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ter agreement between theory and experiment. At
the present level of accuracy, the present agreement
indicates that the Chéveau model is adequate for the
interpretation of x-ray Debye-Waller—factor data

of cubic metals.
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Graphite Carrier Locations and Quantum Transport to 10 T (100 kG)
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The magnetoresistance, Hall effect, thermopower, thermal resistivity, and Nernst-Ettings-
hausen effects are measured in magnetic fields to 10.3 T (103 kG) and at temperatures between

1.1 and 4.2 K. Samples are highly ordered pressure-annealed pyrolytic graphite.

The major

results are that majority-carrier electrons and holes are assigned to specific locations in the
Brillouin zone; the electrons are assigned to be around the center of the zone edge (point K).

The first observation of spin-split Landau levels is made.
thermopower quantum oscillations shows agreement with a theory by Horton.

A study of distorted line shapes of
Sugihara and

Ono’s theory, predicting field values for Landau level crossings of the Fermi energy in graph-

ite, is confirmed for fields below 4 T.

L. INTRODUCTION

Pressure-annealed pyrolytic graphite is a highly
ordered form of carbon, ! but is not a single crystal.
The lattice for a single crystal is hexagonal. For

pyrolytic samples there are individual crystallites
with [0001] axes nearly parallel to each other, but
[1100] axes, for example, are randomly oriented
with respect to each other. Typical crystallite
sizes are between 10 and 100 ¢ in diam. Because
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of the nature of the Fermi surface of graphite, the
properties of pyrolytic and natural single crystals
are very similar, as shown in this and other papers.

Fermi-surface studies of natural single crystals
of graphite were made by Soule, McClure, and
Smith?® in fields to 2.4 T (1 T=10kG) using the
Shubnikov—de Haas effect. de Haas-van Alphen
studies on pressure-annealed pyrolytic graphite
were made by Williamson et al. 2 Magnetoreflection
results* were used along with the de Haas—van
Alphen effect to determine the magnitude of the
parameters necessary to describe the energy-band
structure derived by Slonczewski and Weiss (SW). 5

The location of electron and hole majority carriers
in the Brillouin zone was first determined from
cyclotron resonance by Galt et al. ® Soule later
studied the effect of boron doping on the de Haas~
van Alphen frequencies. " Boron adds positive charge
and thus shifts the Fermi energy and changes the
cross-sectional areas. The shifts in majority-
carrier frequencies determine the location of elec-
tron and hole carriers in the Brillouin zone and
thus the signs of several of the parameters in the
SW® band theory. Soule’s results agreed with the
assignment by Galt ef al. Recently, Schroeder,
Dresselhaus, and Javan® have used magnetoreflec-
tion and reintrepreted the results of Galt etal. to
determine the band-parameter signs; they found a
conflict with the assignment deduced from majority-
carrier de Haas—van Alphen frequency shifts. In
this paper we use two independent methods to help
resolve the conflict between magnetoreflection and
doped majority-carrier de Haas-van Alphen exper-
iments. ° Quantum extrema in the Hall coefficient
are compared with a theory by Argyres!® and from
this a direct determination of electron and hole
carrier positions in the Brillouin zone is made.
This then determines the signs of the band para-
meters. Quantum resonances in the thermopower
are used as a second and independent method of
determining carrier locations and band-parameter
signs. Recently, other authors!!~!? have presented
additional evidence agreeing with the results of
this paper as well as the conclusions of Schroeder
et al. as to the signs of the band parameters. An
excellent review of the history of the assignment
of carrier locations has recently been given by
McClure. *

The electron spin resonance was studied as a
function of temperature by Wagoner!® and an ef-
fective g factor determined which is an average
over all carriers in the Brillouin zone for particu-
lar magnetic field directions. We have made the
first observation of spin splitting of Landau levels
in graphite. !® From these it should be possible to
determine the splitting at particular points in the
Brillouin zone rather than an averaged value.

