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Electrical resistivity of single-crystal graphite under pressure:
An anisotropic three-dimensional semimetal
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The in-plane (ra) andc-axis (rc) resistivities of natural single-crystal graphite have been measured from 4
to 450 K at zero pressure and from 77 to 450 K under pressures up to 500 MPa. Data forrc differ strongly
from earlier results obtained on synthetic graphite in showing a strongT dependence of the pressure coeffi-
cient, while data forra agree well with those from previous studies. Our results can be analyzedquantitatively
in a simple free-electron model, and we conclude that in contrast to quasi-two-dimensional synthetic graphite,
natural single-crystal graphite is an anisotropic three-dimensional semimetal.@S0163-1829~98!01208-9#
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During the last decade the interest in layered materi
such as oxide high-transition-temperature superconduc
~HTS’s!, intercalation compounds, and multilayer structur
has increased enormously because of their interesting ph
cal properties, but although large advances have been m
many questions still remain unanswered. One area tha
currently under intense investigation is electrical transp
along thec axis in these materials that often show an app
ent inconsistency between the observed magnitudes of
c-axis resistivityrc and a ‘‘metallic’’ drc /dT (.0), which
are incompatible with the concepts of Mott’s minimum m
tallic conductivity or the Ioffe-Regel criterion. In spite o
extensive studies there is still no theory that can predict
ther the magnitude or the temperature (T) or pressure (p)
dependence ofrc for HTS’s ~Ref. 1! or graphite intercalation
compounds2 ~GIC’s! given, say, the structure and chemic
composition. In the case of GIC’s this lack of understand
even extends to the host, whether natural graphite or s
thetic @highly oriented pyrographite~HOPG!#.3,4 Typical
room-temperature~RT! values of the resistivity anisotropy o
layered materials cover a vast range from near unity in m
tallic multilayer materials and about 20 in some rich don
GIC’s, over 102 for single-crystal graphite and YBa2Cu3Ox ,
>103 for HOPG, 105 for the most anisotropic HTS’s, to
reach almost 107 for the most highly anisotropic GIC’s.1–5

Although the in-plane resistivitiesra of these materials are
all ‘‘metallic’’ in the sense thatdra /dT.0, thec-axis resis-
tivity can have either sign of the slope, and in general ther
little correlation between the magnitude ofrc , its slope, and
the anisotropy. While collecting literature data in an attem
to improve our understanding ofc-axis transport in GIC’s
and HTS’s we recently noted that very little data were av
able on the combined effects ofT andp on the properties of
high-quality single-crystal graphite, since almost all stud
have been carried out on HOPG because of the easy a
570163-1829/98/57~11!/6227~4!/$15.00
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ability and large size of samples. Graphite is, of course,
archetypical natural layered material, and although its pr
erties were well studied and partly understood in the 19
there has recently been a renewal of interest in graphit6,7

For these reasons we felt that a further investigation w
needed, and we have now measured bothra andrc on sev-
eral natural single crystals over wide ranges of bothT andp.
Our results show that, in contrast to HOPG, thec-axis resis-
tivity of single-crystal graphite can be described very well
simple theory as that of an anisotropic and highly resist
but normal semimetal.

The data presented below were obtained by measurem
on four graphite single crystals from Madagascar and on
HOPG sample from Union Carbide. All samples had be
cut to a circular shape, 4 mm in diameter, with thec axis
along the cylinder axis. The (hk0) diffraction patterns of the
Madagascar samples showed only intense spots, not r
confirming that the samples were indeed single crystals.
RT in-plane resistivities were in the range 55–65mV cm for
the single crystals and 40mV cm for the HOPG sample, in
excellent agreement with literature data. Because the con
less technique used is very sensitive to mechanical imper
tions ~cracks, etc.!, this further verifies the structural qualit
of our samples. The thickness of the single crystals w
about 0.11 mm and that of the HOPG sample 0.38 mm. T
resistances were measured by a dc four-probe technique
ing current switching because of the very small resistan
involved ~about 60mV at low T!. Several contacting tech
niques were tried, but in all cases two contacts were form
on each of the two flat faces of the samples. For the m
surements ofrc one of these was used for current and t
other for the voltage measurements, while for the in-pla
studies the two current leads were attached on the same
Attaching the samples with silver paint to copper strips o
ceramic base~Macor® glass ceramic! and with silver paint
contacts to thin copper wires on the top surface worked w
6227 © 1998 The American Physical Society
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6228 57BRIEF REPORTS
at zero pressure but often gave strongly nonlinear read
versus pressure, probably because of strains set up by
difference in compressibility between the base and
sample, which has an in-plane bulk modulus similar to t
of diamond. The best results were obtained by simply atta
ing thin copper wires to both sides of the crystal using sil
paint and most of the results shown were obtained in
way. All high-p data presented were measured under hyd
static conditions. Most were obtained in a piston-an
cylinder device, either cooled by a closed-cycle helium
frigerator or heated by an external heater, using as pres
medium a 50/50 mixture ofn-/iso-pentane at lowT and sili-
cone oil at highT. The pentane mixture solidifies near 150
~Ref. 8! and in order to obtain accurate data below this, m
surements were also carried out on one sample in a he
gas device at UNIPRESS, Poland, at RT, and at 77 K.
cause of previous reports of nonrepeatable results on gra
at high p9 we have limited the maximum pressure in o
experiments to 500 MPa, but even below this pressure
found that in order to obtain repeatable results it was ne
sary to changep extremely slowly, by less than 300 kPa/mi

