as
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and plotting the left-hand side versus H? results in a
straight line. This curve was found to fit the magne-
toresistance of kish and pyrolytic graphites in magnetic
fields above ~5 kG, deviations occurring in lower fields
due to minority carrier effects.?0—2?

Finally, Dillon et al.?* have measured the galvanomag-
netic properties of highly oriented pyrolytic graphite and
compared their results with those derived from natural
graphite single crystals. These authors critically analyzed
various derivations of the carrier mobility from the mag-
netoresistance data and concluded that an appropriate
measure of the mobility would be Eq. (2), where the
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values of the parameters would be taken at Ap/py=1 so
that

g=1/H . (10)

IV. EXPERIMENTAL RESULTS

Some representative magnetoresistance curves plotted
as Ap/po versus magnetic field H are displayed in Fig. 1.
We also observe the relatively large positive magnetoresis-
tance previously reported for the BDF and note that our
data are in quantitative agreement with these previously
published reports.’? As expected, the magnitude of the
magnetoresistance decreases as the temperature increases,
indicating an expected decrease of carrier mobility with
increasing temperature.

Chieu et al.” have reported that at 4.2 K, the BDF ex-
hibits Ap/py< H? at very low fields, followed by a linear
field dependence for intermediate-field values. Endo
et al.,! on the other hand, have reported that Ap/pycc H®,
where b =1.7 for a BDF heat-treated above 2600°C at a
field below 4 kG at 77 K, and that b decreases gradually
with increasing field. To ascertain the behavior of b from
our data, we have made sliding least-squares fits of the
data to a function of the form Ap/po=aH?® and plotted b
as a function of H at each of the temperatures examined.
Shown in Fig. 2 is a plot of b versus temperature only for
magnetic field values of 0 and 30 kG. Our data for b ex-
hibit some scatter in low fields, while at higher fields, the
scatter is considerably less. While our data differ signifi-
cantly from those reported by Soule!® on single crystals,
they are in reasonable agreement with the values cited by
Endo et al.! and Chieu et al.?

Even though the transverse magnetoresistance data do
not precisely obey an H? dependence at low fields at all
temperatures examined, we will attempt to derive mobility
values from the low-field data. Visual best fits to the
low-field data plotted as Ap/p, versus H? were made, at
each temperature, to Eq. (6), and mobility values were de-
rived using this equation. The temperature dependence of
the mobility derived in this manner is plotted in Fig. 3.
Interestingly, the qualitative behavior observed here is
similar to that observed by Kawamura et al.?! for kish
graphite (an iron-melt single crystal), namely a constant

FIG. 1. Magnetoresistance vs magnetic field H for a BDF at
a variety of temperatures (dashed curve). Also shown are fits to
the data using Eq. (17) (solid line).
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FIG. 2. Exponential dependence of the magnetoresistance
power law b vs temperature T for magnetic fields of 0 and 30
kG where Ap/po=aH"® .

slope between ~110 and 300 K, a slope increasing in
magnitude down to ~60 K, and finally a saturation of
the mobility at lower temperatures. However, the magni-
tudes of the slopes (as well as the absolute values of the
mobility) differ considerably. Between 120 and 250 K, we
find Z(T)~ T 7 (compared to T ~'?), while between 65
and 115 K, we find @(T)~T '3 (compared to T~"9).
Using these values of the mobility as well as the resistivity
values plotted in Fig. 4, the total carrier density shown in
Fig. 5 was derived using Eq. (3). However, since this
method of analysis has not been generally adopted, we
will proceed to discuss three other algorithms for calculat-
ing carrier mobilities.