In this paper the first studies of quantum thermo-
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magnetic effects in graphite are made, as well as
Shubnikov—-de Haas studies in pyrolytic graphite.
Temperatures range from 1.0 to 4. 2 K and fields
up to 10.3 T are used. Thermopower quantum os-
cillations have highly distorted line shapes, and
these are compared with various theories. The
Shubnikov-de Haas results are compared with the
theories of Adams and Holstein. " Sugihara and
Ono!® have calculated the positions in field for
Landau level crossings of the Fermi energy and
show that at high fields the crossings are not pre-
dicted by strict periodicity in inverse magnetic
field. Experimental and theoretical crossings are
compared for each of the observed effects.

II. THEORY
A. Kinetic Equations and Transport Coefficients

The linear relations between current density 3,
electric field E, negative temperature gradient
G, and heat current density w may be written!® as

E*:‘_E’. Jier. wx , (1)
L adiabatic
G=7'-J+vy - w*, (2)
or independently as
E*=p-J+c -G, (3)
N — o - isothermal
w*¥=—7-J+X* G, (4)

where E* is the measured electric field
E*=E-Vu/e, (5)
\;*=\;—u3/e, (6)

and i is the chemical potential. From (1) and (3),
when J is zero,

€'-w=¢€ -G, )

whe}'__e? is the isothermal thermoelectric tensor
and ¢’ is the adiabatic thermoelectric power.
Equation (2) shows that when J =0,

- .

G=y-w, (8)
SO

=€y, @)

(10)

SO
(11)

where X is the thermal-conductivity tensor.

In the present experiments, transport coefficients
were measured as a function of magnetic field
strength, temperature, and angle between the
magnetic field and the [0001] (“C”) axis of graphite.
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The specific coefficients measured were the yy

and yx components of the p, €, and y tensors. In
addition, the following coefficients were calculated:
oy, and o,, from

o=pt, (12)

A, and Ay, from (10), and €,, from (11). It is im-
portant to point out that the coefficient €,,, known
as the isothermal thermopower, is the negative
of the “absolute thermopower” or “thermopower”
S, defined by some authors, e.g., Ziman.? In
this paper we will use S for the thermopower, not

€yye

B. Adams and Holstein Theory for Oyy

Adams and Holstein!” calculate the electrical
conductivity o,, for the case of crossed electric
and magnetic fields for both degenerate and non-
degenerate solids. Pertinent to this paper is their
calculation of the conductivity for degenerate sys-
tems in the limit of large magnetic fields and low
temperatures. Their calculation is quantum me-~
chanical inthat a density-matrix formalism is used,
and the calculation considers various types of
scattering mechanisms.

At zero degrees o,, has infinite discontinuities
where the Fermi energy Ez and the Landau level
coincide. That is, when

Ep=m+y)iw , (13)

where #n is the Landau-level quantum number, ¥
is a phase factor, and the cyclotron frequency w
is given by

w =eH/m*c , (14)

where H is the magnetic field, and m* is the ef-
fective mass.

In this paper we compare experimental Landau
level crossings of the Fermi energy with a theo-
retical calculation by Sugihara and Ono. *® The ex-
perimental magnetic field values for crossings
essentially depend on the fundamental concept ex-
pressed above, 7 that at zero degrees the conduc-
tivity diverges at coincidence of E, and the Landau
level. At nonzero temperatures the divergences
become sharp spikes, and at higher temperatures
they become oscillations in magnetic field given

by

fiw \ V2% <~ 20°MRT
Oyy 033: (E*_F_) %‘; fiw

2 -1
y [Sinh<27erT ) ]
iw

onF

% -1/2
(27M) cos( 7

-5 -71M> ,  (15)
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where agy is the nonoscillatory part of o,,, and F
is the de Haas-van Alphen frequency, proportional
to the extremal cross-sectional area of the Fermi
surface perpendicular to the magnetic field. The
frequency F is related to E and w by F/H=Ez/lw.
Equation (15) shows that the conductivity oscillates
periodically in 1/H.