There is a general consensus4,10–12 that for both single-
crystal graphite and HOPG theT dependence ofra can be
understood in terms of normal metallic conductivity limite
by impurity and defect~‘‘residual’’ ! scattering at lowT and
phonon scattering at highT. This is not immediately obvious
from the measured data~Fig. 1!, but calculations11,13 show
that because of the very low Fermi energy of graphite th
is a rapid increase in the effective number of carriersn above
100 K resulting in the sharp reduction of the slopedra /dT.
For rc the situation is less clear. In HOPGrc is not well
understood,3,4,12,14 since at RT,drc /dT,0 and only the
highest quality of HOPG has a maximum inrc situated be-
tween 40 and 60 K.3,4,14 For single-crystal graphite, on th
other hand, the nearly constantrc(T)/ra(T) for T,100 K
and the excellent agreement between the experimenta
isotropy and that calculated from the anisotropy of the Fe
surface4 indicate that for single crystals,rc can probably be
described in a band model. In this model, samples wit
very low ‘‘residual’’ resistivity should have a very small o
nonexistent maximum at intermediateT, and with increasing
magnitude of the ‘‘residual’’ resistivity the slopedrc /dT
should become increasingly negative at RT because of
increase inn with T. This model agrees well with the obse
vation of a positivedrc /dT at all T in the single-crystal
samples of Uher, Hockey, and Ben-Jacob14 which had RT

FIG. 1. Electrical resistivity vsT for a graphite single crystal, both in th
plane~right-hand scale! and along thec axis ~left-hand scale!.
gs
the
e
t

h-
r
is
-

-
-
re

-
m
-
ite

e
s-

e

n-
i

a

he

resistivities.20 times higher than the low-T limiting values.
The in-plane resistivity of graphite has been well stud

as a function of bothT and p and it is well known that
d ln ra /dp depends rather strongly onT below RT.12,15 As a
check of our experimental methods and the structural or
in our crystals, and in order to verify previous data, we the
fore first measuredd lnra /dp as a function ofT at and below
RT on one of our crystals. The accuracy of this study w
probably reduced because first, the crystal was glued by
ver paint on a ceramic base giving a pressure-induced s
in the crystal, and second, the geometrical arrangement
current leads on one side only of a short sample give
pressure-dependent error because of changes in the r
tance anisotropy. Still, it is obvious from Fig. 2 that our da
for d lnra /dp are in reasonable agreement with previo
ones15,16 regarding both magnitude andT dependence.~All
data shown have been corrected for sample compression
ing compressibility data from Ref. 17.! Surprisingly, even
recent reviews4,12 fail to present convincing explanations fo
either the observed magnitude ofd lnra /dp or its T depen-
dence, and before we turn to thec-axis resistivity we there-
fore analyze briefly the data forra versusT andp.

Graphite is a semimetal with a small band overlap
about 30 meV and a low carrier density of only 1024 carriers
per atom. Because of the low in-plane resistivity,ra
,70mV cm at RT, we use a simple quasi-free-electr
model for the analysis. The in-plane bonds of graphite
extremely strong giving a linear in-plane compressibilityka
52d lna/dp of only 831024 GPa21 ~Ref. 17! and the in-
plane phonon frequenciesva should thus shift very little
with pressure, an assumption that is verified by recent hi
pressure neutron-scattering data for the in-plane transve
acoustic phonons.18 The electron band structure, on the oth
hand, is very sensitive to pressure4,7,12,13,19,20because a re-
duction in thec-axis lattice spacing rapidly increases th
overlap of the interplanarp orbitals. The band structure an
its pressure dependence have been calculated in deta
many authors, but for simplicity we discuss here the press
effects in terms of the simple Slonczewski-Weiss-McClu
~SWMC! model21 in which the various interatomic interac
tions are described in terms of a set of overlap parame
g i . To bring out the essentials of our model we write t
electrical resistivity as22

