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The c-axis resistivity of highly oriented pyrolytic graphite has been measured from 2 to 300 K
under hydrostatic pressures of up to 40 kbar. A resistivity peak near 40 K, typical for this type of
graphite at ambient pressure, rapidly diminishes with increasing pressure but does not shift its posi-
tion with respect to temperature. This observation suggests that the origin of the resistivity peak is
not in a strong electron-phonon interaction but is associated with a particular structural matrix of
these artificially produced graphites. A model is proposed, based on tunneling between microcrys-
tallites, which accounts for the peculiar temperature and pressure dependence of the resistivity.

I. INTRODUCTION

Graphite is an excellent example of a layered semimet-
al. Its high structural anisotropy not only governs the
physical properties, but it also makes this material the
favored matrix for the production of intercalation com-
pounds. While the in-plane transport properties of gra-
phite show an expected metallic character which is
reasonably well understood, ' the carrier transport across
the graphitic planes is a contentious issue. On purely
band-structure considerations the c-axis transport should
show metallic features, though the effective mass in this
case would be about a factor of 100 higher than the in-
plane effective mass. This seems to be the case in the
best-quality single crystals (both natural® and the so-called
Kish graphite*) where the ratio of the c-axis to in-plane
resistivities, p. /p,, is about 100 and the temperature coef-
ficient of resistivity (TCR) is positive, at least below 200
K. On the other hand, the c-axis resistivity of the best
synthetically produced graphites is about 2 orders of mag-
nitude higher and shows a peculiar temperature depen-
dence> ¢ whereby p. has a negative TCR down to about 40
K which, at still lower temperatures, gives way to a metal-
lic (positive TCR) dependence. Similar temperature
dependence is observed also on exfoliated graphites in
both in-plane and c-axis configurations’ and on graphite
fibers.® Models which have been put forward to explain
this unusual resistivity variation are basically of two
types: those arguing in terms of the defect structure of
graphite,%% 1% and those favoring the existence of a strong
coupling between the charge carriers and phonons, specifi-
cally via the longitudinal acoustic c-axis mode.'!!?

In order to ascertain what effect, if any, the phonons
play in the c-axis transport of graphite, we have undertak-
en high-pressure studies of the temperature-dependent
resistivity on highly oriented pyrolytic graphite (HOPG)
at pressures up to about 40 kbar. The measurements
represent the first attempt to extend the study of graphite
resistance under high pressure to low temperatures. Pre-
vious investigations of graphite which inquired into the
change of resistance with pressure were limited to the
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room-temperature conditions.'3 In this paper we describe
our experimental technique and the results we have ob-
tained, and propose a model which accounts for the pecu-
liar behavior of the c-axis transport.

II. EXPERIMENTAL TECHNIQUE

While it is not absolutely necessary to use truly hydro-
static conditions when making measurements on highly
anisotropic materials such as graphite, it is, nevertheless,
satisfying and adds to the confidence one has in the data
when such conditions are actually achieved. Nowadays, a
standard way to do so is to use either a piston-cylinder ap-
paratus or a diamond-anvil cell. Since we were interested
in extending the measurements to relatively high pressures
and a wide range of temperatures, we have opted for the
latter technique.

Our cell, shown in Fig. 1, is a very simple version of the
Merrill-Bassett cell and it can readily be attached on a
conventional liquid-helium cryostat. The cell is made
from Be-Cu alloy and a pair of rather large (+ and +
karat) diamonds is centered over a small optical-access
hole and held in place with a tiny amount of Stycast. In
order to cause a relatively small deformation on the face
of a gasket where the wires are brought out, the diamond
which presses on this face has an area about 25% larger
than the other diamond. Gaskets were made mostly from
Be-Cu with a small central hole for the sample and four
prepressed slots for wires. A standard 3:1 mixture of
methanol-ethanol is used as a pressure-transmitting fluid.
Pressure is locked in by means of three stainless-steel
screws. The actual compression procedure is carried out
in a highly aligned vise in which the cell is clamped and
the screws are merely tightened in position. The working
pressure is determined by the fluorescence technique'*!®
using ruby powder sprinkled around the sample. The cell
itself was tested to pressures in excess of 60 kbar. For the
temperature-dependent pressure scans, it is essential to
know the pressure change on cooling the cell below 300
K. This we have tested in a special liquid-nitrogen Dewar
made from glass and provided with high-optical-quality
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Graphite Sample

slot for wire

FIG. 1. Schematic drawing of the diamond anvil cell for
four-probe resistance measurements under hydrostatic pressure.

windows. Using the known temperature shift of the ruby
line at fixed pressures,16 we estimate that on cycling the
cell from 300 K down to 77 K (and surely down to 4 K
since thermal expansion below 77 K is very small) the
pressure changes by less than 5%.