Adams and Holstein!? find that ionized impurity
scattering and scattering from acoustic lattice vi-
brations affect only the oscillation amplitudes and
not shapes. In this paper a major concern is with
the oscillation shapes and position in magnetic
field. In graphite, at temperatures between 1 and
4 K, the dominant scattering is expected to be from
ionized impurities in natural single crystals. 2 i}
pyrolytic samples Spain'® has suggested that addi-
tional scattering would occur at boundaries between
crystallites. It should be pointed out that even when
phonon scattering is not predominant, the Landau
levels can be thermally broadened, and as demon-
strated in this paper, this can strongly affect the
oscillation shapes and position in magnetic field.

In graphite the effective masses are so small®
that for fields above about 1 T, terms other than
the M =1 term in Eq. (15) become important, and
the oscillations become highly distorted. Another
important feature of Eq. (15) is that for low tem-
perature and high magnetic field the positions of
the extrema in o,, will shift. At T=0K, o,, dis-
continuities occur at coincidence of Er and the
Landau level. At higher temperatures the extrema
move to lower fields. It is also important to know
that o,, does not involve the sign of the charge of
the transport carrier. Thus oy, is a maximum at
coincidence of Er and a Landau level, independent
of whether carriers are electrons or holes.

The Adams and Holstein theory is for a spherical
Fermi surface, yet graphite has a highly distorted
Fermi surface. 3 This introduces a multiplicative
amplitude factor inversely proportional to the Fermi-
surface curvature. ® This does not affect the oscil-
lation shape or magnetic field values for peaks,
however.

Equation (15) assumes the Fermi energy is con-
stant. Sugihara and Ono'® show theoretically that
the Fermi energy changes by about 10% between
2 and 4 T and by more than 20% near 6 T. It can be
shown from the band-structure theory that this
shift in Er causes a shift in the fields at which Lan-
dau levels and E coincide. The present experiments
show that the n=1 electron Landau level crossing
is shifted to even higher fields than predicted by
Sugihara and Ono’s!® calculation. See also results
presented in Ref. 16.

C. Hall Conductivity Theory

Argyres!® calculates the Hall conductivity o,, con-
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sidering only elastic scattering (ionized impurity
scattering, for example) in the Born approximation.
The effect of both magnetic and electric fields on
the collisions is considered, and as Adams and
Holstein!” have done, he uses the density-matrix
formalism. For high-symmetry directions of the
magnetic field in graphite (e.g., parallel to the

C axis), o,,=- 0y, Where o, is the Hall conduc-
tivity. ! Under these conditions, Argyres’s cal-
culation shows that o,, has positive maxima at co-
incidence of Er and the Landau level for electron
carriers. For hole carriers o,, has negative ex-
trema at coincidence of € and the Landau level.
Thus Hall-effect quantum extrema, as a function
of field, depend on charge-carrier sign, while
conductivity extrema do not.

Horton? has used the density matrix to calculate
the Hall conductivity at low temperatures and high
magnetic fields. Horton’s results are valid for non-
zero temperatures and predict the same general
result as Argyres when temperatures are low:

o,y has negative extrema at coincidence of Er and
the Landau level for holes.

D. Quantum Thermopower Theory

In this section we present three approaches to
the theory of quantum thermopower in order to
compare their applicability to experimental ob-
servations.

1. Genevalized Mott Equation

The diffusion thermopower in the presence of a
magnetic field is given by® the generalized Mott
formula

S(H)=‘”kTP(H)'(BL(H—)>E (16)
F’

where .S’, ;, and o are field-dependent tensors.
The factor ¢ is positive for holes, negative for
electrons, and has the magnitude of the electron
charge. By definition!®?°

SH)=-<@) (17)

as given by Eq. (3). Equation (16) is a result of
the linearized Boltzmann equation with elastic
scattering and is therefore appropriate for ionized
impurity scattering in graphite. In graphite we
find experimentally

0] < loy (19)
and
|§g.zcy_[ « | 80y | (19)
oH 9aH '’

From symmetry,
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Oye=0yz=0g=0gy= 0;
thus,
5,,(M~TKT 1 (20, (20)
vy - 3q O'yv oF Ep :

From the Adams and Holstein theory'” for o,,, we
see that near coincidence of Er with a Landau level,

Sy (1°k2T/3qE£)07! | (21)

where 67! has positive spikes at coincidence of

Ep and a Landau level. Thus S,, will have positive
spikes for hole carriers (+¢) and negative spikes

for electron carriers. For 7T~ 2 K and above, the

spikes in graphite become rounded maxima. Close
to 4 K in graphite we find that S, is purely sinus-

oidal in 1/H.

