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Effect of Pressure on the Fermi Surface of Graphite*
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Measurements of the de Haas —van Alphen effect in natural single-crystal graphite have been made at
pressures up to 4 kbar. The results for the majority carriers have been interpreted in terms of the Slonczew-
ski-gneiss band model. The minority-carrier results appear to be consistent with the interpretation given by
Dresselhaus and Dresselhaus in which spin-orbit splitting at the hexagonal zone faces is included.

I. INTRODUCTION

HE success of the Slonczewski-Weiss (SW) band
model' with adjustable parameters in describing

the electronic structure and Fermi surface of graphite
has prompted interest recently in testing the ability of
the model to account for variations in the Permi surface
with changes in interatomic spacing. The small energy
band overlap of this semimetal suggests that the Fermi
surface would be quite sensitive to changes in lattice
spacing. Because of the large elastic anisotropy, the
eGect of hydrostatic pressure is to impose an essentially
uniaxial strain parallel to the hexagonal axis. This fact
appreciably simplifies the analysis of the changes of
band parameters with pressure as determined from
de Haas —van Alphen (dHvA) studies.

In this paper we present the determination of the
pressure dependences of 3 de Haas —van Alphen fre-

quencies for hydrostatic pressures up to 4 kbar. Pre-
liminary results were reported previously. ' The results
for the two major extremal cross sections of the Fermi
surface can be described by the S|A' model with a suit-

able choice of parameters and their pressure variations.
The result for the third frequency, which is nearly an
order of magnitude less than the two majority-carrier
frequencies, can be made consistent with an assignment
made by Dresselhaus and Dresselhaus' for a portion
of the Fermi surface attributed to minority carriers.

In Sec. II, the SK formalism and the approximations
used are outlined and the model Fermi surface is de-

scribed. The experimental details are outlined brieRy
in Sec. III. The results are given in Sec. IV and are
discussed in Sec. V.
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II. THEORETICAL MODEL

Slonczewski and gneiss' have developed a model for
the behavior of the energy bands of graphite in the
neighborhood of the vertical edges of the hexagonal
Brillouin zone. This model involves parameters gen-

erally related to the tight-binding model and leads to
the Fermi surface shown schematically in Fig. I, con-
sisting of highly elongated hole a.nd electron surfaces,

roughly ellipsoidal in shape, with their major axes
aligned along the six vertical edges of the zone. ' Con-
ventionally, the carriers related to these ellipsoids have
been called the majority carriers. Additional very small

closed sheets have been observed which contain the
so-called minority carriers. ' Dresselhaus and Dressel-
haus' ha, ve argued that the electron tips protrude
through the hexagonal faces and are closed by a,

splitting of the bands at this face by the spin-orbit
interaction, thus forming the minority carriers. Prom
boron-doping experiments, Soule has suggested, how-

ever, that the minority carriers are holes, ' but this
conclusion has been questionedv because the number of

minority carriers does not increase linearly with boron
concentration. . (The change is linear for the majority
carriers). We will show tha, t the pressure results pre-
sented here are consistent with the Dresselhaus
interpretation, and reasonable choices of the pressure
dependences of appropriate combinations of the band
parameters, if the zero-pressure band parameters are
chosen in a rather restricted manner.

The simplified. band-structure picture of graphite used
in our analysis is represented by a parametrized S%'

band model adjusted to fit several difFerent types of
experimental results. In Fig. 2 we show a SK plot of

energy versus k along the Brillouin zone edge HEN.
The abgh stacking in the hexagonal graphite lattice
gives rise to two different types of atomic sites 3 and

4 J. C. Slonczewsiri and P. R. Weiss, Phys. Rev. 109, 272 (1958).
'Cf: D. E. Soule, J. W. McClure, and L. B. Smith, Phys.

Rev. 134, A4S~ (1964).' D. E. Soule, IBM J. Res. Develop. 8, 268 (1964).
~ S. J. Williamson, S. Foner, and M. S. Dresselhaus, Phys.

Rev. 140, A1429 (1965).
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TsnLz I. Range of zero-pressure band parameters lin eVl.

