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Carbon fibers prepared from thermal decomposition of benzene at —1100'C are studied
by Raman spectroscopy as a function of heat-treatment temperature. The structural order-
ing at each heat-treatment temperature is monitored by observation of both the Raman-
allowed E2 mode at 1580 cm ' and the disorder-induced lines at —1360 cm ' in the

2g2

first-order spectra and at 2730 and 2970 cm ' in the second-order spectra. Raman and
resistivity results indicate three characteristic heat-treatment temperatures relevant to the
establishment of in-plane and interplanar ordering. Usirig fibers heat treated to the max-
imum available temperature of 2900'C, Raman spectroscopy shows that single-staged
fibers can be prepared by acceptor intercalation, in agreement with direct Debye-Scherrer
x-ray measurements. Resistivity measurements on pristine fibers previously heat treated to
2900'C show a metallic temperature dependence with p=70 JMO cm at 300 K and a residu-
al resistance ratio of 1.5. Upon intercalation, a resistivity p=7 pQ cm at 300 K and a resi-
dual resistance ratio of 5 is achieved. Raman-spectroscopy and temperature-dependent
resistivity measurements demonstrate that the benzene-derived fibers exhibit the highest de-
gree of ordering achieved in fibers and provide an attractive host material for intercalation.

I. INTRODUCTION

By heat treatment of carbon fibers prepared by
the pyrolysis of benzene, graphite fibers of unusual-

ly high structural order, high electrical conductivi-

ty, and high bulk-modulus and tensile strength have
been prepared. ' These fibers have been character-
ized by a variety of techniques such as electron mi-
croscopy, x-ray diffraction, ' resistivity measure-
ments, ' magnetoresistance studies and studies of
mechanical properties. In all cases, the characteri-
zation methods have confirmed the high degree of
structural perfection that can be obtained by heat
treatment of these fibers to -2900'C.

Until now, no measurements of the lattice modes
of these materials have been reported, though mea-
surements of lattice modes by Raman spectroscopy
have been shown to provide a sensitive method for
the characterization of the structural perfection of
carbon fibers. 9 Since the benzene-derived fibers
are typically between 10 and 20 IMm in diameter,
Raman spectroscopy can be used to examine the
structure within the optical skin depth (-600 A for
light scattering at 4880 A), thereby providing a
complementary tool to x-ray diffraction, resistivity,

and magnetoresistance techniques which are sensi-

tive to the bulk fiber. In this work, Raman spec-
troscopy is used to characterize (as a function of
heat-treatment temperature) the optical skin depth
of carbon fibers prepared by the pyrolysis of ben-

zene. It is shown that by heat treatment to
-2900'C the lattice mode structure within the op-
tical skin depth exhibits a high degree of structural
perfection, consistent with the application of other
characterization techniques to these fibers.

Raman spectroscopy is a useful technique for the
characterization of crystalline perfection because
Raman scattering from perfect crystals is limited to
contributions from Raman-active zone-center
modes. In disordered systems, the crystallite size
becomes much less than the optical wavelength, and
the selection rule restricting Raman scattering to
essentially zone-center modes is relaxed. Thus for
disordered systems, contributions from other pho-
nons in the Brillouin zone become possible, in par-
ticular at phonon frequencies where there are maxi-
ma in the phonon density of states and the coupling
to the incident electromagnetic radiation is large.
Several features in the first- and second-order Ra-
man spectra for disordered graphites can thus be
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used to characterize carbon fibers. In this way, a
correlation is obtained between the heat-treatment
temperature and the degree of structural perfection
that is achieved in the fiber.

In the first-order spectrum, the most important
disorder-induced change is the appearance of a
disorder-induced line peaking at —1360 cm ' and
associated with a large density of phonon states. In
particular, Tuinstra and Koenig have noted the
linear relation between the inverse of the in-plane

crystallite dimension L, and the ratio
R =Iigsp/Iiggp of the integrated intensity of the
disorder-induced line at 1360 cm ' to the Raman-
allowed line at 1580 cm . '. This allows a quantita-
tive characterization to be made of the degree of
disorder in the fibers. In addition, the linewidth

and line frequency of the disorder-induced 1360-
cm line are highly sensitive to disorder in the gra-
phite lattice. Also sensitive to disorder are the
linewidth and the peak frequency of the Raman-
allowed line near 1580 cm '. Disorder causes this

line to broaden and upshift in frequency, reflecting
the high density of phonon states near 1620 cm
for midzone phonons. In some cases, contributions
from the high density of phonon states near 1620
cm ' can be clearly distinguished in the observed
Raman spectra for disordered graphite, and the
present work shows examples of such spectra.

