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Electrical resistivity of single-crystal graphite under pressure:
An anisotropic three-dimensional semimetal
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The in-plane p,) andc-axis (p.) 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. Dagadfffer strongly
from earlier results obtained on synthetic graphite in showing a stfodgpendence of the pressure coeffi-
cient, while data fop, agree well with those from previous studies. Our results can be analyzeditatively
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 semifr&2463-182608)01208-9

During the last decade the interest in layered materialsability and large size of samples. Graphite is, of course, the
such as oxide high-transition-temperature superconducto@chetypical natural layered material, and although its prop-
(HTS’s), intercalation compounds, and multilayer structuresgrties were well studied and partly understood in the 1960s
has increased enormously because of their interesting physhere has recently been a renewal of interest in graffite.
cal properties, but although large advances have been mader these reasons we felt that a further investigation was
many questions still remain unanswered. One area that 3eeded, and we have now measured hgttandp. on sev-
currently under intense investigation is electrical transpor€ral natural single crystals over wide ranges of bb#émdp.
along thec axis in these materials that often show an apparOUr results show that, in contrast to HOPG, thexis resis-

ent inconsistency between the observed magnitudes of tH&ity of single-crystal graphite can be described very well by
c-axis resistivityp, and a “metallic” dp,/dT (>0), which simple theory as that of an anisotropic and highly resistive

are incompatible with the concepts of Mott's minimum me- bu;?}%rrgg:e:ggitgd below were obtained by measurements
tallic conductivity or the loffe-Regel criterion. In spite of P y

extensive studies there is still no theory that can predict eid" four graphite single crystals from Madagascar and on one

ther the magnitude or the temperatufB) (or pressure ) HOPG sample from Union Carbide. All samples had been

d d for HTS's (Ref hite i lati cut to a circular shape, 4 mm in diameter, with thexis
ependence gf; ’or . s(Ref. ) or graphite interca athn along the cylinder axis. Thenk0) diffraction patterns of the
compound$ (GIC’s) given, say, the structure and chemical

o L ‘% Madagascar samples showed only intense spots, not rings,
composition. In the case of GIC's this lack of unde_rstandlngcomcirming that the samples were indeed single crystals. The
even extends to the host, whether natural graphite or syt in-plane resistivities were in the range 558 cm for
thetic [highly oriented pyrographitdHOPG1.>* Typical  the single crystals and 4@ cm for the HOPG sample, in
room-temperaturéRT) values of the resistivity anisotropy of excellent agreement with literature data. Because the contact-
layered materials cover a vast range from near unity in mefess technique used is very sensitive to mechanical imperfec-
tallic multilayer materials and about 20 in some rich donortions (cracks, etd, this further verifies the structural quality
GIC's, over 16 for single-crystal graphite and YBAu;O,,  of our samples. The thickness of the single crystals was
=10 for HOPG, 18 for the most anisotropic HTS'’s, to about 0.11 mm and that of the HOPG sample 0.38 mm. The
reach almost 10for the most highly anisotropic GIC.®  resistances were measured by a dc four-probe technique us-
Although the in-plane resistivitieg, of these materials are ing current switching because of the very small resistances
all “metallic” in the sense thatlp,/dT>0, thec-axis resis- involved (about 60u() at low T). Several contacting tech-
tivity can have either sign of the slope, and in general there isiques were tried, but in all cases two contacts were formed
little correlation between the magnitude @f, its slope, and on each of the two flat faces of the samples. For the mea-
the anisotropy. While collecting literature data in an attemptsurements op, one of these was used for current and the
to improve our understanding afaxis transport in GIC's other for the voltage measurements, while for the in-plane
and HTS’s we recently noted that very little data were avail-studies the two current leads were attached on the same side.
able on the combined effects ®fandp on the properties of Attaching the samples with silver paint to copper strips on a
high-quality single-crystal graphite, since almost all studiesceramic baséMacor® glass ceramjcand with silver paint
have been carried out on HOPG because of the easy avattontacts to thin copper wires on the top surface worked well
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FIG: 1. Electrical resistivity v forag_raphite single crystal, both in the FIG. 2. Pressure coefficiert Inp,/dp of the in-plane resistivity of
plane(right-hand scaleand along thes axis (left-hand scalg graphite vsT. (@) our results(natural graphite (OJ) data from Ref. 15