FIG. 2. Pressure coefficientd lnra /dp of the in-plane resistivity of
graphite vsT. ~d! our results~natural graphite!, ~h! data from Ref. 15
~synthetic graphite!. The curve is the result of a simple theoretical calcu
tion ~see text!.
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r5r imp1rep5m* /ne2t01~4p!2vpl
22f ~a tr

2,T!, ~1!

where subscripts imp denotes the impurity and ep
electron-phonon resistivity,vpl is the plasma frequency, an
a tr(v) is the transport electron-phonon coupling functio
Although Eq. ~1! resembles Mathiessen’s rule for ordina
metals we must remember that the magnitude of the impu
term here decreases with increasingT because the carrie
density n rises, unlike the case for simple metals. In t
quasi-free-electron modelvpl

2 54pne2/m* ~Ref. 22! and Eq.
~1! can be rewritten

r5~m* /ne2!@1/t014p f ~a tr
2,T!#. ~2!

Applying the latter expression tora we can estimate
d lnra /dp in different ranges ofT. First, t0 should be pro-
portional to the in-plane lattice constanta, and d lnt0 /dp
should thus be similar in magnitude tod lna/dp. Second, the
pressure dependence of the phonon-dependent term ca
estimated from the known pressure dependence of the Bl
Grüneisen ~BG! expression for phonon limited resistivity
The latter is23 d lnfBG/dp522gaka @522d lnva /dp'0
~Ref. 18!# above the Debye temperatureUD and26gaka at
very low T, with ga an effective Gru¨neisen parameter de
fined here as2(d lnva)/(d lna). The term in brackets in Eq
~2! should thus have a small pressure dependence~of order
ka! at all T. The pressure dependence of the band struc
can be found from the SWMC model. We write the effecti
massm* 5C0g1 /(g0

2a2),13 but for the effective carrier den
sity the situation is more complicated. According
Arkhipov et al.13 the total carrier densityn (5ne1nh) can
be written n5C1g1ug2u/(g0

2a2c) at low T, while above
about 100 K,kBT.g2 , the carriers are degenerate andn
5C2g1kBT/(g0

2a2c). Here C1 and C2 are numerical con-
stants anda andc the lattice parameters.m* /n is thus pro-
portional toc/ug2u at low T and toc at highT, and from Eq.
~2! we predict a high-T limit d lnra /dp'd lnc/dp
520.028 GPa21 ~Ref. 17! in good agreement with exper
ment ~Fig. 2!. At low T, d lnra /dp'd lnc/dp2d lnug2u/dp.
~Apart from the termsd lnc/dp, the same high- and low-T
limits were found by Noto and Tsuzuku.16! There is still
some controversy about the magnitudes of the pressure
efficients ofg i , but insertingd lnug2u/dp50.24 GPa21 as ob-
tained by Andersonet al.19 brings experiment and theor
into good agreement also at lowT. Finally, we parametrize
the data forn(T) given by Arkhipov et al. to interpolate
d ln(n)/dp as a function ofT and use these data to calcula
d lnra /dp as a function ofT. The result is shown as the soli
curve in Fig. 2, which indicates that quasi-free-electr
theory is able to describe surprisingly well the dependenc
ra on bothT andp.

Turning now to the more interesting case ofrc , our ex-
perimental results ford lnrc /dp are shown in Fig. 3. The
results for single-crystal graphite~filled symbols! are strik-
ingly different from the data for synthetic graphite,14,15

which are almostT independent~dashed line, open symbols!.
One group has previously measuredrc ~Ref. 24! under pres-
sure for both natural and synthetic graphite but their resu
d lnrc /dp520.11 GPa21 for both materials, do not agre
with any other data set and fall outside the range of
figure. Most of the data shown for the single-crystal mate
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~squares! were obtained on one single sample wi
painted-on contacts, but we also show~triangles! results for
another sample mounted on a ceramic base and studied u
high-pressure helium gas at 293 and 77 K. Results for o
samples all agreed with the general trend shown, altho
samples mounted on ceramic bases tended to show m
scatter and on average a slightly stronger dependence
pressure. The results shown were all obtained in slow
thermal pressure runs, but similar results were also ca
lated from the results of isobaric temperature runs at sev
different pressures.