Likewise, the second-order spectra can be used to
characterize disordered graphites. As in the case of
the disorder-induced 1360-cm line in the first-
order spectrum, there is a disorder-i. nduced line in
the second-order spectrum peaking at -2970 cm
and associated with a combination mode between

the peaks in the phonon density of states at —1360
cm ' due predominantly to zone-edge phonons and
also at —1620 cm ' due predominantly to midzone
phonons. ' In this case, the intensity, linewidth,
and line frequency are all sensitive to disorder. In
addition, disorder-induced changes are observed in
the lines normally found in the second-order spec-
truxn for single-crystal graphite flakes, associated
primarily with the main peak at -2730 cm
which exhibits an additional feature at -2700
cm ' in the most perfectly ordered samples. This
feature is observed in highly oriented pyrolytic gra-
phite (HOPG) stress annealed at 3600'C. In the
present work, it is shown that this feature is also
seen in the Raman spectra for the benzene-derived
fibers heat treated to 2900'C.

Recent Raman studies of the graphitization of
carbon-carbon composites by high-temperature heat
treatment" and of the effect of ion implantation

and subsequent annealing on the graphite lat-
tice' ' have shown that specific features of the
Raman spectra are particularly sensitive to specific
aspects of the lowering of crystalline order, such as
the in-plane crystallite size, the onset of three-

dimensional ordering, and the establishment of
long-range three-dimensional ordering. The present
work shows this aspect of Raman spectroscopy to
be equally applicable to the characterization of the
heat-treatment process in carbon fibers. The results
obtained are in excellent agreement with other stud-
ies of the graphitization process"' showing that
in-plane ordering is established by heat treatment to
-2000'C, while heat treatment above 2600'C is re-
quired for the onset of three-dimensional ordering.
At the highest heat-treatment temperature of
2900'C, the Raman spectrum for the benzene-
derived fibers is nearly identical to that of HOPG,
consistent with a much higher degree of ordering
than has been previously reported for any graphite
fiber 8,9, 16

A summary of the experimental procedures used
in the preparation of the materials and in the mea-
surements themselves is given in Sec. II. Section III
presents results for the first- and second-order Ra-
man spectra and the electrical resistivity for a range
of heat-treatment temperatures. The interpretation
of these experimental measurements are related to
results on similar fibers obtained by other tech-
niques. A comparison is also given between the
present results and those obtained by other Raman
studies of graphite fibers, ' ' as well as with other
studies using Raman scattering to investigate the
graphitization process. "'

Raman spectroscopy was also used to study the
effect of intercalation on the modification of the
pristine fibers and to characterize the staging of the
fibers within the optical skin depth, employing the
same techniques as were previously developed. '

Resistivity measurements were used to characterize
the specific fibers used in the present study, by
comparison with previous resistivity results on simi-
larly prepared fibers. ' The temperature depen-
dence of the resistivity was also measured, provid-
ing information about charge-carrier-scattering
mechanisms in the fibers. In addition temperature-
dependent resistivity measurements are reported for
intercalated fibers previously heat treated to
2900'C.

II. EXPERIMENTAL PROCEDURES

The original carbon fibers used in the present in-
vestigation were prepared on a substrate by pyrolyz-
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ing a mixture of benzene and hydrogen at a tem-
perature of 1100'C. Graphitization of the fibers is
accomplished by heat treatment at various tempera-
tures from 1300 to 2900'C, using a carbon-
resistance furnace in a high-purity argon atmo-
sphere. The residence time at the desired tempera-
ture of the heat treatment was 30 min and the
heat-treatment temperature was measured to an ac-
curacy of +1% by a high-temperature optical py-
rometer focused on the fiber samples.

The resulting fibers consist of concentric graphite
layers around the fiber axis, such as annular rings
of a trm. ' The fiber diameters used in this work
were in the range from 10 to 20 pm, but were con-
stant to +5% along the fiber axis of a single fiber
several centimeters in length. With this technique it
is possible to make fibers of much smaller diameter
(down to -5000 A) which are of great interest for
other types of experiments, but such small diameter
fibers were not used in the present work.