2. Thermodynamic Theory for S,

To approximate the amplitude and line shape of
the spike-shaped oscillations which occur at low
temperature and high field, we tried an argument
discussed by Callen? and by MacDonald. % They
find that in a steady-state condition, and where
the Joule heating is small, the Thomson heat is
the specific heat of the electrons per charge, as
a first approximation. This assumes a revers-
ible process or “quasiequilibrium.” It then follows
that the thermopower S,, is

1 0Q(H)

Syy(H) = ==~

where N is the number of electrons and Q(H) is the
free energy of the system. Equation (22) was also
derived by Obratzof?® and others, 272 but they
assume that |o,,|> |o,,l, a condition we did not
find in graphite.

Lifshitz and Kosevich® have evaluated § for 7w
> kT. Using the Lifshitz-Kosevich expression for
f, and evaluating Eq. (22), we find

s - 2k (@)3/2 8%\ -1/2
W™ " gny \ ch (ak2 )

R P N

e"MxD
X STiLE Ag(MX)
M

(23)

where n, is the density of particles, A is the ex-
tremal cross-sectional area of the Fermi surface
perpendicular to the field, %, is the component of
wave vector parallel to the field, y is a phase fac-
tor normally equal to 3, g is a spin factor, and
Xp is the “Dingle” factor which accounts for col-

2rMF T TMgm*
X - F = TYEM
cos < ; 2 My I ) cos ;
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FIG. 1. A3(MX) plotted as a function of temperature
[Eq. (24)] for several M values, at 1 T. The effective
mass is 0, 04, appropriate for holes in graphite.

lision broadening of Landau levels. 30 The term
A4(MX) is given by

A4(MX)= (1~ MX cothMX)/sinhMX , (24)
where

X=2r%T/lw . (25)

The term A; is shown for graphite as a function of
temperature at 1T for M=1, 2, 3, 4 in Fig. 1.
From Fig. 1 and Eq. (23) it is obvious that the
factor A; determines the amplitude and harmonic
structure of the oscillations as a function of mag-
netic field and temperature. At low temperatures
and high fields the M=1 term in (23) decreases in
relation to the M =2, 3, etc., terms. This causes
a highly distorted oscillation shape at low temper-
atures and high fields. A plot of Eq. (23) with pa-
rameters applicable for majority-carrier holes in
graphite at 2K is shown in Fig. 2. This figure is
a plot of Sy, as a function of field, showing distorted
oscillation shapes at high fields. Equation (23)
predicts better than order of magnitude agreement
with experimentally observed amplitudes. However,
the shape of the distorted peaks is not correctly
predicted and this result will be discussed later.
It is important to present the thermodynamic, Ob-
ratzof, etc., theories because the present experi-
ments test the applicabilities of the assumptions
of these theories to graphite.

JOHN A. WOOLLAM 3

3. Horton Thevmopower Theory

As will be discussed later, the experimentally
observed distortion of oscillation peaks in thermo-
power is correctly predicted by a theory due to
Horton. 2 Scattering is assumed to be due to ran-
dom point impurities, and the calculation is for
free electrons. His final expression is similar
to Eq. (23) but contains a sum over both sin and
cos magnetic-field-dependent terms.

Figure 3 shows S,, from Horton’s theory plotted
at T=1.2K. The plot is for hole carriers and
there are higher + spikes than ~dips. A Dingle
factor [Eqs. (23) and (25)] was assumed, with T
=1.0K. As will be seen later, Fig. 3 has slightly
sharper spikes than the experimental results. From
a series of plots at higher and lower Tp, the Tp
for our samples is estimated to be on the order
of 1.5 K. Williamson® measured a 7, from de
Haas-van Alphen effect of 1.5+ 0. 1K for a similar
sample of pyrolytic graphite. This rough agree-
ment supports the use of a Dingle factor in Horton’s
expression.