For the analysis we assume, as indicated above, that tT
dependence ofrc can also be described by standard electr
phonon models and again we use Eq.~2!, now with r5rc ,
to analyze the pressure dependence. It has previously
suggested that the effect of pressure on the phonon freq
cies is of the order ofd lnc/dp52kc and thus of little sig-
nificance for the very large pressure coefficients observe12

However, recent experimental data18,25 show that this is not
true, especially for the very important longitudinalc-axis
acoustic phonons that have a very large effective Gru¨neisen
parametergc52(d lnvc)/(d lnc)'7.26 This value is very
similar to values recently found forC60,27 which has an
intermolecular interaction quite similar to the interplanar
teraction in graphite. In the SWMC model the Fermi surfac
are prolate ellipsoids that do not change shape with press
Although the expressions form* andn given above should
basically be good approximations for the in-plane carriers
this model they should also be valid for electrons traveling
thec-axis direction although the effective number of carrie
should be reduced by a factor of the order of 10 andm* is
much larger than in the plane. The pressure coefficient of
electron band parameter (m* /n) should be the same a
above,20.27 GPa21 as T→0 K and 20.03 GPa21 at RT
and above, but at intermediate and highT we must now add
the very strong pressure dependence of the phonon-scatt
term. Using the average valued lnvc /dp50.16 GPa21 from
the results by Ivanovet al.18 and Alzyabet al.25 we find the
high- and low-T limits d lnfBG/dp520.32 and
20.96 GPa21, respectively~see above!. The T dependence
of this term scales with the Debye temperatureUD and we
make the standard choiceUD5400 K corresponding to the
low-T limit found from specific heat data.28 In order to find

FIG. 3. Pressure coefficientd lnrc /dp of thec-axis resistivity of graph-
ite vs T. Full symbols: data for single crystals from the present investi
tion; ~j! free-standing sample,~m! sample on ceramic base under gas pre
sure. Open symbols: data for synthetic graphite;~s! present results,~h!
Ref. 15, and~,! Ref. 14. The dashed line is a guide for the eye only. Dot
curve is the result of a calculation ofd lnrc /dp vs T ~see text! while the full
curve shows the pressure dependence of the phonon-scattering term o
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the true relative magnitudes ofr imp andrep we multiply our
data forrc(T) ~Fig. 1! by the theoretical carrier densityn(T)
given by Arkhipov et al.13 The analysis shows that thep
dependence ofrc is dominated by the electron-phonon ter
rep @second term in Eq.~1!# above about 50 K. The pressu
coefficient of this term is shown as the full curve in Fig.
and we note that the agreement with experiment is excell
considering the simplicity of the model. At very low tem
peratures we must also take into account the residual re
tivity term. If we assume that the pressure coefficient oft0 is
now close tod lnc/dp, in analogy with our assumption fo
the in-plane resistivity above, we find the dotted cur
which of course differs little from the curve already shown
temperatures above about 60 K, wherer imp can be neglected

The simple models above thus give surprisingly go
agreement with experiments in spite of the many simplifi
tions used, especially when we consider thatno adjustable
parametershave been introduced. To moderate this sta
ment we agree that two parameters,UD andd lnug2u/dp, are
in principle ‘‘free,’’ but for both of these we have chose
standard accepted values. Data for the low-T thermal prop-
erties give constraints on realistic values forUD , while data
for d lnug2u/dp differ strongly between different studies. Th
value 0.24 GPa21 used here is close to the average of t
values discussed in recent reviews,4,12 but we could equally
well have chosen the value 0.42 GPa21 given by Dillon,
Spain, and McClure,20 which would have given a less goo
numerical agreement with experiment forra at low T. We
have also naively assumed thatra is mainly limited by scat-
tering by in-plane phonons andrc by c-axis phonons, which
may not be correct, and some of the differences obser
e
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c-