In keeping with the method of analyses employed by
both Klein'® and Soule'® and suggested by Spain,* we
have also derived mobility values via Eq. (7) using the
value of the resistivity in a field of H =3000 G. The tem-
perature dependence of the mobility derived in this
manner is also presented in Fig. 3. The mobility is seen to
behave in a rather smooth manner and tends to a satura-
tion value below ~20 K. The carrier density derived as
stated above is plotted as a function of temperature in Fig.
5. It saturates below ~10 K and exhibits a linear tem-
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FIG. 3. Mobility p vs temperature T derived with use of the
magnetoresistance data in the low-field limit (circles), from
3000-G data (squares), from data where p(H)/po=1.5 (trian-
gles), and from a modified Noto-Tsuzuku theory, Eq. (17) (dia-
monds).
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FIG. 4. Resistivity p vs temperature T for the BDF (circles).
The theoretical resistivity curves were derived with the use of
Eq. (3) with »n calculated from Eq. (13) with
n(T=0)=3X%10"%/cm® and Er=0.0053 eV and p calculated
from Eq. (19) with parameters ups=3.3X 10* cm?/Vsec and
ppn(T)=(3.4Xx10°T~1° cm?*/Vsec (solid curve); ups=3.19
X 10* em?/Vsec and pp(T)=(1x10")T "2 cm?/V sec (dashed
curve); and pps=3.19%x10* cm?/Vsec and pu(T) =(8
% 10")T "¢ cm?/V sec (long-dashed—short-dashed curve).

perature dependence at higher temperatures. We saw no
evidence for an increase in the carrier concentration with
decreasing temperature in the range below ~15 K, as re-
ported by Klein.!®!” Using the STB model, Klein'® has
fitted his carrier concentration data derived in the above
manner reasonably successfully. The model states that

ny,=CpkpT In[1+exp(Ey—Er)/kpT] (11)
and
ne=C,kgTIn[1+exp(Er/kgT)], (12)

where Ep denotes the Fermi energy, Eo—Epf is one-half
of the band overlap, and C, and C, are constants. As-
suming that n,=n;, C,=C,, and Ey—Er=Ep, i.e., the
Fermi energy lies right in the middle of the band overlap,
then the total carrier concentration is given by

gg ;
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FIG. 5. Total carrier density n vs temperature T derived us-
ing the data of Figs. 3 and 4 and Eq. (3). The data were derived
from measurements in the low-field limit (circles), from 3000-G
data (squares), from data where p(H)/po=1.5 (triangles), and
Eq. (17) (diamonds). Also displayed is a fit to the data derived
from Eq. (17) using Eq. (13) with n(T =0)=3X10"%/cm® and
Er=0.0053 eV.

n=CkgTIn[1+exp(Er/kgT)], (13)

where C is a constant. Using Eq. (13), we fit the n-
versus- T data of Fig. 5 very well over the entire tempera-
ture range. The best-fit parameters derived were
Er=0.004 eV, corresponding to a band overlap of 0.008
eV, ard n (T =0)=2.31x10"%/cm3.

We have also employed the method suggested by Dillon
et al.?® for deriving carrier mobilities from the magne-
toresistance data, i.e., g=1/H [Eq. (10)]. Previously, we
showed that an appropriate modification of Eq. (2) for a
fiber’s geometry would be Eq. (7). From Eq. (7), the value
of Ap/py at which i=1/H is given by Ap/py=0.5 or
p(H)=1.5p,. Using this procedure, we calculated i and
its resultant temperature dependence as shown in Fig. 3.
With the use of the values of the mobility calculated in
this way and the measured resistivity, the total carrier
density, as shown in Fig. 5, was derived from Eq. (3).
These n-versus-T values were fitted very well to Eq. (13)
with  parameters n(7=0)=1.98%10"%/cm® and
Er=0.0026 €V.

A final method that we consider for analyzing the mag-
netoresistance of the BDF is a modification of a formula
derived by Noto and Tsuzuku, Eq. (8). For simplicity,
since a3 ~0.01, we set a3 =0. Equation (8) then becomes

Ap _ i *H?cos’0
Po  1+[(n,—np)/(n, +n,) 0 2H cos?0

(14)

The total conductivity for the BDF can be calculated
from

(oH) === [ o(H,0)d6 (15)
o - 277_ 0 (4 ’ )
so that
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For ease of analysis, Eq. (16) may be recast into the fol-
lowing form:
P(H) _ (l-f-ﬁsz)l/z

Po 14+[(ne—np)/(ng +np) LA +E 2H?)2—1]

(17

We note that in the low-field limit of 7z 2H? << 1, Eq. (17)
reduces to Eq. (6). Unfortunately, Eq. (17) cannot be re-
cast into a form suitable for plotting as a straight line as
exemplified by Eq. (9). While a nonlinear least-squares-
fitting procedure could be followed, we have employed an
alternative technique with good success. We have seen
that for a fiber’s geometry, it is a reasonable approxima-
tion to replace H? in Eq. (1) by 5-H? since

(H?)—(H?%0s*0) ~(H?){cos’0) =+H?* .