The Raman scattering measurements used to
monitor the heat treatment were made at room tem-
perature in the backscattering configuration using a
cylindrical lens to focus the 4880-A argon-ion laser

beam (-50 mW) and a double monochromator to
measure the frequency shift. The output signal at
the photomultiplier tube was collected using a pho-

ton counter and a multichannel analyzer.
The electrical resistivity of single fibers was mea-

sured by a conventional four-terminal method'
with a dc current of 1 mA. The electrical contacts
between the samples and lead wires were made us-

ing silver paint. The samples were cut into about
15-mm lengths and the diameter of each sample
was measured by an optical microscope. The
temperature-dependent resistivity measurements
were carried out between room temperature and
liquid-helium temperatures.

Only the fibers heat treated to the highest heat-
treatment temperature of 2900'C were intercalated
with the alkali-metal donor Rb and acceptors FeC13
and A1C13 using previously developed techniques
for the intercalation of fibers. Raman scattering
measurements were also carried out on intercalated
graphite fibers which were encapsulated in glass
ampoules to prevent intercalate desorption.

III. RESULTS AND DISCUSSION

A. Raman spectroscopy

The first-order Raman spectra of the fibers heat

treated at various heat-treatment temperatures

(THT's) are shown in Fig. 1. Two main Raman
modes are generally observed in these spectra, one
at about 1580 cm ' which corresponds to the
Raman-allowed E2g mode in HOPG, and one

g2
at about 1360 cm ' which corresponds to the
disorder-induced line. The latter is associated with
an intense peak in the phonon density of states, is
known to occur in many less-ordered carbons, is
structure sensitive, and is absent in the spectra of
graphite single crystals and HOPG. A weak struc-
ture is also found near 1620 cm ' (dashed lines)
and is identified with a large phonon density of
states associated with midzone phonons.

As THT is increased, distinct differences in these
spectra are observed with regard to the ratio of the
integrated intensities of the Ram an peaks
R =Ii360/I&5so, the line frequencies and linewidths
of the lines at 1360 and 1580 cm '. Of particular

THT
'C

QOg

1250 l500 t?50
Roman shift (cm 1 j

FIG. 1. First-order Ram an spectra for benzene-
derived carbon fibers heat treated at various heat-
treatment temperatures (THY). As THT is increased, the
intensity of the disorder-induced line at —1360 cm de-
creases and the linewidth of the Raman-allowed line de-

creases. At the highest THT used in the present work
(2900 C), the line at -1360 cm ' can barely be detected.
Solid lines represent a Lorentzian fit to the experimental
points. Dashed lines represent a Lorentzian fit to a line
at -1620 cm
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interest is the dramatic decrease in R and the de-
crease in linewidth with increasing THT, indicating
that defect structures originally present in these
fibers are gradually healed as the THr increases and
that the ordered three-dimensional graphite crystal
structure is progressively formed. The spectrum for
THT-2900 C is nearly identical in position and
width to that for HOPG.

Figure 2 shows a plot of the ratio of the relative
intensity of the Raman lines R =I»6c/Iisso as a
function of THr. Since the ratio R varies as the in-

verse of the average crystal planar domain size, L„
we have used this result to estimate the domain size
for the Raman spectra shown in Fig. 1. A plot of
I., vs THT obtained in this way is also presented in
Fig. 2 (right-hand scale}. From our data in Fig. 2,
it follows that the intensity ratio R =I~36Q/I/58Q
generally decreases with increasing THT. For
THY (1700'C, the decrease is relatively slow, but
becomes much faster for 1700& THT &2400 C. At
the highest THT used in the present work,