)t'0

2.7—3.0 0.28—0.4 0.016—0.025

Lvg

0.022—0.034 0.0—0.01

8 which see inequivalent potential distributions. This
di6erence is manifested in the parameter A. The param-
eter po is the only parameter in the single-layer case
and represents the overlap between wave functions
centered on nearest-neighbor A and 8 atoms. The
overlap between wave functions centered on nearest
A atoms in adjacent layers is represented by p&, while

the overlap related to 8 atoms two layers apart is

given by y2.
The elastic anisotropy is exceptionally large in

graphite (C»/Css=29)' so that with the hydrostatic
pressures involved in this investigation, changes in the
basal-plane lattice constants are negligible and the stress
can be considered uniaxial along the hexagonal axis.
Because of this elastic anisotropy, we assume that the
parameter yo will be independent of pressure. Additional
parameters ys, y4, and y5, which account for the axial
asymmetry about the zone edges IIEH, are neglected
in our treatment.

The parameters that would be expected to depend
most strongly on the spacing between layers are 6, p&,

and y~. In addition, as can be seen from Fig. 2, the
position of the Fermi level E& may also be very critical
in the case of small band overlap and therefore may be
a strong function of change in the interlayer spacing.
In Table I we have listed the range of zero-pressure
values of the parameters yo, yi, y~, 6, and Ep considered
by various investigators in fitting experimental results.
These values have been obtained from analysis of dia-
magnetic susceptibility, ' cyclotron resonance, " mag-
netoreQection, " optical transmission, " electron energy
loss, " and de Haas —van Alphen effect' ' " studies. An
accurate ht to the dHvA zero-pressure results for
majority and minority carriers (Table II) yields ap-
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FiG. 1. The Brillouin zone for graphite, showing the electron
and hole Fermi surfaces corresponding to the majority carriers.
A portion of the electron "ellipsoid" may project through the
horizontal Brillouin zone faces producing a small closed surface
because of spin-orbit splitting. The minority carrier oscillations
have been attributed to this piece of the Fermi surface.

{z,s—z,Ls—(~,—-',~,r.)r.]
+La—~,r,](-',~,r,')j, (2)

where I', is determined by the wave vector k, at which
the extremal section occurs and is given by

r.= (3Vr) '{& I"-z+L(~ ~—~)'+—6Vr'&s/V s]—'") (3)

These areas are given in units of os where o.=2/VBae
and ae (2.46 1) is the lattice parameter in the basal
plane. If the minority carriers are located according to
the suggestions of Dresselhaus and Dresselhaus men-
tioned above, the extremal cross-sectional area at
k, =z/ce for H~~ce for the minority carrier surface is

proximate constraining relations between diferent
parameters within the range of values in Table I.

In terms of our simplified model, the extremal cross-
sectional areas, perpendicular to the hexagonal axis, of
the majority hole and electron surfaces AI, and A, are
given by

A s= vrys '{Ep'—Es Lh+2(7g+ys)]
+(~+2&)(2v.)), (&)

and

Carriers

TABLE II.

Frequency P
(in 104 G)

d 1np/dE
in kbar '

1 ~—{d+2~, )
1

Ey

majority electrons
majority holes
minority

4.79+0.05
6.66+0.1
0.75&0.05

0.040 (&0.004)
o.o34 (+0.006)
0.06 (&0.015)

'O. I. Blakslee, D. G. Proctor, E. J. Seldin, G. B. Spence,
and T. Weng (to be published).

9 J. W. McClure, Phys. Rev. 119, 606 (1960)."M. Inoue, J. Phys. Soc. Japan 17, 808 (1962).
"M. S. Dresselhaus and J, G. Mavroides, IBM J. Res. De-

velop. 8, 262 (1964)."J.B. Yasinsky and S. Ergun, Carbon 2, 355 {1.965),"Y.H. Ichikawa, Phys. Rev. 109, 653 (1958).
'4D. Shoenberg, Trans. Roy. Soc. (London) 245, 1 (1952);

T. G. Berlincourt and M. C. Steele, Phys. Rev. 98, 956 (1955);
D. K. Soule, ibid. 112, 708 (1958).
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FIG. 2. Plot of energy versus wave vector along the Brillouin zone
edge IIX' according to the Slonczewski-Weiss model.
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given, also ln units of 0, by

Bere cp (6.70 A) is the lattice parameter parallel to the
hexagonal axis. The modification of the area due to the
small spin-orbit splitting CGccts has been neglected.