(synthetic graphite The curve is the result of a simple theoretical calcula-

at zero pressure but often gave strongly nonlinear reading®" (see text
versus pressure, probably because of strains set up by the
difference in compressibility between the base and theesistivities>20 times higher than the loW-limiting values.
sample, which has an in-plane bulk modulus similar to that The in-plane resistivity of graphite has been well studied
of diamond. The best results were obtained by simply attachas a function of botHT and p and it is well known that
ing thin copper wires to both sides of the crystal using silvery |, pa/dp depends rather strongly Ghbelow RT1215As a
paint and most of the results shown were obtained in thigheck of our experimental methods and the structural order
way. All high-p data presented were measured under hydrog, o crystals, and in order to verify previous data, we there-
static condmons.. Most were obtained in a pIStc.m""md'fore first measured Inp,/dp as a function ofl at and below
cylmder device, either cooled by a closed—cyg:le helium "®RT on one of our crystals. The accuracy of this study was
frlgerator or heateq by an e>_<terna| heater, using as pr.essu[ra?obably reduced because first, the crystal was glued by sil-
medium a 50/50 mixture afi-/iso-pentane at low and sili- . ) L i )

. ) ; e ver paint on a ceramic base giving a pressure-induced strain
cone oil at highT. The pentane mixture solidifies near 150 K in the crvstal. and second. the geometrical arrangement with
(Ref. 8 and in order to obtain accurate data below this, mea- ystal, ! 9 9

surements were also carried out on one sample in a heliuffUrrent leads on one side only of a short SamP'e gives a
gas device at UNIPRESS, Poland, at RT, and at 77 K. Bepressure_—dependent. error begause of changes in the resis-
cause of previous reports of nonrepeatable results on graphitgnce anisotropy. Still, it is obvious from Fig. 2 that our data
at high p® we have limited the maximum pressure in our for d Inepa/dp are in reasonaple agreement with previous
experiments to 500 MPa, but even below this pressure wenes>*° regarding both magnitude ari dependence(All
found that in order to obtain repeatable results it was neceglata shown have been corrected for sample compression us-
sary to change extremely slowly, by less than 300 kPa/min. ing compressibility data from Ref. J7Surprisingly, even
There is a general consen&&12that for both single- recent reviewb'?fail to present convincing explanations for
crystal graphite and HOPG the dependence of, can be either the observed magnitude @finp,/dp or its T depen-
understood in terms of normal metallic conductivity limited dence, and before we turn to theaxis resistivity we there-
by impurity and defect“residual”) scattering at lowl and  fore analyze briefly the data far, versusT andp.
phonon scattering at high. This is not immediately obvious Graphite is a semimetal with a small band overlap of
from the measured datdig. 1), but calculation"**show  about 30 meV and a low carrier density of only TQcarriers
that because of the very low Fermi energy of graphite thergper atom. Because of the low in-plane resistivity,
is a rapid increase in the effective number of carrieebove <70 Q) cm at RT, we use a simple quasi-free-electron
100 K resulting in the sharp reduction of the slafye, /dT. model for the analysis. The in-plane bonds of graphite are
For p. the situation is less clear. In HOPf is not well  extremely strong giving a linear in-plane compressibikty
understood;**>* since at RT,dp./dT<0 and only the =—d Ina/dp of only 8X10™* GPa* (Ref. 17 and the in-
highest quality of HOPG has a maximum g situated be- plane phonon frequencies, should thus shift very little
tween 40 and 60 B4 For single-crystal graphite, on the with pressure, an assumption that is verified by recent high-
other hand, the nearly constapd(T)/p,(T) for T<100K  pressure neutron-scattering data for the in-plane transverse-
and the excellent agreement between the experimental aaeoustic phonon¥ The electron band structure, on the other
isotropy and that calculated from the anisotropy of the Fermhand, is very sensitive to presstifé?13192%ecause a re-
surfacé indicate that for single crystalg, can probably be duction in thec-axis lattice spacing rapidly increases the
described in a band model. In this model, samples with a@verlap of the interplanatr orbitals. The band structure and
very low “residual” resistivity should have a very small or its pressure dependence have been calculated in detail by
nonexistent maximum at intermedialie and with increasing many authors, but for simplicity we discuss here the pressure
magnitude of the “residual” resistivity the slopgp./dT  effects in terms of the simple Slonczewski-Weiss-McClure
should become increasingly negative at RT because of th€WMC) modef! in which the various interatomic interac-
increase im with T. This model agrees well with the obser- tions are described in terms of a set of overlap parameters
vation of a positivedp./dT at all T in the single-crystal ;. To bring out the essentials of our model we write the
samples of Uher, Hockey, and Ben-Jatolhich had RT  electrical resistivity &