THT ——2900'C, the ratio R is so small that it is diffi-
cult to measure accurately (i.e., R & 0.1). A value of
R =0.1 corresponds to an L, value of -500 A.
Because of the difficulty in measuring small R
values accurately, the first-order Raman spectrum
is not a sensitive measurement of L, for L, y 200
A.
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The variation in line widths [halfwidth at half
maximum (HWHM)] as a function of THT of the
1360- and 1580-cm ' lines is shown in Fig. 3. The
mode frequency of the 1580-cm ' line as a function
of THT is shown in Fig. 4. As can be seen in these
plots, the heat-treatment process exhibits three re-
gions. The first region corresponds to a THr below
1700'C. In this THT range, the ratio R undergoes a
small change and decreases from 1.20 to 0.90, corre-
sponding to a small increase in L, from 35 to 47 A,
but L,, remains small. In the same temperature
range, the linewidths of the two modes narrow sig-
nificantly. For example, the HWHM intensity
8'i&& of the 1580-cm ' line decreases from 55 to 20
cm ' (see Fig. 3). In this THT range where L, is
small, the mode frequency of the 1580-cm ' line
undergoes little change but remains upshifted by
-15 cm ' with respect to the graphite single-
crystal value (see Fig. 4), consistent with the obser-
vation of Tuinstra and Koenig.

The second region corresponds to THT in the
range 1800(THY (2500'C. In this THY range, a
sharp decrease in R with increasing THY is ob-
served. This corresponds to a growth of L, up to
180 A for the benzene-derived fibers which is com-

0
pared to the L, value of 200 A reported for the
polyacrylonitrile-based (PAN-based} Morganite I
fiber. The linewidth (Fig. 3) decreases slowly in
this range of THT, while the mode frequency of the
1580-cm ' line (Fig. 4) decreases rapidly and ap-
proaches the value of pristine HOPG. This region
corresponds to the establishment of long-range in-

FIG. 2. Plot of the intensity ratio of the disorder-
induced line at —1360 cm ' to the Raman-allowed line
at —1580 cm ' vs heat-treatment temperature (THT) for
the benzene-derived carbon fibers. On the right scale, the
intensity ratio 8 =Il36o/I»8O is related to the crystallite
size L, using the results of Ref. 8. The shape of the
curve is related to the various steps in the graphitization
process (see text).
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FIG. 3. Plot of halfwidth at half maximum (HWHM)
linewidth vs heat-treatment temperature (THT) for the
1360- and 1580-crn ' Raman lines for the benzene-
derived carbon fibers. For THT & 1800'C, the linewidth
HWHM decreases rapidly with increasing THT. Satura-
tion of HWHM occurs for THT )2000'C (see text).
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FIG. 4. Plot of the Raman frequency for the dom-

inant peak near -1S80 cm vs heat-treatment tempera-

ture (THT). At the maximum THT value used in the

present work, the Raman-mode frequency is within 1

cm ' of thatof HOPG.

plane order and to a partial development of the
three-dimensional graphite structure in the fibers, as
also evidenced by the appearance of three-
dimensional electron-diffraction spots at a THT of
about 2200'C (Ref. 3) and by the transition from a
negative to a positive transverse magnetoresistance
at a THT above -2100'C. In this THT range, the
ratio R in Fig. 2 decreases rapidly.

The third region corresponds to THT above
2600'C. In this THT region, the linewidth and
mode frequency of the 1580-cm ' line decrease
very slowly toward the values of pristine HOPG,
while the in-plane crystallite size L, increases

0

dramatically with THT and exceeds 500 A at
THr ——2900'C. This region of T„T corresponds to
a nearly complete graphitization of the fibers and a
nearly full establishment of three-dimensional gra-
phite ordering. In the third range of THT, the ratio
R of Fig. 2 is very small and decreases slowly to
values too small to measure accurately.

In considering the intensity ratio of the two Ra-
man lines one should note that the first-order Ra-
man line near 1580 cm ' for microcrystalline gra-
phite actually consists of a double structure, ' '
with the main component peaking near 1580 cm
and an additional weaker feature at about 1620
cm ' (see Fig. 1). The Raman line at 1620 cm ' is
sharp and decreases in intensity as THT increases.
Figure 5 shows plots of the dependence on THT of
the relative intensity Iqs20/I~iso, the line frequency
and linewidth of the 1620-cm ' line. This addi-
tional feature at -1620 cm ' corresponds to a
maximum in the phonon density of states' 0'
and exhibits a behavior similar to that of the 1360-
cm ' disorder-induced line with regard to the
change of relative intensity and linewidth with THT.
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This similarity in behavior confirms the similar ori-

gin of the feature at —1620 cm ' and the
disorder-induced line near 1360 cm '. We note
that the intensity of the 1620 cm ' mode decreases
to a unresolvable level for THT-2600 C, in agree-
ment with the identification of the THT-2600'C
with the establishment of long-range in-plane order-

ing and significant three-dimensional graphite or-
dering.