We have then taken Noto’s and Tsuzuku’s formula [Eq.
(9)] modified in this way to obtain
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FIG. 6. H?/(Ap/po) vs H? for a variety of temperatures.
Note the approximately linear dependence of the data on H?
above a certain magnetic field H. The y intercept of the data
yields the carrier mobility according to Eq. (18).
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Plotting the left-hand side of the equation versus H>
should yield a straight line with y intercept 2(@)~% As
shown in Fig. 6, for a limited range of magnetic field the
data do follow a straight line when plotted in this way, al-
though significant deviations occur at low fields. Similar
low-field behavior has been observed previously for pyro-
Iytic and kish graphites and has been attributed to
minority-carrier effects. The mobilities obtained from
this analysis are displayed in Fig. 3 and are seen to be in
good agreement with those values derived from the 3000-
G data.

Using values of the mobility obtained via Eq. (18), we
then attempted to fit Eq. (17) to the magnetoresistance
data. The parameter [(n, —ny)/(n, +n;)]? was chosen by
performing a visual best fit to the raw data. As shown in
Fig. 1, excellent agreement was obtained over the entire
magnetic field range sampled for all temperatures studied.
This tends to lend credence to our graphical use of Eq.
(18) to determine the carrier mobility, since the mobility
more or less determines the slope of the Ap/py-versus-H
curve and the slope of the fit is in close accord with the
slope of the data.

With the use of the values of the mobility just derived
in conjunction with the temperature-dependent resistivity
values displayed in Fig. 4, the temperature dependence of
the total carrier density n =n, +n; was derived using Eq.
(3) and is presented in Fig. 5. We again fitted the data us-
ing Eq. (13). As shown in Fig. 5, a good fit of the data to
Eq. (13) was obtained using values of Er=0.0053 eV, cor-
responding to a band overlap of 0.0106 eV, and
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FIG. 7. Magnitude of the difference in carrier densities

| ne—ny | divided by the total carrier density n=n,+n; vs
temperature T derived by fitting the data of Fig. 1 to Eq. (17).
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n(T=0)=3.00x10"®/cm®. The band overlap may be
compared to a value of 0.03 eV derived from an analysis
of galvanomagnetic de Haas—van Alphen oscillations for
graphite single crystals at 4.2 K. A summary of the
carrier-density fits is presented in Table I.

The parameter |(n,—ny)/(n,+ny)| derived in the
above manner is plotted as a function of temperature in
Fig. 7. The data exhibit a relatively smooth, monotonic
dependence on the temperature. Using the variation of
the total carrier density n =n,+n, with temperature
displayed in Fig. 5, we have also derived the temperature
dependence of |n,—n;, | which is presented in Fig. 8.
These data are in reasonable agreement with values of
n,—ny quoted by Soule'® [n, —n, =0.4 (0.3)x10%/cm?
for his single-crystal graphite sample EP 14 (EP 7) at 4.2
K] and with those derived by Noto and Tsuzuku®
(n, —n,=0.8%10'%/cm? at 77 K for a pyrolytic-graphite
sample heat-treated to 3600 °C).