P=Pimpt Pep= m*/ne?ry+ (477)2w,;2f(at2r,T),

D

where subscripts imp denotes the impurity and ep the

electron-phonon resistivityy, is the plasma frequency, and
ay(w) is the transport electron-phonon coupling function.
Although Eq.(1) resembles Mathiessen’s rule for ordinary

metals we must remember that the magnitude of the impurity

term here decreases with increasifgbecause the carrier
density n rises, unlike the case for simple metals. In the
quasi-free-electron modeJ,ZJ,=4q-rn e’/m* (Ref. 22 and Eq.
(1) can be rewritten
p=(m*/ne?)[Ury+4mf(al,T)]. 2
Applying the latter expression tp, we can estimate
d Inp,/dp in different ranges ofl. First, 7o should be pro-
portional to the in-plane lattice constaat andd In7,/dp
should thus be similar in magnitude dolna/dp. Second, the
pressure dependence of the phonon-dependent term can
estimated from the known pressure dependence of the Bloc
Gruneisen (BG) expression for phonon limited resistivity.
The latter i€® d Infgg/dp=—2vy.x, [=—2d Inw,/dp~0
(Ref. 18] above the Debye temperatupg, and —6y,«, at
very low T, with y, an effective Groeisen parameter de-
fined here as-(d Inwy)/(d Ina). The term in brackets in Eq.
(2) should thus have a small pressure dependéoterder
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FIG. 3. Pressure coefficiedtInp,/dp of the c-axis resistivity of graph-
ite vs T. Full symbols: data for single crystals from the present investiga-
tion; (M) free-standing sampléA) sample on ceramic base under gas pres-
sure. Open symbols: data for synthetic graphite) present results(1)
Ref. 15, andV) Ref. 14. The dashed line is a guide for the eye only. Dotted
curve is the result of a calculation dflnp./dpvs T (see textwhile the full
curve shows the pressure dependence of the phonon-scattering term only.

@‘auare}s were obtained on one single sample with

rE)'ainted—on contacts, but we also sh@wangles results for

another sample mounted on a ceramic base and studied under
high-pressure helium gas at 293 and 77 K. Results for other
samples all agreed with the general trend shown, although
samples mounted on ceramic bases tended to show more
scatter and on average a slightly stronger dependence on
pressure. The results shown were all obtained in slow iso-

Ka) at all T. The pressure dependence of the band structurghermal pressure runs, but similar results were also calcu-

can be found from the SWMC model. We write the effective
massm* = C,y, /(y5a%),*® but for the effective carrier den-
sity the situation is more complicated. According to
Arkhipov et al*® the total carrier density (=n.+njy,) can

be written n=C,y,|y,|/(y5a%c) at low T, while above
about 100 K,kgT>1v,, the carriers are degenerate amd
=C2ylkBT/(y§azc). Here C; and C, are numerical con-
stants anda andc the lattice parametersa*/n is thus pro-
portional toc/|y,| at low T and toc at highT, and from Eq.
(20 we predict a highF Ilimit d Inp,/dp~dInc/dp
=—0.028 GPa! (Ref. 17 in good agreement with experi-
ment (Fig. 2. At low T, d Inp,/dp~d Inc/dp—d In|y,|/dp.
(Apart from the termd Inc/dp, the same high- and lovl-
limits were found by Noto and TsuzuKfi There is still
some controversy about the magnitudes of the pressure ¢
efficients ofy;, but insertingd In|y,//dp=0.24 GPa? as ob-
tained by Andersoret al!® brings experiment and theory
into good agreement also at ol Finally, we parametrize
the data forn(T) given by Arkhipov et al. to interpolate

lated from the results of isobaric temperature runs at several
different pressures.

For the analysis we assume, as indicated above, that the
dependence g, can also be described by standard electron-
phonon models and again we use E2), now with p=p,,
to analyze the pressure dependence. It has previously been
suggested that the effect of pressure on the phonon frequen-
cies is of the order ofl Inc/dp=—«, and thus of little sig-
nificance for the very large pressure coefficients obsetted.
However, recent experimental d#t4> show that this is not
true, especially for the very important longitudinedaxis
acoustic phonons that have a very large effectiven@isen
parametery.= — (d Inwy)/(d Inc)~7.2° This value is very
similar to values recently found fo€g,,%” which has an
oxtermolecular interaction quite similar to the interplanar in-
teraction in graphite. In the SWMC model the Fermi surfaces
are prolate ellipsoids that do not change shape with pressure.
Although the expressions fan* andn given above should
basically be good approximations for the in-plane carriers, in