Notice the highly distorted oscillation shapes
in Fig. 3. For the same parameters the de Haas—
van Alphen effect is not nearly as distorted. There
are two reasons for the high distortions in thermo-
power. First, the A;term shown in Fig. 1 causes
large “harmonic content.” That is, the inclusion
of many of the M terms in Horton’s theory is

Thermodynamic thermopower
Syy(H), (LV/°K)
o
T

I I N | [
S L0 L5 20 25 30 35 4.0
Magnetic field in tesla

FIG. 2. Theoretical thermodynamic thermopower
[Eq. (23)] plotted as a function of field at 2.0 K for hole
carriers in graphite.
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2\ ()" onF . ), 2 NTp/H
Seyx L5H 0 onf_ m
X § iz A"C"S(H 4>e

n

EAPTRANNE TR Ay sin<2_7'f - 11)
o112 o4

n

Horton theory
T=12°K
Tp=10°K

Theoretical thermopower
(arbitrary scale)

0 80 160 240 3.20 4.00 4.80 5.60
Magnetic field, H, T (1T = 10 ko)

FIG. 3. Theoretical Horton thermopower plotted as
a function of field at 1. 2 K for hole carriers in graphite.
Tp=1.0 K.

necessary. The second reason is that there are
two terms in his theory (see Fig. 3). At low fields
the sin term is larger, but at higher fields and low
temperatures the cos term causes significant dis-
tortion.

E. Energy-Band Structure of Graphite

We, as well as others, 2 have found that the prop-
erties of pyrolytic pressure-annealed graphite
approach the properties of natural single crystals,
and in discussing the band structure will assume
the two are the same.

In McClure’s notation, 31* the diagonal elements
of the effective-mass Hamiltonian for graphite are

E\=8+1T+3712,

31,

E,=A—y,T +% s T2 s (26)
E3=37, r2 s
where
I'=2cost¢ (27

and £ is the coordinate along %k, measured from the
point K in the Brillouin zone as shown in Fig. 4.
Figure 4 shows the Fermi surfaces which are
located along the Brillouin-zone edges HKH. %33
Whether the charge carriers at “A” and “B” are
electron or hole (one must be electron, the other
hole) is associated with the signs of the band pa-
rameters. These parameters are ¥, %3, Y2 73
Y1 Vs, 8, and Ep, which can be determined from
experiment. Magnetoreflection and de Haas—van
Alpl:en experiments have given the best values so
far®:

70=2.85:0.10eV ,

7,=0.31£0.02 eV ,

Yo=-0.0185 eV , -
v3=+0.29+0.02 eV | (28)
¥4=+0.18+0.02 eV , -
¥s=—0.0185 eV | -
A=+0.009eV , -
€x=—0.022eV . -

The signs of these coefficients were determined by
Schroeder et al., ® and the constants with arrows
change sign if the assignment of electrons and
holes is reversed (see Fig. 4). A direct and in-
dependent determination of signs is made from the
results of the present experiments as will be dis-
cussed in Sec. IVD.

In zero magnetic field the energy bands are de-
scribed, neglecting 7, by

E=1(E,+E3)+[4(E, - E)?+73(1 - v)?0?]/2 |

(29)
E=}(E,+Eq) £ [3(Ey-Eg)*+73(1+0)?0*]'/2,

where E,, E, and E; are given by Eq. (26). The
normalized radial coordinate, ® centered on the
HKH edge, for directions perpendicular to %, is
given by o, and v is given by

V= ‘)'41—'/')/0 s (30)

where T is defined by Eq. (27).
In Fig. 5, energy [from Egs. (26) and (29)]is
plotted as a function of the coordinate £ along the
k. direction for ¢=0. On the left in Fig. 5 the bands
are plotted with the old signs [the negative of those
indicated by arrows in Eq. (28)]. On the right in
Fig. 5 the signs are those indicated in Eq. (28).
With spin-orbit interaction included in the Ham-
iltonian, the tips of the “A” Fermi-surface sections
shown in Fig. 4 break into a separate tiny pocket