As a final comment, we note that both Endo et al.! and
Chieu et al.? have reported that there is an angular
dependence to the transverse magnetoresistance of the
BDF as it is rotated about its axis, a fact which Chieu
et al.? have ascribed to the faceted structure of the an-
nealed BDF. To strictly compare our magnetoresistance
results with the theoretically derived expressions, which
involve integrations over the angular dependence, we
should have rotated our fiber about its axis and used the
average value to compare with the theoretical expressions.
However, the resultant angular variations in magnetoresis-
tance for a BDF annealed at ~3000°C are small: At 77
K in a field of 10 kG the variation is ~5% as the fiber is
rotated by 180°,! while at 4.2 K and 15 T, the variation is
~10% as® the fiber is rotated through 90°. We have
therefore not rotated our fibers and feel justified in com-
paring our experimental data with the theoretically de-
rived expressions.

TABLE 1. Electronic properties of a BDF annealed at 3000 °C.

123: Lgs n(T =0) Er

Method Description (10* em?/V sec) (um) (10'%/cm?) (eV)
1 Low-field limit of Eq. (6) 8.79 1.32 1.09 0.002

2 Equation (7) using H=3000 G 4.15 0.62 2.31 0.004
3 Equation (7) using Ap/pp=0.5 4.84 0.73 1.98 0.0026
4 Equation (17) 3.19 0.48 3.00 0.0053
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FIG. 8. Magnitude of the difference in carrier densities
| n.—ny | vs temperature T calculated using the data of Figs. 5
and 7.

V. DISCUSSION

We have presented a considerable body of magnetoresis-
tance data taken at a variety of temperatures between 1.4
and 250 K. Our initial motivation in undertaking this
study was to try to understand the magnetoresistance and
to determine carrier mobilities. In the absence of Hall-
effect measurements on the BDF, which would be diffi-
cult to perform and interpret, we have also attempted to
derive carrier densities using both the magnetoresistance
and resistivity data. Four different methods for analyzing
the magnetoresistance data have been employed: Method
1, using the low-field data and Eq. (6); method 2, using
the magnetoresistance at a single fixed field of H =3000
G and Eq. (7); method 3, using the magnetoresistance
where Ap/pp=0.5 and Eq. (7); and method 4, using the
high-field magnetoresistance data in conjunction with Eq.
(17). Equation (17), which was derived using the model of
Noto and Tsuzuku,?”® but modified for the fiber’s
geometry, provided a good fit to the data over the entire
magnetic field and temperature ranges studied.

The temperature dependence of the carrier mobilities
derived using these four models is displayed in Fig. 3.
With the use of Eq. (3), the temperature dependence of the
total carrier density was inferred from the mobilities cal-
culated using the methods above and the measured resis-
tivity and is presented in Fig. 5. We believe that the pa-
rameters derived using methods 2—4 give the most
reasonable values of mobilities and carrier densities be-
cause of the following arguments. First, the mobilities
calculated using methods 2—4 are in good agreement with
each other, while the mobility calculated using method 1
is considerably higher. Second, the temperature depen-
dence of the resistivity of the BDF annealed at 3000°C is
very similar to that of the basal-plane resistivity of pyro-
lytic graphites annealed at 2750 and 3000 °C (see Fig. 5 of
Ref. 16). In all of these cases, the resistivity increases
very slightly with decreasing temperature from ~ 300
down to ~50 K, whereas below 50 K it drops consider-
ably. In addition, the room-temperature resistivity of the
BDF of p(300 K) ~65 uQcm is greater than p(300 K)
for a PG annealed at 3000°C, but less than that of a PG
annealed at 2750°C. Thus, the resistivity data of the BDF
annealed at 3000°C indicate that its electronic properties

are the same as that of a pyrolytic graphite annealed be-
tween 2750 and 3000 °C.

It is interesting to note, then, that the values of the
mobilities derived using methods 2—4 lie in between the
mobility values derived by Klein for PG’s which have
undergone heat-treatment temperatures Tyr's of 2750
and 3000°C (see Fig. 6 of Ref. 16). The low-temperature
values of the mobility derived from method 1 lie above
those of the PG sample annealed at 3000°C, which can be
used to argue that this method is not applicable for deriv-
ing the majority-carrier mobilities in the BDF. Another
reason for not trusting method 1 is that it relies on Ap/py
strictly following an H? dependence at low fields at all
temperatures studied, and our analysis of the data has
shown that this is not true. Finally, as pointed out by
Noto and Tsuzuku?®® and Kawamura et al.,?! the low-
field magnetoresistance can be considerably influenced by
the presence of highly mobile minority carriers. In fact,
the higher values of the mobilty derived using method 1
as compared to methods 2—4 suggest this.