d In(n)/dp as a function ofl and use these data to calculate this model they should also be valid for electrons traveling in
d Inp,/dp as a function off. The result is shown as the solid thec-axis direction although the effective number of carriers
curve in Fig. 2, which indicates that quasi-free-electronshould be reduced by a factor of the order of 10 amfdis
theory is able to describe surprisingly well the dependence afuch larger than in the plane. The pressure coefficient of the
pa On bothT andp. electron band parametem{/n) should be the same as
Turning now to the more interesting casemf, our ex-  above, —0.27 GPa! as T—~0K and —0.03 GPa* at RT
perimental results fod Inp;/dp are shown in Fig. 3. The and above, but at intermediate and higlve must now add
results for single-crystal graphitdilled symbols are strik-  the very strong pressure dependence of the phonon-scattering
ingly different from the data for synthetic graphite!® term. Using the average valuklnw./dp=0.16 GPa? from
which are almosT independentdashed line, open symbals  the results by Ivanoet al'® and Alzyabet al?® we find the
One group has previously measuyed(Ref. 24 under pres- high- and lowT limits d Infzgg/dp=—0.32 and
sure for both natural and synthetic graphite but their results; 0.96 GPa?, respectively(see above The T dependence
d Inp./dp=—0.11 GPa? for both materials, do not agree of this term scales with the Debye temperatérg and we
with any other data set and fall outside the range of thenake the standard choi@, =400 K corresponding to the
figure. Most of the data shown for the single-crystal materialow-T limit found from specific heat dat&.In order to find
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the true relative magnitudes pf;,, and pe, we multiply our
data forp.(T) (Fig. 1) by the theoretical carrier densityT)
given by Arkhipov et al!® The analysis shows that the
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above 300 K between the theoretical and experimental val-
ues ofd Inp./dp might be due to an increasing effect of
pressure-insensitive in-plane phonons @n However, the

dependence g, is dominated by the electron-phonon term résults allow us to conclude that the band-conduction model

pep[second term in Eq(1)] above about 50 K. The pressure

coefficient of this term is shown as the full curve in Fig. 3,
and we note that the agreement with experiment is excellen

considering the simplicity of the model. At very low tem-

peratures we must also take into account the residual resis-

tivity term. If we assume that the pressure coefficientis
now close tod Inc/dp, in analogy with our assumption for

the in-plane resistivity above, we find the dotted curve
which of course differs little from the curve already shown at
temperatures above about 60 K, whpyg, can be neglected. t

The simple models above thus give surprisingly good

agreement with experiments in spite of the many simplifica

tions used, especially when we consider thatadjustable

parametershave been introduced. To moderate this state

ment we agree that two parametefl, andd In|y,|/dp, are
in principle “free,” but for both of these we have chosen
standard accepted values. Data for the Ibwhermal prop-
erties give constraints on realistic values g , while data
for d In|y,|/dp differ strongly between different studies. The

value 0.24 GPa' used here is close to the average of the

values discussed in recent revief¥$,but we could equally
well have chosen the value 0.42 GPagiven by Dillon,
Spain, and McCluré® which would have given a less good
numerical agreement with experiment fof at low T. We
have also naively assumed thatis mainly limited by scat-
tering by in-plane phonons ang by c-axis phonons, which

is probably correct for single-crystal graphite, since it cor-
rectly predictsboth the T and p dependence over a wide
ange inT. Unfortunately, no data could be obtained below
7 K, the range wherd Inp./dp shows a change in sign of
he slope. While such low-data would be quite interesting
ecause of the possibility to obtain new information on the
pressure dependence @f, and thus possibly on the type of
imperfection dominating this term, it should be noted that
'such data would not give any additional information about
the transport mechanism active above 77 K. The exact posi-
ion of the minimum ind Inp./dp, as well as the exact values
of d Inp./dp below this, depend on the relative magnitude of
‘po and are thus sample dependent, which makes a detailed
analysis of the lowF range less attractive. Finally, tleeaxis
properties of HOPG are found to be very different from that
of single-crystal graphite, probably because HOPG consists
of an aggregate of crystallites separated by regions with
translational and rotational disorder that evidently have large
effects on electronic transport. More work is clearly needed
in order to establish the true mechanism behind the large but
temperature-independent pressure coefficient of this mate-
rial.
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