A crucial consideration in any high-pressure resistivity
measurements is how to bring out the wires without guil-
lotining them on or shorting them against the gasket. We
stress here that if the resistivity data are intended to pro-
vide useful information on the transport processes, it is
essential that they be done using a four-probe technique,
either dc or ac. Two-probe high-pressure measurements,
while adequate for the study of, e.g., phase transitions
where changes of several orders of magnitude are likely to
be encountered, are not appropriate for the present inves-
tigations. The method which we found satisfactory is to
prepress slots in the gasket in positions where the wires
will be located and paint them with a thin layer (~ 10
um) of epoxy which gives a protective insulation. After
the sample is mounted with its connecting leads lying in
the slots, an additional thin epoxy coating is applied.
Typically, three different pressure points can be obtained
on a given sample before the wires are severed or shorted.
To cover the range of pressures up to 40 kbar, we have
used six identical samples of HOPG. They were carefully
cut from a single sheet of HOPG into small disks of 300
pm diameter and 50—75 pm thickness by a fine air-
abrasive jet. By measuring the resistivity of all six sam-
ples at zero pressure from 300 K down to 4 K, we have
checked that their ambient pressure behavior is identical.
Connecting leads of fine copper wire (25 um diameter)
were attached with the aid of a silver-loaded epoxy. Great
care was used to make sure that the current and voltage
contacts were spatially separated in order to avoid contact
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resistance problems. We used a dc current of 10 uA and
the voltage was monitored by a Keithley 181 nanovoltme-
ter.

III. RESULTS

The resistivity p, as a function of temperature, as mea-
sured at fixed pressures, is shown in Fig. 2. The numbers
above the curves indicate the pressure in kbar. The data
are corrected for the thermal expansion and compressibili-
ty of graphite along the c-axis. The curve at zero pressure
is virtually identical with the data of Morgan and Uher®
and is typical of the c-axis resistivity of the best pyrolytic
graphites. Its most notable feature, and from the theoreti-
cal point of view the most controversial one, is a pro-
nounced maximum near 40 K. It should be stressed that
the high-temperature behavior is not a simple activation
process which might arise from an enhanced carrier con-
centration due to the increasing band overlap with tem-
perature. In fact, in the case of exfoliated graphites which
show a similar behavior, Uher and Sander’ were able to fit
the high-temperature data to a variable-range hopping
model with an exponent of %; however, this was not pos-
sible in the present case. At low temperatures, on the oth-
er hand, metal-like features are notable with the

1 T T T T
P(kbar) 00—

&
)'\__ 4

0224+

o197

Relative Peok Height (%)

0170 | . e

m)

< 0143

o
)

0089

RESISTIVITY ( Q

0062

0035

A 1 R 1 R ]
O 580 100 150 200 250 300
T(K)

FIG. 2. Temperature dependence of the c-axis resistance of
HOPG at fixed pressures (indicated in kbars on each curve).
The solid curves represent theoretical fits using Eq. (8). In the
inset is shown the suppression of the resistivity peak with ap-
plied pressure plotted as a percentage of the zero-pressure peak
height.
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temperature-independent resistivity (impurities, defects)
dominating below 5 K and a phonon-limited resistivity at
higher temperatures. Some of the theories'""!> which at-
tempt to explain this strange temperature dependence in-
voke a coupling of the electron motion to a soft phonon
mode. On the basis of our high-pressure data we argue
that it is very unlikely that such soft phonon modes play
any significant role in the c-axis transport. Had they been
effective, we would have expected a large stiffening of the
modes at high pressures which should lead to a pro-
nounced shift of the resistivity maxima to higher tempera-
tures. This is not what is observed in Fig. 2. While the
pressure has a significant effect on the magnitude of the
resistivity, the position of the maximum is virtually un-
changed up to the highest pressures used. If anything, the
maximum on the 40-kbar curve seems to indicate a very
small ( ~ 5 K) shift to lower temperatures.

A very striking feature of the curves shown in Fig. 2 is
a suppression of the resistivity peak with increasing pres-
sure. In the inset of Fig. 2 we show this trend versus pres-
sure by plotting the peak height, defined as the difference
between a resistivity value at 2 K and at the temperature
corresponding to maximum resistivity, both taken at the
same fixed pressure. We note that the peak virtually
disappears at pressures in excess of 40 kbar. The mean
free path (MFP) established from our c-axis resistivity at
ambient conditions is about 2.5 A. Such a small value un-
doubtedly leads to the breakdown of Boltzmann-type
transport, and it is thus not surprising that the TCR is
negative. On application of pressure the MFP increases
and at 40 kbar and 300 K reaches a value of about 7 A.