The temperature dependence of the mobility derived us-
ing methods 2—4 is also in good agreement with those
values derived by Klein!® for the PG samples. Klein
found that for a PG sample heat-treated at 2750°C,
u(T)~T %6 between 77 and 300 K, while for a PG
heat-treated to 3000°C, u(T)~T %8, In this tempera-
ture range, using method 2 we find p(T)~ T ~%%, while
method 3 gives u(T)~T~%% and method 4 yields
u(T)~T %3 for the BDF. These values are in close ac-
cord with those derived for the PG samples. While the
slope of the u-versus-T curve derived using method 1
changes considerably, taking only the 77 and 249-K
values, then u(T)~T %% somewhat above the PG
values. These values differ considerably from the slopes
of the u(T)-versus-T curves in this temperature range for
single-crystal graphite,'® kish graphite,?! and PG annealed
at ~3500°C,!621:2627 which varied from T~10to TS,
Since the dependence of the mobility of carriers in the
BDF on the temperature is considerably less than the tem-
perature dependence of very-highly-ordered graphites and
even less than the 7! dependence expected from thermal
phonon scattering, this suggests that defect-induced boun-
dary scattering is still a major factor in determining the
mobility of the BDF even near room temperature.

The carrier densities derived using methods 1—4 are
displayed in Fig. 5. The n(T) values derived using
methods 2—4 are in fairly good agreement with each other
and with the n(T) values found by Klein for PG annealed
at 2750 and 3000°C (see Fig. 7 of Ref. 16); again support-
ing our assertion that the BDF annealed at 3000°C
behaves electronically like a PG annealed between 2750
and 3000°C. The n(T) values calculated from method 1
deviate significantly at low temperatures from those cal-
culated with methods 2—4 and are significantly different
from Klein’s numbers. In addition, the STB model which
successfully fitted »n (T) plots derived using methods 2—4,
as well as Klein’s data, was unable to reproduce the n(T)
plot inferred from method 1. This again supports our as-
sertion that method 1 is not a satisfactory model for
analyzing the electronic parameters of the BDF.

Using the values of carrier mobilities and carrier densi-
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ties derived above, let us now reexamine the temperature
dependence of the resistivity of the BDF. From room
temperature down to ~50 K, the resistivity increases
slightly. Although the mobility is increasing with de-
creasing temperature in this temperature range, the carrier
density is decreasing faster than the mobility is increasing
so that the resistivity increases. However, below 50 K, the
carrier density is decreasing slower than the mobility is in-
creasing so that the resistivity decreases with decreasing
temperature.

Next, we will attempt to generalize our findings in or-
der to understand in detail the temperature dependence of
the mobility and the resistivity of the BDF and apply
these considerations to the understanding of the general
temperature dependence of the resistivity of graphites an-
nealed at temperatures ranging from ~2500°C to greater
than ~3500°C. Klein'®?%?8 has argued that the mobility
of the carriers in graphite can be fitted very well by an
equation of the form

1 1 1

WD~ pps  ppn(D)

(19)

where u(T) is the total mobility, pgg is the temperature-
independent term due to boundary scattering, and p,n(T)
is the temperature-dependent term arising from thermal
phonon scattering. By varying only the temperature-
independent ppg term, he was able to successfully fit the
temperature dependence of the mobility for PG’s annealed
at a variety of temperatures. Klein?® also found, using
mobilities derived from magnetoresistance data and Eq.
(3), that there are relatively small changes in the carrier
density in a variety of PG specimens heat-treated at vari-
ous temperatures greater than ~2500°C.