It is also possible to compare the volumes occupied
by the holes and electrons. In order to determine the
electron and hole volumes, V, and V~, we have assumed
an ellipsoidal model for both majority carriers, and the
volumes are given by

where

V.= 2A.(k.'—k."),

~~=I&. ,

k, '= (2/cp) cos-'(-2r, ),

k,"=(2/cp) cos '(Eg/2yp)'i'.

The factor of 2 occurs in V, because there are two elec-
tron ellipsoids. The contributions due to the minority
carriers have been neglected.

Since graphite is a semimetal with only a small
number of carriers, impurities will have an important
CGcct upon the relative numbers of electrons and holes.
Therefore, although pure graphite would bc compen-
sated, wc will not make that assumption here.

IIL EXPERIMENTAL TECHNIQUES

The measurements of the graphite dHvA frequencies
were made at pressures up to approximately 4kbar using
solid-helium pressure generation techniques described
previously by Schirber. " No noticeable physical de-
formation of the extremely fragile crystals (0.1—0.2-mm-

thick, 3-4-mm-diam platelets) was observed after
several pressure cycles. In addition, the dHvA ampli-
tudes, an extremely sensitive indicator of sample dis-
tortion~ werc Iiot Rppl cclRbly Rffcctcd by pI'cssul c
cycllDg.

'5 J. E. Schirber, in

Physics

of Sotids 0$ High Pressure, edited
by C. T. Tomizuka and R. F. Emrick (Academic Press Inc. ,
New York, 1965); Phys. Rev. 140, A2061 (1965).
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FIG. 3. de Haas —van Alphen oscillations produced by the majo»ty
electrons and holes at nearly zero pressure and 2.96 kbar.

The dHvA oscillations were detected using the con-
ventional 6cld-modulation tcchIilquc ln thc cxpcrl-
mental setup described previously. " A 55-koe supe&-
coDductlng magnet wRs llscd foI' thc majority-carrier
study and a conventional copper solenoid was used to
study the minority-carrier oscillations below 1 koe. The
latter oscillations were of much smaller amplitude and
fewer cycles could be detected than in the case of the
majority carriers; consequently the error in the mi-
nority-carrier pressure derivatives is correspondingly
larger.

The samples were very thin platelets of purified
natural single-crystal graphite which came from Essex
County, Ncw York. Because of the natural morphology
of crystal growth, the plane of the platelet coincided
with the crystallographic basal plane. Before use, these
samples had been purified and annealed at 3000 C in a
chlorine sweeping gas atmosphere reducing metallic
impurity content to & IO ppm.

A phenolic rod which slip-fitted into the Be-Cu bomb
was used to fix the platelet orientation. The sample was
inserted into a narrow slit in this rod perpendicular to
the rod axis and held gently in the slit with soft paper
spacers. %ith this type of mounting, the magnetic 6eld
could be aligned parallel to the hexagonal axis of the
crystal to within ~2'. For this setting, the dHvA fre-
quencies are relatively insensitive to orientation (vary-
ing roughly as the cos of the angle between the Md
and the hexagonal axis) so that any slight change in
orientation resulting from pressure cycling should result
in a negligible change in the dHvA frequency.

EGorts made to investigate other orientations with
these samples were unsuccessful. The angle between the
hexagonal axis and the field must be at least 88' in
order to study the "ellipsoid" ends because of the large
ratio of the major to minor axes (17 to 1 for the holes
and 13.6 to 1 for the electrons). ' At these angles, mis-

alignment errors or orientation shifts duc to pressure
cycling completely mask the actual results. Further-
more, the amplitudes decrease by roughly 4 orders of
magnitude as 8 (the angle between the magnetic field
and the c axis) goes from 75' to 90'.