We wish to note that in those cases where we have
released the pressure and rechecked the zero-pressure
behavior of the resistivity, we have never detected any
damage to samples due to the application of pressure as
would have been manifested by the change in the magni-
tude or the profile of the resistivity curves in comparison
to the original zero-pressure run. The old Bridgman’s
quote that graphite is nature’s best spring is, in this con-
text, very relevant.

To touch base with the existing high-pressure measure-
ments made at 300 K, we show in Fig. 3 the percentage
change in the magnitude of resistivity with pressure at
ambient temperature. The dashed line here represents a
consensus among several high-pressure c-axis investiga-
tions!”~1 up to about 10—15 kbar. It is clear that in this
pressure range our data are in excellent agreement with
the previous measurements. Deviations from the straight
line above 15 kbar are typical for this pressure range and
arise from the nonlinear pressure dependence of the
wave-function overlap parameters ¥ characterizing the
band structure of graphite. The best fit to our data over
the pressure range up to 40 kbar yields the equation

R(P)=R,(1—0.0276P +0.0003P2) , (1)

where P is in kbar.

IV. DISCUSSION

We have already noted that our experimental data do
not support any of the theories of c-axis transport which
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FIG. 3. Pressure dependence of the room-temperature c-axis
resistivity of our HOPG samples. A dashed line represents a
logarithmic pressure derivative established by previous workers
for P <10 kbars.

rely on a strong carrier-phonon interaction through either
the carrier self-trapping or via a soft phonon mode. In all
such circumstances one would expect a shift of the resis-
tivity maximum to higher temperatures as the pressure in-
creases, the trend which is not supported by the observa-
tions. Consequently, we believe that the overriding effect
on the c-axis transport of the artificially produced gra-
phite comes from the structural idiosyncrasy of these ma-
terials.

Electron diffraction studies?® on the best synthetic gra-
phites such as HOPG used here indicate regions of nearly
perfect material separated by grain boundaries. The crys-
tallites extend for typically >1 um in the basal plane and
~0.1 um in the c direction. Since the distance between
graphitic layers is 3.35 A, an average crystallite spans
over some 300 layers. Crystalline regions on either side of
the boundaries are rotated with respect to each other and
may be tilted by a small angle, less than 0.5° in the best
HOPG. Boundaries between the crystallites can be
described in terms of arrays of dislocations.?' It is well
known that these dislocations have a tendency to split into
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partial dislocations which then enclose a stacking region
with the ...ABC... stacking sequence symptomatic of
rhombohedral graphite. In principle, such stacking faults
could act as strongly reflecting barriers and greatly im-
pede the carrier motion in the ¢ direction. This, in fact, is
the essence of the theory of Ono.° Unfortunately, this
model predicts the wrong temperature dependence for the
c-axis resistivity.

If we assume an even more drastic effect of the stack-
ing faults on the charge carriers, namely that they localize
them in the basal planes,?* this is not without difficulties
either. First, one would expect to observe some kind of a
phonon-assisted hopping transport. However, our attempt
to fit the resistivity to the variable-range hopping model
has met with little success. Furthermore, our supplemen-
tal ac resistance measurements do not show evidence for
the characteristic " frequency dependence expected for
hopping and other activated processes common to disor-
dered materials. In fact up to 2X10° cycles/sec, the
highest frequency available to us, we observe no change
from the dc resistivity. Microwave studies on the c-axis
resistivity by Dresselhaus et al.?® arrive at the same con-
clusion.

Motivated by the experimental results of this study and
guided by the microstructural configuration of HOPG, we
propose a model of the c-axis transport based on tunnel-
ing between the crystallites, in addition to the spatially
limited paths of metal-like conduction. We write the total
conductivity G as a superposition of the two mechanisms

G=G;+Gy, (2)

where Gr is the conductivity due to tunneling and Gy, is
the metallic part of conduction acting in parallel with Gr.
Although we have not established a specific mechanism of
G one possibility is a series of overlapping planar de-
fects (e.g., grain boundaries, cracks) which allow a parallel
conduction channel for the motion of electrons along the
c-axis. In any event, guided by our experimental observa-
tions at low temperatures, we make a reasonable assump-
tion that the mechanism of the metallic (i.e.,, phonon-
limited) conduction in HOPG should be the same as in
single-crystalline graphites (SCG’s); after all, they have
the same band structure and carrier and phonon densities.
We then fit the temperature dependence of the best SCG’s
which we have measured?* and which show metallic char-
acter throughout the entire temperature range. Typical
data for the high-quality SCG samples are shown in Fig.
4; for T <70 K the temperature dependence of the con-
ductivity is well described by the expression

b
T?+c ’

Gy (3)
where b and c¢ are fitting parameters. We assume that
this same functional dependence on temperature (with, of
course, different parameters b and c¢) applies also to
HOPG. As the contribution of Gy, to the total conduc-
tivity of HOPG above liquid-nitrogen temperature is pro-
gressively diminishing, the error made by extending the
formula (3) above 100 K, where it becomes a less satisfac-
tory fit, is small.