The above conclusions also follow from analysis
of the second-order Raman spectra. Characteriza-
tion studies of lattice disorder in ion-implanted gra-
phite have shown that the second-order Raman
spectra are often more sensitive than the first-order
spectra to the graphite ordering. ' Second-order
(two-phonon) Raman spectra have been investigated
for various types of graphite samples with different
in-plane crystallite sizes. ' The dominant features
in the second-order spectrum are a strong line at
-2730 cm ' and a weak but sharp feature at
-3250 cm '. In addition a broad feature at
-2970 cm ', which is caused by lattice disorder,

FIG. 5. Dependence on heat-treatment temperature

(THT) of the halfwidth at half maximum (HWHM)

linewidth, the mode frequency for the 1620-cm
disorder-induced mode, and the Raman intensity ratio
I~620/I ~580 for benzene-derived graphite fibers. The
1620-cm ' disorder-induced mode becomes highly at-
tenuated as long-range two-dimensional ordering is estab-
lished and three-dimensional ordering develops.
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has also been observed in samples of small crystal-

lite sizes. ' Nemanich and Solin' have shown that
as the crystallite size increases, the feature at
-2730 cm ' becomes narrower, and the feature at
-2970 cm ' is suppressed. In contrast, the
second-order Raman spectra for single-crystal gra-

phite and pristine HOPG show no structure at 2970
cm ' and a partially resolved doublet structure at

m
—1 10, 11,21

The identification of these second-order features
can be made using the density of phonon states
determined on the basis of the graphite phonon

dispersion relation. ' ' The main features in the

phonon density of states are peaks near 1360 and

1620 cm '. Their harmonics at 2)& 1360
cm '=2720 cm ' and 2X1620 cm '=3240 cm
correspond, respectively, to the features at 2730 and

3250 cm ' in the second-order spectrum. The
disorder-induced line at 2970 cm ' results from the
combination of the zone-center 1580-cm ' mode

and the zone-edge 1360-cm mode.—1 22, 23

Results for the second-order Raman spectra from
the present fibers heat treated at various tempera-

tures are shown in Fig. 6. An intense feature at
-2730 cm ' and a weak but sharp feature at
-3250 cm ' are observed in all second-order spec-
tra. The 2730-cm ' peak is broad and rather weak

at low THT and increases in peak intensity as the

THT increases. Besides these two features, another
broad peak at -2970 cm ' is also observed in the
second-order spectra for THT below 2400'C. This
feature, which is a disorder-induced line, is corn-

pletely suppressed for THT )2600'C. The study of
these second-order features together with the first-
order spectra provides a technique for the charac-
terization of three-dimensional ordering during the
heat-treatment process of the fiber samples. When

the completion of the graphitization process is

achieved, all the line frequencies and linewidths of
the main features in the first- and second-order

spectra become identical with those of HOPG.
Plots of the linewidth and line frequency of the

2730-cm ' line are shown in Fig. 7. As can be seen

from this figure, the line frequency decreases signi-

ficantly up to a THY of 2000'C, then starts to in-

crease slowly and approaches the value of HOPG
which is 2735 cm '. The linewidth (HWHM) de-

creases rapidly with THY for THT &2000'C, and
then saturates to a minimum value of 32 cm ' in

the range 2000& THY &2200'C. The linewidth at
the highest THT of 2900'C is 30 cm, which is to
be compared to a HVPHM linewidth of 16 cm ' in
HOPG. The small increase in linewidth of the

2000 'C

2200'C

2400'C

2600'C

2900'C

2600 2950
'

3300
Raman shift (cm-')

FIG. 6. Second-order Raman spectra for benzene-

derived graphite fibers heat treated at various heat-

treatment temperatures (THT). Increasing THT causes the
dominant mode at -2730 cm ' to sharpen and causes an
attenuation of the disorder-induced mode at -2970
cm '. For THT ——2900'C, a shoulder near 2700 cm ' in
the 2730-cm ' line (characteristic of highly ordered gra-
phite) is barely visible.