A number of studies have addressed the behavior of the
temperature dependence of the p,,(T) term. These inves-
tigations have yielded values ranging from p,,(T)~ y i
(Ref. 26) to pu(T)~T~"% (Refs. 16, 18, and 21) to
Bpn(T)~T =10 (Ref. 27), the value expected from thermal
phonon scattering. These values are all derived from data
using single crystals or PG’s annealed at ~3500°C since,
for these materials, the amount of boundary scattering is
small (so that ugg is large) and the temperature depen-
dence of the pp,(T) term can become evident at reasonable
temperatures.

Using the above information, the mobility data derived
using the modified Noto-Tsuzuku formula (“method 4”)
of Fig. 3 were fitted using Eq. (19). Various theoretical
curves were investigated using T~'°, T=12 and T-!¢
dependences for the pp,,(T) term in Eq. (19). The best fits
shown in Fig. 9 correspond to (1) ppg=3.3x10*
cm?/Vsec and ppu(T)=(3.4X 10T~ cm?/Vsec; (2)
pes=3.19x10* cm?/Vsec and pnu(T)=(1x10")T 12
cm?/Vsec; and (3) ups=3.19X10* cm?/Vsec and
Lon(T)=(8x10")T~'/°. Among the curves shown, the
T-'0 fit achieves the best agreement with the data.
Next, using the carrier density derived from “method 4”
[Eq. (13) with Er=0.0053 eV and n(T=0)=3.0
% 10'8/cm?] and the mobility curves generated from Eq.
(19) with the parameters listed above, the resistivity curves
presented in Fig. 4 were calculated from Eq. (3). Over the
range O to 300 K, the data agree with the T~! fit to
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FIG. 9. Mobility p vs temperature T derived using the modi-
fied Noto-Tsuzuku formula, Eq. (17). Shown are best fits of the
data to Eq. (19) using (1) pps=3.3Xx10* cm?/Vsec and
Upn(T)=(3.4X 10T~ cm?*/Vsec (solid curve); (2) pups
=3.19%10* cm?/Vsec and p,(T)=(1x10")T~'? cm?/V sec
(dashed curve); and (3) pps=3.19X10* cm?/Vsec and
pen(T)=(8x10)T "¢ cm?/Vsec (long-dashed—short-dashed
curve).

within 5%. The upward trend of the resistivity with de-
creasing temperature as well as the sharp drop of the
resistivity below ~50 K are reproduced fairly successful-
ly, suggesting that no novel mechanism need be invoked
to explain the sharp drop of the resistivity. While the
data below room temperature appear to be fitted best by
the T—'0 dependence, the resistivity curve generated
above room temperature with this dependence continues
to decrease. In contrast, the data of Chieu et al.'* on a
BDF annealed at 2900°C exhibit a positive temperature
coefficient of resistivity above ~300 K. Their data are
qualitatively similar to the resistivity curve generated us-
ing the T~"2 dependence for u,u(T) over the entire tem-
perature range explored—up to 1100 K.

As we have noted above, Klein?® has argued that past a
certain graphitization stage that occurs at ~2500°C, the
carrier density is no longer seriously affected by increases
in the heat-treatment temperature. Therefore we will as-
sume that the temperature-dependent carrier density is in-
dependent of heat-treatment temperature in the analysis
below and is given by Eq. (13) with Er=0.0053 eV and
n(T=0)=3.0Xx10'/cm>. Next, we assume that the mo-
bility obeys the form of Eq. (19) with p,(T)
=(3.4x10%T~1° cm?/Vsec. It is reasonable to assume,
as Klein has done previously,?® that varying the heat-
treatment temperature above ~2500° essentially only af-
fects the crystallite size and hence the boundary scattering
term pgs. Chieu et al.? have also pointed out that the
large difference in the magnitude of the magnetoresistance
of various types of graphite reflects differences in crystal-
line perfection. We have therefore generated a variety of
resistivity curves using Eq. (3) where the only parameter
changed has been the upg term. As presented in Fig. 10,
by only varying the crystallite size through the variable
ugs, Klein’s temperature dependence of the basal-plane
resistivity curves of PG’s heat-treated between 2500 and
3000°C (see Fig. 5 of Ref. 16) can be accurately repro-
duced. We can also reproduce the temperature depen-
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FIG. 10. Resistivity p vs temperature T. These curves were
derived using Eq. (3) where n is given by Eq. (13) with
Er=0.0053 eV and n(T =0)=3.0X 10'®/cm® and u is given by
Eq. (19) with pu(7T)=(3.4X109)T~"° cm?/Vsec. Varying only
the parameter pgs, which is determined by the amount of
boundary scattering (i.e., the size of the crystallites), generates
these curves which faithfully reproduce the resistivity curves for
pyrolytic graphites and benzene-derived graphite fibers annealed
at temperatures between ~2500 and ~ 3500°C.