IV. RESULTS

The two sets of oscillations due to the majority
carriers have been studied for H parallel to the hex-

TABI,E III. Pressure derivatives of X, Y, and Z in kbar '.
X=E~(EP—6), F=Pgy2, Z=EF jy2

Reference 18

d lnX/dP=d lnA /dI' 0.072
IE lnI'/dP 0.036 0.036
d lnZ/dP =0 0

Zero-pressure band parameters in eV:
y0 ——2,85, yI ——0.30, y =0.02, E~——0.026, 6= —0.006

I6 W. J. O' Sullivan, and J. E. Schirber, Phys. Rev. 151, 484
(1967).
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agonal axis for several pressures and the frequencies
determined by least-squares analysis neglecting any
possible harmonic contribution. Figure 3 shows a sample
of these oscillations at zero pressure and 3 kbar. The
doping experiments of Soule' and the cyclotron reso-
nance results of Gait et al. '~ established that the
4.79X10'-G frequency is due to the majority electrons.
The results for the pressure derivatives of the majority-
carrier frequencies are given in Table II together with
the estimated uncertainties.

The dominant oscillations are produced by the elec-
trons and therefore our pressure results are more ac-
curate for these. On the other hand, Itskevich and
Fisher' observe only the majority-hole oscillations in
their pressure studies on synthetic crystals and their
pressure derivative for the majority holes is in excellent
quantitative agreement with ours. We have also ob-
served the majority holes as the dominant frequency in
pyrolytic graphite. The pressure derivative obtained in
the pyrolytic sample agreed with our single-crystal
majority-hole result. The diRerence between our natural
single crystals and the pyrolytic and synthetic samples
is not understood at present.

The minority-carrier oscillations for II parallel to the
hexagonal axis are shown in Fig. 4 for zero pressure
and 3.8 kbar. While the measured frequency is in good
agreement with that observed by Soule, ' the second
oscillatory term he reported is not evident in our data.

~o.slo kG

l~,
~0.765 kG

, 5.80 kbar .

Q.t45 kbar

I'ro. 4. Minority-carrier de Haas —van Alphen oscillations
at nearly zero pressure and 3.8 kbar.

Then, since 6, p2, and E& are roughly an order of
magnitude smaller than pj, it is a very good approxi-
mation to assume that

With this approximation the majority- and minority-
carrier extremal areas and the hole and electron volumes
can be expressed in terms of only X, I", Z, and yo.
Therefore, the majority hole and electron areas become

A ~= ~go
—'LX(1—2/Z) —2ZF+4vj, (10)

and
A, = (3)~ro '[X+(3)'"YZ' ']. (11)

The area A becomes simply

V. DISCUSSION A =~go 'X (12)

As can be seen from Table II, the pressure changes
of the Fermi-surface dimensions are quite large when
compared with the compressibility (0.0025/kbar).
However, this might be anticipated in view of the small
band overlap and its probable sensitivity to interlayer
spacing.

In order to consider the eRect of changes of interlayer
spacings upon the band parameters, we have taken
appropriate combinations of the parameters as follows:

Also for the hole and electron volumes we have

Vp, = (2/co)A& cos '(Z/2)"
and

V,=2 (2/co) A, (cos—'(Z/6)'" —cos-'(Z/2)'") .
(13)

Because of the possibility of impurity contribution we
cannot assume V,= V~, but it seems reasonable that the
departure from compensation V,-V~ is a constant inde-
pendent of pressure; i.e.,

and

X=Ep(EI 6), —
~=VxV2,

Z= EI /y2.

(v,—v, )=o.
dP

(14)

From Eq. (14) and the pressure derivatives of Eqs.
(10) and (11), the relative pressure derivatives of X,
Y, and Z can be determined. For a given set of zero-
pressure band parameters, the compensation equation
LEq. (14)j is a function only of the known experimental
results, the majority-carrier dHvA pressure dependences
and the change in ro with pressure' (d lnco/dE= —2.82
X 10 ' kbar '), and d 1nZ/dP. With zero-pressure
parameters chosen to be roughly the same as given in
Table III in order to give an approximately compen-
sated structure, we 6nd

~

d lnZ/d I'
~

&0.003. The actual
value is extremely dependent upon the zero-pressure
band parameters as well as upon the model chosen and
the experimental uncertainties. In view of this we have

TABLE IV. Pressure derivatives of band parameters in kbar '.