2730-cm ' mode above 2400'C is not due to a
broadening of the line but due to the appearance of
an additional feature near 2700 cm ' associated
with the establishment of three-dimensional inter-
planar ordering. This additional feature causes the
line shape of the 2730-cm ' mode to become asym-
metric, as shown in the trace at THY

——2900'C, the
maximum THT value available in the present work.
This doublet structure is partially resolved in
HOPG and well resolved in single-crystal gra-
phite, ' and provides a sensitive probe for character-
izing the onset of long-range three-dimensional or-
dering.

In addition, another Raman band is observed be-

tween the two peaks at —1360 and —1580 cm ' in
the first-order spectra of the fibers. This additional
structure is clearly seen in the samples heat treated
at 1600 and 1800'C (see Fig. 1), as an additional
scattering intensity, beyond the superposition of
Lorentzian fits to the two main first-order features.
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This additional scattering band is observed to be
dependent on THT and decreases rapidly as THT is
increased up to 2000'C. Since the 1360- and 1620-
cm ' modes result from the small-crystallite-size
effect and are associated with features in the density
of vibrational states, it is possible that this extra
scattering intensity is due to other features of the
density of phonon states, as, for example, features
between -1360 and -1580 cm ' in the density of
states.

To show that well-staged intercalated fibers can
be prepared from the benzene-derived fibers, Ra-
man spectra have been taken for donor and acceptor
intercalated graphite fibers. The results in Fig. 8

for an A1C13-intercalated fiber, previously heat
treated to 2900'C show clearly that a well-staged

stage-1 acceptor compound can be prepared, based
on the measured linewidth and mode frequency.
The peak frequency for stage-1 A1C13-intercalated

graphite based on an HOPG host material is 1635
cm ', which is to be compared with 1632.5 cm
obtained for the benzene-derived fibers. The fiber
was also characterized to be a well-staged first-stage
compound using Debye-Scherrer x-ray measure-

ments. The Raman linewidth (HWHM) for the
stage-1 A1C13-intercalated fiber is 5.5 cm, which
is to be compared with a HWHM of 3 cm ' for an
HOPG-based sample. Although intercalation to
stage 1 causes a dramatic increase in the fiber diarn-

~DF(TI(T =2900 C) I)

I
i

I

%J ~o ~

1360 1500 1581.5 ' I'700

(~)
C

AlClg- BDFC

(stage 1)

lL

ri
lI
~ ~

I
1

i

.age..-i"¹;:v, :~ .;:~,:,~»~j. i, ~'~&
1300 1360 1500 1632.5 1700

Rarnan shift (crn ')

FIG. 8. (a) First-order Raman spectrum of a stage-1
A1Cl3-intercalated benzene-derived fiber in comparison to
(b) that of the pristine fiber which was previously heat
treated to 2900'C. This is the first reported observation
of the Raman spectrum for a well-staged acceptor-
intercalated graphite fiber.

B. Resistivity measurements

Figure 10 shows the results of measurements of
the room-temperature dc resistivity of single fibers

eter, there is no evidence for intercalation-induced

disorder, as indicated by the absence of structure at
—1360 cm ' in the spectrum for the stage-1
A1C13-intercalated fiber (see Fig. 8). It is of interest
to note that attempts to intercalate PAN GY70 and

pitch UC4101B fibers with acceptor intercalants
such as A1C13 and FeC13 did not yield staged com-

pounds. '

The spectra in Fig. 9 taken for a Rb-intercalated
fiber previously heat treated to 2900'C show two
well-resolved lines associated with the graphite inte-
rior layers and the graphite bounding layers, with a
HWHM of 6 and 7.5 cm ' for the two lines,
respectively, in comparison with 5.5 and 9.0 cm
for a Rb-intercalated HOPG sample. The peak
frequencies for the graphite interior-layer and
bounding-layer modes are in good agreement with
mode frequencies observed in Rb-intercalated
HOPG samples, for a stage-5 or -6 compound, con-
sistent with the mixed stage-5 and -6 pattern found
from the (OOI) lines on the Debye-Scherrer x-ray
films. These Raman results obtained with inter-
calated fibers suggest that the benzene-derived
fibers heat treated to high temperatures provide an
excellent host material for intercalation studies.
Further work is in progress on the Raman spectra
for benzene-derived fibers intercalated with other
donor and acceptor intercalants.
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FIG. 9. (a) First-order Raman spectrum of a Rb-
intercalated benzene-derived fiber in comparison to (b)

that of the pristine fiber which was previously heat treat-
ed to 2900'C. Trace for the intercalated fiber shows Ra-
man lines for graphite interior and bounding layers (see
text for a comparison of the linewidths for similar Ra-
man spectra taken on HOPG-based intercalation com-

pounds).