dence of the electrical resistivity of the BDF annealed at
temperatures between 2500 and 3500°C as presented in
Fig. 7 of Ref. 2 and Fig. 1 of Ref. 29. Thus, this simple
model seems to provide an accurate description of the
electronic properties of annealed pyrolytic graphites and
graphite fibers.

The T =0 value of the mobility, (T =0)=pupgs, can
also be used to estimate the boundary-limited mean free
path Lgg. Klein?® has used the formula

Lgg= VAT =0) (20)

where m*v =(2.4+0.8)x 102! gcmsec™! to calculate
Lgg from pps. Using values of the mobility generated us-
ing methods 1—4, the corresponding Lgs values were cal-
culated using Eq. (20) and are shown in Table I. In ac-
cord with the discussion above, the values calculated from
methods 2—4 are in good agreement and a typical value of
Lgg appears to be 0.5 um for the BDF annealed at
3000°C. The p-versus-T data for a BDF annealed at 2500
and 2800°C of Ohhashi et al.? can also be analyzed.
Their data indicate p(T=0)~70 uQcm for Tyr
=2800°C and p(T =0)~270 uQcm for Tyr=2500°C.
From the analysis above, we estimate pps=3
x10*cm?Vsec for Tyr=2800°C and pps=8Xx 103
cm?/Vsec for Tyr=2500°C. In conjunction with Eq.

(20), these values imply Lgg~0.45 um for Tytr=2800°C
and Lgs~0.12 um for Tyy=2500°C, which may be
compared with the crystallite size estimated from x-ray
diffraction,”® ~0.1um for a Tyr of 2800°C and
~0.06 um for a Tyy of 2500°C. The agreement is rather
good in view of the simple models used. We should also
note that for a BDF annealed at 3500°C,? p(T =0)
~22 uQcm, implying that upg~10° cm?/Vsec. From
Eq. (20), this suggests that Lgg=1.5 um is the largest
typical crystallite size that can be obtained in the BDF.

VI. CONCLUSIONS

In conclusion, we have performed detailed magne-
toresistance measurements at a variety of temperatures on
a benzene-derived graphite fiber annealed at 3000°C.
Four ways of inferring the carrier mobility from the mag-
netoresistance data were employed, three of which were
based on Eq. (7), while one was derived using the model of
Noto and Tsuzuku.?’ A modification of this model, Eq.
(17), was found to accurately fit the magnetoresistance
data at a variety of temperatures over the entire magnetic
field range studied. The temperature dependence of the
carrier mobility data derived using Eq. (17) was fitted us-
ing Eq. (19), which consists of a temperature-dependent
term arising from thermal phonon scattering
[pn(T)=(3.4X 1097—1% cm?/V sec] and a temperature-
independent term arising from boundary scattering
(ups=3.3X10* cm?/V sec). With the use of mobility data
derived from Eq. (17) in conjunction with the measured
resistivity, values of the carrier density were calculated via
Eq. (3). The temperature dependence of the carrier densi-
ty obeyed Eq. (13) with n(T =0)=3x%10"%/cm® and
Er=0.0053 eV. Assuming that the temperature-
dependent carrier density and the thermal-phonon-
induced mobility remain constant with increasing heat-
treatment temperature, the temperature dependence of the
resistivity of PG’s and BDF’s annealed at temperatures
between ~2500 and ~3500°C could be quantitatively
reproduced by varying the amount of temperature-
independent boundary scattering pgg which is related to
the crystallite size.