Arkhipov et al. data
and Arkhipov

assumption
(see Ref. 19)

Our data using Arkhipov
assumption (see Ref. 19)

and the experimental
value for d lnA /dP

0.01g
0 038
0.038

0.012
0.024
0.024
0.09

d lny1/dP
d lnyg/dP
d lnEJ /dP
d inc/dP

"J.K. Gait, W. A. Yager, and N. %. Dail, Phys. Rev. 103,
1S86 (19S6).

'8 E. S. Itskevich and L. M. Fisher, JETP Pisma v Redaktsiyu
5, 141 (1967) )English transl. : JETP Letters 5, 114 (1967)g.
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taken for the following analysis d lnZ/dP=O, as indi-

cated in Table III.This same assumption has been made

by Arkhipov et u/. ,
"in their analysis of pressure effects

in graphite. Consequently, the logarithmic pressure
derivatives of X and Y are obtained from Eqs. (10) and

(11),and are also shown in Table III. From the relative
pressure dependence of X the pressure dependence of
A is immediately obtained as d 1nA /dP=0. 07. This
is in good agreement with the experimental result for
the logarithmic pressure derivative of the minority
carrier dHvA frequency given in Table II and lends
credence to the Dresselhaus suggestion. However, it
must again be mentioned that this result is quite de-

pendent upon the zero-pressure parameters and the
value assumed for d lnZ/dP.

Also, in Table III, the result obtained here for
d 1nY/dP=d lnyr/dP+d 1nps/dP has been compared
with the value obtained by Itskevich and Fisher"
based upon their de Haas —Shubnikov pressure studies
of the majority holes in synthetic graphite. As our

value for the pressure dependence of the hole frequency
is in excellent agreement with theirs, it is not surprising
that the two determinations of d ln Y/dP are essentially
the same.

Without an additional assumption it is not possible
to obtain the pressure dependences of the individual

band parameters. However, Arkhipov et a/. have utilized

the similarity in p& and 72 by postulating that they will

be of the form

where y and P are constants. It then follows that

d 1ny,/dP = 2d 1npr/dP. (&5)

If we use Eq. (15) along with the pressure derivatives
of X, Y, and Z (Table III), we obtain the pressure

' R. G. Arkhipov, V. V. Kechin, A. I. Likhter, and Yu. A.
Pospelov, Zh. Eksperim. i Teor. Fiz. 44, 1964 (1963) /English
trsnsl. : Soviet Phys. —JETP 17, 1321 (1963)g.

derivatives of the band parameters given in Table IV.
Here we have determined d luau/dP from the experi-
mental value for d in'„/dP. The results for yr, ys, and
Ep have been compared with the values obtained by
Arkhipov et a/. "from their high-temperature measure-
ments of resistivity under pressure, and the agreement
is probably reasonable in view of the simplicity of the
model and the uncertainties in the zero-pressure param-
eters and the experimental values,

It can be seen that the value obtained for the relative
change of 6 with pressure is quite large, but this result
is very dependent upon the experimental pressure
derivative for the minority carriers; variations within
the experimental uncertainty can double the value of
d 1nh/dP or reduce it to zero.

It is tempting to view the agreement of the experi-
mental minority-carrier pressure result with the predic-
tion of the pressure derivative of the minority-carrier
area obtained from the majority-carrier measurements
and a "reasonable" choice of zero-pressure band param-
eters as an indication of the validity of the Dresselhaus
assumption. It is important, however, to point out that
since the values obtained fro the pressure dependences
of the band parameters Ep, yj, y2, and 6 depend

criticule upon the numerical values of the zero-pressure
parameters; variations of these parameters well within
the uncertainties in their magnitudes easily destroy the
apparent quantitative agreement shown in Tables III
and IV. Therefore, we conclude that the minority-
carrier assignment is at best consistent with our pressure
results within the framework of our simple model for
the Fermi surface of graphite.
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