Kz ("C"

Minority carrier
pockets predicted
by SW theoryly

FIG. 4. Brillouin zone of graphite. The Fermi
surfaces (located along H, K, H) are labeled A and B.
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Vacuum .
line
Y 4 y
: N x

FIG. 5. Energy bands for graphite plotted against £,
the coordinate along k,. On the left side the old signs
of band parameters are used. On the right side the new £
signs are used. Magnetic

& Sample~' figld

i H arked. Thes

of carriers located at H as marked. Thege should FIG. 6. Experimental geometry. The coordinate

give rise to very-low-frequency de Haas-van Alphen

oscillations, 2'7+%

For an existing magnetic field, the energy levels
were derived by McClure®! and Inoue® based on
SW theory. For ;=0 the resulting secular equation

is approximately

E—E,( E-E, E-E
n+3)Q= 2 ((1—1})21 +(1+V)g >
{[E—-E, / E-E, E-E, \|® @ |2
i}[, 7 ((l-uﬁ perm )] +7T'% ’

(81)

where @ = 3a§7§ eH/2%ic, and a, is a constant. This
equation gives the energy levels as a function of
magnetic field and position £ along the edge HKH.

UI. EXPERIMENTAL

Three different magnets were used for the pres-
ent investigations: an 18.5-T liquid-neon-cooled
“steady-state” solenoid, % a 10. 5-T superconduct-
ing solenoid, and a 4.0-T transverse split-pair
superconducting magnet. The last magnet was used
when measuring thermoelectric power as a func-
tion of angle between the magnetic field and the
graphite C axis. For the 10.5- and 4. 0-T magnets,
field measurements were accurate to within 0. 2%.
The samples were highly ordered pressure-annealed
pyrolytic graphite. The distribution of directions
of C axes of the various crystallites was measured
by x-ray scattering to be on the order of less
than 2°. Transmission-electron-microscope studies
found typical grain size to be about 10 udiam. The
ratio of electrical resistance at 300K to that at
4, 2K was 1.5 for sample PG 3, 9 for PG 4, and
9.5 for PG 5. By comparison, natural single crys-
tals have had ratios ranging from 12 to 37.°

The sample geometry is shown in Fig. 6. For
pyy and p,, measurements, electric current flows
along the sample length (+y direction) perpendic-
ular to the magnetic field and voltages are re-
corded. The measured electric fields are E* and

system defines components of tensors. The Z direction
is defined by the magnetic field. The Y direction is
defined by sample length and current flow.

from Eq. (3),

>

E*=p - J, (32)

when there are no temperature gradients. For
adiabatic-thermopower €;, and Nernst- -Ettingshausen
€,, measurements, a constant heat flow w is main-
tamed in the sample and Eq. (1) shows, when J=0,

E*=¢'-w (33)

To measure the thermal-resistivity-tensor com-
ponents, Eq. (8) is used,

- e

G=vy '\_IV’,

where G is the negative-temperature-gradient vec-
tor. To calculate the tensor elements of the iso-
thermal thermopower €, we use Eq. (10)to ob—
tain X from v, and Eq. (11) to obtain € from €’
Voltages are measured with a dc nanovoltmeter
and recorded against magnetic field or angle on an
x-y recorder. Temperature gradients are mea-

L1I°K 687 7.47
|

o

Resistivity, Pyy ohm-cm

Hall Resistivity , Pyx s Scale X 38
... __b\

1 1 1 1
Magnetic field, T

FIG. 7. Magnetoresistance p,, and Hall resistivity
oy, Plotted as a function of field at 1.1 K, for sample
PG 5. p,, has been magnified 38 times in order to show

detail, 1 T=10 kG.
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FIG. 8. Oscillatory part of magnetoresistance plotted
as a function of field at 4.2 and 1.1 K. Landau level
crossings of Ep marked in T.

sured with an ac wheatstone bridge. Evanohm is
used for heater wire to supply the constant heat
current w. The power from an Evanohm heater was
shown to change by less than 2% in going from 0 to
18.5T. 38