To estimate the contribution of tunneling to the con-
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FIG. 4. c-axis resistivity as a function of temperature for the
high-quality single-crystal graphite samples SC, and SC,. Resi-
dual resistivity ratio (RRR) for the two samples are 62 and 75,
respectively. The solid curves represent fits to the data with the
formula p=(b/T*+a/T +y)~'+8. For T <70 K, a simpler
expression p=(b/T?)~'+8=(T?+c)/b, introduces a less than
2% difference in comparison to the original formula given
above.

T

RESISTIVITY (103 Qem)

ductance we follow Stratton?® and Simmons?® and calcu-
late the current-voltage characteristics for a conductor-
insulator-conductor junction. With use of the notation of
Ben-Jacob et al.,”” the dimensionless probabilities per
unit time of transferring an electron from right to left,
P,;, and from left to right, P;,, are given by

Py= [ T(E)D(E)f,(E)1—f(E +eV)dE ,

@)
P,= [ T(E)D(E)fi[1—f,(E —eV)E ,

where V is the voltage across the junction, f, (f;) are the
equilibrium Fermi distribution functions on the right (left)
side, and T (E) is the tunneling probability of an electron
at energy E above the Fermi level on the right. The latter
is calculated using the Wentzel-Kramers-Brillouin ap-
proximation assuming, for simplicity, a square potential
barrier U (X) extending from X, to X,

X
T(E)~ exp _-4—}11 [ emUO—EN x|, (5)

where m is the effective mass of the electron. With use of
this formula the net current through the barrier is

1== [ T(EDBLfE)—fE +eNdE , (6)

where the relaxation time 7 is a phenomenological con-
stant representing the RC time constant of the junction,
assuming the density of states stays constant. At 7 =0,
the tunneling part of the conductance o1(0) is trivially
obtained from Eq. (6). The temperature dependence
enters through the Fermi distribution functions. At low
temperatures, to the leading order, the conductance is of
the form

or(T)=07(0)+gT?, (7
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FIG. 5. Temperature dependence of the c-axis resistivity due
to tunneling, metallic contribution to the resistivity, and their
combined resistivity. Appropriate scales are indicated by the ar-
rows.

where g is a constant dependent on the barrier geometry.
The overall temperature dependence of the conductivity
is, combining Egs. (3) and (7),

o(T)=07(0)+gT*+ (8)

T 4c
Temperature dependence of the c-axis resistivity at am-
bient pressure due to tunneling, due to extended states, as
well as their combined resistivity p=a_’(T), is shown in
Fig. 5. It follows that the experimental data can be fit
very well with this model and the appropriate coefficients
are given in Table I. It is also clear that tunneling alone is
not able to reproduce the low-temperature data and a
small metallic contribution acting in parallel is essential
‘here.

Let us now turn our attention to the pressure depen-
dence. For simplicity we can view the barrier as a rec-
tangular one and assume that the dominant role of pres-
sure is to vary the width of the barrier in a way similar to
the overall change of the c-axis lattice spacing with pres-
sure (compressibility). Such a change would result in a
modification of the tunneling probability T (E) through

TABLE I. Parameters yielding the best fit to the c-axis resis-
tivity of HOPG at ambient pressure.
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FIG. 6. Pressure variation of the parameters o (0) and g ob-
tained from the best fits to the data of Fig. 2.

the change in the boundary conditions of Eq. (5) and,
hence, g will be modified correspondingly. Adjusting the
parameters of Eq. (8) for increasing pressure, the excellent
fits in Fig. 2 were realized for each pressure run. From
these fits we found that the coefficients b and c are rela-
tively independent of pressure in comparison to the coeffi-
cients o7(0) and g, thus indicating that the dominant ef-
fect of pressure is the enhancement of the tunneling
mechanism. Pressure variation of the parameters o(0)
and g obtained from the fits to the data in Fig. 2 is shown
in Fig. 6. We note that o 1(0) varies linearly with pressure
while a parabola appears to be a reasonable fit to the pres-
sure dependence of the coefficient g.

While our assumption of a square tunneling barrier
may appear to be a simplified picture, the qualitative
agreement with the experimental high-pressure data sup-
ports our tunneling model. We also note that this model
provides a unified framework for understanding the c-axis
resistivity of both single-crystal graphites (metallic part
dominates), HOPG discussed here (both metallic and tun-
neling mechanisms contributing), and highly disordered
graphite materials such as exfoliated graphites (metallic
contribution negligible).
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