as a function of THT. As in the case of the Raman
results, the curve in Fig. 10 exhibits three distinct
regions of T„T in the range 1200& THT &2900'C.
The first nearly flat region for 1200 & THT
&2000'C, which is observed in most soft carbons,
results from the compensation effect between crys-
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FIG. 10. Resistivity vs heat-treatment temperature
(THT) of benzene-derived graphite fibers. Various
features in the curve are identified with specific steps in
the graphitization process (see text). For T» ——2900'C,
the resistivity is within 50%%uo of that for HOPG.

talline growth and the decrease in carrier concentra-
tion. The second region for 2000& THY &2600'C,
characterized by a rapid decrease of the resistivity,
corresponds to the establishment of long-range in-

plane order, to a partial development of the three-
dimensional graphite structure, and to an improve-
ment in the preferred orientation of the crystallites.
The third region (2600 & THr & 2900'C} corre-
sponds to the establishment of long-range three-
dimensional ordering. The average resistivity at
room temperature reaches -70 pQ cm for
THT -2900'C. This value for the room-
temperature resistivity is to be compared to
-40 pQcm for HOPG. The lowest resistivity
observed for any of the fibers heat treated to
2900'C was 60 pQ cm. The present resistivity re-

sults are qualitatively similar to results of previous
resistivity studies on similarly prepared fibers.

The results of the resistivity measurements,
which probe the bulk properties of the fibers, are
consistent with the above Raman measurements,
which probe mainly the near-surface regions of the
fibers. Both results show approximately the same
steps in the graphitization process and show that
the present fibers exhibit a very high degree of gra-
phitization. These resistivity results confirm that
the benzene-derived fibers heat treated to 2900'C
and above have the highest crystallinity compared
to any previously prepared fibrous ca,rbon.

The high crystallinity of the benzene-derived
fibers heat treated to 2900'C is also evidenced by
the temperature dependence of the resistivity shown
in Fig. 11. Generally, two types of temperature
dependences are observed. Type I shows a mono-
tonically slow increase of the resistivity with de-
creasing temperature from room temperature to
liquid-helium temperature. Some samples heat
treated to -2900'C exhibit type-I behavior which
is characteristic of less-perfect fibers. The curve in
Fig. 11 for the benzene-derived fiber labeled type II
is representative of the second type, showing a shal-
low minimum in resistivity at -220 K, a fiat max-
imum at —100 K, and a rapid falloff in the vicinity
of liquid-helium temperature with a residual resis-
tance ratio (RRR} p3QQ Q/p& z K of —1.5. Most of
the fibers heat treated to 2900'C are of type II. The
difference between these two types of fibers is attri-
buted to differences in the degree of crystalline per-
fection of individual fibers. Also included in this
figure is the temperature dependence of the resis-
tivity of the pitch- and PAN-based fibers, which
do not show the metallic temperature dependence
exhibited by the graphite whiskers or single-
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crystal graphite.
To determine the effect of intercalation on the

transport properties of the benzene-derived fibers
used for the Raman measurements, temperature-

dependent resistivity measurements were carried out
and the results are shown in Fig. 12, where the tem-

perature dependence of logiQ p is plotted for a dilute
Rb-intercalated graphite compound and for a
stage-1 FeC13-intercalated graphite compound. The
figure shows that at room temperature intercalation
with Rb and FeC13 results in a decrease in resistivi-

ty by factors of 9.3 and 10.1, respectively. The ab-

solute values are comparable with values obtained
with these intercalants on HOPG-based samples. '

The resistivities achieved with these intercalants are
within a factor of 4 that of copper at room tem-

perature (1.8 pQcm), which was measured for
reference with the same apparatus and measurement

technique.
The results of Fig. 12 show a larger temperature

dependence and a different functional form for the
intercalated fibers than for the pristine fibers.
However, the temperature dependence of the resis-

FIG. 11. Temperature dependence of the resistivity

for type-I and -II benzene-derived graphite fibers heat

treated to 2900'C (see text) in comparison to the behavior

of graphite whiskers, single-crystal graphite, and pitch-
and PAN-based fibers. Decrease in resistivity below