ACKNOWLEDGMENTS

We would like to thank Professor M. S. Dresselhaus,
Dr. J. Howe, Dr. B. W. McQuillan, Dr. R. B. Olsen, Dr.
R. L. Freeman, and Professor L. J. Sham, for enlighten-
ing conversations.

IM. Endo, Y. Hishiyama, and T. Koyama, J. Phys. D 15, 353
(1982).

2T. C. Chieu, G. Timp, M. S. Dresselhaus, M. Endo, and A. W.
Moore, Phys. Rev. B 27, 3686 (1983).

3T. Koyama, M. Endo, and T. Onuma, Jpn. J. Appl. Phys. 11,
445 (1972).

4T. Koyama, Carbon 10, 757 (1972).

5T. Koyama and M. Endo, Jpn. J. Appl. Phys. 13, 1175 (1974).

6T. Koyama, M. Endo, and Y. Hishiyama, Jpn. J. Appl. Phys.
13, 1933 (1974).

7A. Oberlin, M. Endo, and T. Koyama, J. Cryst. Growth 32,
335 (1976).

8M. Endo, A. Oberlin, and T. Koyama, Jpn. J. Appl. Phys. 16,
1519 (1977).

9M. Endo, T. Koyama, and Y. Hishiyama, Jpn. J. Appl. Phys.
15, 2073 (1976).



30 ... PROPERTIES OF BENZENE-DERIVED GRAPHITE FIBERS 869

10A. Oberlin, M. Endo, and T. Koyama, Carbon 14, 133 (1976).

11M. Endo, T. Koyama, and M. Inagaki, Synth. Metals, 3, 177
(1981).

12G, P. Davis, M. Endo, and F. L. Vogel, in Extended Abstracts
of the 15th Biennial Conference on Carbon, Philadelphia,
Pennsylvania, 1981, edited by W. C. Forsman (American Car-
bon Society, University Park, PA, 1981), p. 363.

13T, C. Chieu, M. S. Dresselhaus, and M. Endo, Phys. Rev. B
26, 5867 (1982).

14T, C. Chieu, M. S. Dresselhaus, and M. Endo, in Extended
Abstracts of the 16th Biennial Conference on Carbon, July
18—22, 1983, San Diego, California, edited by G. B. Engle
(American Carbon Society, University Park, PA, 1983), p.
272.

I5M. Endo, T. C. Chieu, G. Timp, and M. S. Dresselhaus, in
Extended Abstracts of the 16th Biennial Conference on Car-
bon, July 18—22, San Diego, California, Ref. 14, p. 219.

16C. A. Klein, J. Appl. Phys. 33, 3338 (1962).

17C. A. Klein and W. D. Straub, Phys. Rev. 123, 1581 (1961).

18D, E. Soule, Phys. Rev. 112, 698 (1958).

193, W. McClure, Phys. Rev. 112, 715 (1958).

20K . Noto and T. Tsuzuku, Jpn. J. Appl. Phys. 14, 46 (1975).

21K. Kawamura, T. Saito, and T. Tsuzuku, J. Phys. Soc. Jpn.
42, 574 (1977).

22T, Tsuzuku, Carbon 21, 415 (1983).

23R. O. Dillon, I. L. Spain, J. A. Woollam, and W. H. Lowrey,
J. Phys. Chem. Solids 39, 907 (1978).

241, L. Spain, in Chemistry and Physics of Carbon, edited by P.
L. Walker and P. A. Thrower (Dekker, New York, 1973), Vol.
8, p. 104.

25D. E. Soule, Phys. Rev. 112, 708 (1958).

26C. A. Klein, J. Appl. Phys. 35, 2947 (1964).

27C. A. Klein, W. D. Straub, and R. J. Diefendorf, Phys. Rev.
125, 468 (1962).

28C. A. Klein, Rev. Mod. Phys. 34, 56 (1962).

29K. Ohhashi, J. Amiell, P. Delhaes, J. F. Mareche, D. Guerard,
and M. Endo, in Extended Abstracts of the 16th Biennial
Conference on Carbon, July 18—22, 1983, San Diego, Califor-
nia, Ref. 14, p. 271.