a-
t,

is-

,
t

d
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-

ed

above 300 K between the theoretical and experimental
ues of d lnrc /dp might be due to an increasing effect o
pressure-insensitive in-plane phonons onrc . However, the
results allow us to conclude that the band-conduction mo
is probably correct for single-crystal graphite, since it co
rectly predictsboth the T and p dependence over a wid
range inT. Unfortunately, no data could be obtained belo
77 K, the range whered lnrc /dp shows a change in sign o
the slope. While such low-T data would be quite interestin
because of the possibility to obtain new information on t
pressure dependence ofro , and thus possibly on the type o
imperfection dominating this term, it should be noted th
such data would not give any additional information abo
the transport mechanism active above 77 K. The exact p
tion of the minimum ind lnrc /dp, as well as the exact value
of d lnrc /dp below this, depend on the relative magnitude
r0 and are thus sample dependent, which makes a deta
analysis of the low-T range less attractive. Finally, thec-axis
properties of HOPG are found to be very different from th
of single-crystal graphite, probably because HOPG cons
of an aggregate of crystallites separated by regions w
translational and rotational disorder that evidently have la
effects on electronic transport. More work is clearly need
in order to establish the true mechanism behind the large
temperature-independent pressure coefficient of this m
rial.
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2E. McRae and J.-F. Mareˆché, J. Mater. Res.3, 75 ~1988!.
3K. Matsubara, K. Sugihara, and T. Tsuzuku, Phys. Rev. B41, 969~1990!.
4N. B. Brandt, S. M. Chudinov, and Ya. G. Ponomarev,Semimetals–I.

Graphite and its Intercalation Compounds~North-Holland, Amsterdam,
1988!.

5E. McRaeet al., J. Phys. Chem. Solids57, 827 ~1996!.
6S. Yu et al., Phys. Rev. Lett.76, 483 ~1996!; J. Gonza´lez, F. Guinea, and

M. A. H. Vozmediano,ibid. 77, 3589 ~1996!; F. F. Kurp et al., Euro-
phys. Lett.35, 61 ~1996!; M. van Veenendaal and P. Carra, Phys. Re
Lett. 78, 2839~1997!.

7R. Ahujaet al., Phys. Rev. B51, 4813~1995!.
8B. Sundqvist, J. Phys. E20, 984 ~1987!.
9I. L. Spain, inElectronic Density of States, Natl. Bur. Stand.~U.S.! Spec.

Publ. No. 323, edited by L. H. Bennett~U.S. GPO, Washington, D. C.
1971!, pp. 717–725.

10J.-P. Issi, inGraphite Intercalation Compounds II: Transport and Ele
tronic Properties, edited by H. Zabel and S. A. Solin~Springer-Verlag,
Berlin, 1992!, pp. 195–245; K. Matsubara, K. Sugihara, and K. Kaw
mura, J. Phys. Soc. Jpn.64, 2558 ~1995!; D. T. Morelli and C. Uher,
Phys. Rev. B30, 1080~1984!.

11S. Ono and K. Sugihara, J. Phys. Soc. Jpn.21, 861 ~1966!.
12R. Clarke and C. Uher, Adv. Phys.33, 469 ~1984!.
.

13R. G. Arkhipovet al., Zh. Eksp. Teor. Fiz.44, 1964 ~1963! @Sov. Phys.
JETP17, 1321~1963!#.

14C. Uher, R. L. Hockey, and E. Ben-Jacob, Phys. Rev. B35, 4483~1987!.
15M. L. Yeoman and D. A. Young, J. Phys. C2, 1742~1969!.
16K. Noto and T. Tsuzuku, J. Phys. Soc. Jpn.35, 1649~1973!.
17M. Hanfland, H. Beister, and K. Syassen, Phys. Rev. B39, 12 598~1989!.
18A. S. Ivanov et al., Phys. Solid State36, 1656 ~1994!; Physica B

213&214, 1031~1995!; High Press. Res.14, 145 ~1995!.
19J. R. Andersonet al., Phys. Rev.164, 1038~1967!.
20R. O. Dillon, I. L. Spain, and J. W. McClure, J. Phys. Chem. Solids38,

635 ~1977!.
21J. C. Slonczewski and P. R. Weiss, Phys. Rev.109, 272 ~1958!; J. W.

McClure, ibid. 108, 612 ~1957!.
22G. Grimvall, Thermophysical Properties of Materials~North-Holland,

Amsterdam, 1986!, p. 206 ff.
23G. Grimvall, Thermophysical Properties of Materials~Ref. 22!, p. 223.
24N. Okuyamaet al., Jpn. J. Appl. Phys.10, 1645~1971!.
25B. lzyabet al., Phys. Rev. B38, 1544~1988!.
26The authors of Ref. 18 use a different, nonstandard definition and re

gc52.3.
27B. Sundqvist, Phys. Rev. B48, 14 712~1993!; M. A. White et al., Solid

State Commun.94, 481 ~1995!; L. Girifalco, Phys. Rev. B52, 9910
~1995!.

28K. A. Gschneider, Jr., inSolid State Physics, edited by F. Seitz and D.
Turnbull ~Academic, London, 1964!, Vol. 16, pp. 275–426.