-100 K indicates a high degree of ordering, insofar as
the low-temperature resistivity is dominated by impurity
and defect scattering, while at higher temperatures pho-
non scattering is dominant (see text).
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FIG. 12. Temperature dependence of the resistivity

(plotted logarithmically) for benzene-derived graphite
fibers (BDF), heat treated to 2900'C, of a pristine fiber

(top curve) and a Rb- and FeC13-intercalated fiber (curves

labeled Rb-BDF and FeC13-BDF, respectively). These re-

sults represent the lowest resistivity values and the
highest residual resistance ratios achieved to date in pris-
tine and air-stable intercalated graphite fibers.

tivity is roughly the same for the donor- and
acceptor-intercalated fibers. RRR =p3QQ K/p4 p K

=5.7 and 4.6 are found for the Rb- and FeC13-
intercalated fibers, respectively. The RRR values
measured here for acceptor-intercalated fibers are
comparable to those found for acceptor-intercalated
HOPG, but are more than an order of magnitude
smaller than RRR values reported for stage-1
alkali-metal graphite intercalation compounds based
on HOPG. '

IV. DISCUSSION AND SUMMARY

Using both Raman scattering and resistivity mea-
surements for the characterization of benzene-
derived carbon fibers for crystalline order, it is con-
cluded that both techniques can be used to provide
complementary information on the various stages of
graphitization of these fibers as the heat-treatment
temperature is increased. These two techniques
provide complementary information insofar as the
Rarnan effect sensitively probes the optical skin
depth (-600 A), while resistivity measurements are
sensitive to the bulk fiber. The results characteristi-
cally show the formation and growth of two-
dimensional ordered regions, the onset of three-
dimensional ordering, and finally the establishment
of three-dimensional ordering. %ith regard to
mode frequency and linewidth, the first-order Ra-
man spectra for benzene-derived fibers heat treated
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to 2900'C are almost indistinguishable from that of
HOPG. The second-order spectra do, however,
show some differences, especially with regard to the
linewidth of the 2730-cm ' line and the shoulder
on the low-frequency side of this line. The intensity
ratio R =ID6o/1»so and the linewidth (HWHM) of
the —1360-cm ' line are especially sensitive to the
nucleation of two-dimensionally ordered regions
and their subsequent growth. The intensity ratio
R =Ii36o/Ii5so is also sensitive to the onset of
three-dimensional ordering, as is the linewidth
(HWHM) of the second-order line at 2730 cm
The establishment of long-range three-dimen-
sionally ordered regions is difficult to study by Ra-
man spectroscopy since, for THT )2500'C, the
first- and second-order Raman spectra rapidly ap-
proach those for HOPG or single-crystal graphite.
The shoulder on the 2730-cm ' second-order line is
the most sensitive feature in the Raman spectra for
the characterization of a very small amount of dis-
order.

The present results confirm that a highly graphi-
tic and crystalline fiber can be prepared by heat
treatment to 2900'C. It is expected that further in-

creases in crystalline order can be achieved by in-

creasing the THT above 2900'C, and such studies
are now in progress. Heat treatments above 3000'C
are difficult because of sample vaporization and
heat losses of the furnace, so that specially designed
furnaces are needed.

Numerous uses of such highly crystalline fibers
are expected both for practical applications and for
carrying out new fundamental studies. The practi-
cal applications are likely to exploit the high tensile

strength, high Young's modulus, and small diame-
ters (-5000 A) that can be achieved. Fundamental
studies are also likely to exploit the availability of
highly crystalline samples of very small diameter,
greater than 1 cm in length and strong enough to be
handled with tweezers. With these fibers it is also
possible to prepare well-staged intercalation com-
pounds. This is in fact the first report of a well-

staged acceptor compound, prepared in a fiber host
material. A larger temperature dependence with a
different functional form is found for the intercalat-
ed fibers relative to that for the pristine fibers. It is
of interest to note that resistivity values within a
factor of 4 of copper are found for intercalated
fibers at room temperature and residual resistance
ratios of 5 are found upon cooling to 4.2 K. Since
the benzene-derived fibers can be made with diame-

0

ters down to 5000 A, it is possible to carry out
direct lattice-fringing studies of well-staged regions
of an intercalation compound. Such lattice fringing
of intercalated fibers is now under investigation.
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