1IV. EXPERIMENTAL RESULTS

A. Magnetoresistance

In Fig. 7 the magnetoresistance p,, and Hall re-
sistivity p,, are plotted as a function of field to 10
T at 1.1K. We find experimentally that p,,<p,,
and that quantum oscillations are obvious in both
quantities. Using Eq. (12) for fields parallel to
the high-symmetry C axis,

Oyy = pw/(pfw +p§x)z l/pw . (34)

Thus, maxima predicted by the Adams and Holstein
theory!'” for o,, result in minima for p,, when Lan-
dau levels coincide with the Fermi energy. Since
UN y = 1/p:w ’

byvoc ay;v (Ogy)z ’ (35)

TABLE 1. Comparison of kole majority-carrier ex-
trema for Landau level crossings of Ep with predictions
of Sugihara and Ono’s theory (Ref. 18). The table rep-
resents data from all samples (fields in T, 1 T=10 kG).

‘Holes

Theoretical
field position

Landau (Sugihara & Thermopower Resistance Oy

level Ono) maxima minima minima
1 3.6 3.63 £ 0.02 3.33+£0.02 3.64 0.1
2 1.99 1.97 % 0.03 1.88+0.02 1.94 +0.04
3 1.42 1.39+0.02 1.33+0.02 1.39+0.02
4 1.10 1.08 £ 0.03 1.0140.02 1.11+0.05
5 e 0.88 +£0.03 0.83+£0.02 0.86=0.03
6 0.75 £ 0.03 0.72+0.03 0.7540.03
7 0.64 +0.03 0.60+0.03 0.63 «0.02
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TABLE II. Comparison of electrorn majority-carrier
extrema for Landau level crossings of Ep with predictions
of Sugihara and Ono’s theory (Ref. 18). The table repre-
sents data from all samples (fields in T, 1 T=10 kG).

Electrons
Theoretical
field position
Landau (Sugihara & Thermopower Resistance Oy
level Ono) minima minima maxima
1 6.4 7.68 7.6 7.4
a £0.05 a 0.1 , £0.1
7.0 6.92 7.2 6.8 71 6.8
+0. 05 +0.1 +0,1
2 2.95 2.98+0.02 3.0+£0.05 3.0 x0.5
3 1.95 e 1.86+0.02
4 1.54 1.50+0.02
5 . 1.22+0.02

2Spin-split Landau level.

where p,, means the oscillatory part of the resis-
tivity. From Eq. (15) for the oscillatory conduc-
tivity,

1/2 2 2 -1
5w@p3y(@) 5y 2°MET Sinh(zn MET )

Ep M w fiw

X(21rM)'”2008<— 7 —Z—wM

In Fig. 8 experimental results of the oscillatory
part of the resistivity are plotted as a function of
field to 4T. At 4. 2K the oscillations are undis-
torted up to nearly 2T, and the oscillations are
described by the M =1 term in (36) for low fields.
At 1. 1K the oscillations are spike shaped and the
minima shifted to higher fields. It takes more than
the M =1 term in (36) to describe the oscillations.
In the limit of very low temperature and highly
ordered crystals, the resistance minima would be
very sharp and drop nearly to zero as follows from
the Adams-Holstein theory. "

The field values for resistivity minima occurring
at coincidence of Ez and Landau levels are pre-
dicted by Sugihara and Ono. !® These are listed in
Tables I and II for the quantum numbers #» for the
hole carriers and electron carriers, respectively.
The resistivity minima from Fig. 8 for 1.1K are
also listed. As expected from the theory (Sec. IIB)
the resistance minima occur at slightly lower
fields than Landau level crossings. Included in the
table are the minima near 7T shown in Fig. 7.

At 1. 1K the weak 7 =2 minimum due to the elec-
tron carriers is visible (Figs. 7 and 8) at 3T. The
double minima near 7T for the z=1 electron car-
riers is double, due to spin splitting of the Landau
levels. !® This splitting will be discussed in Sec.
IDE. The de Haas~van Alphen period of the minima
in Fig. 8 is 0.206+0.005T",
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B. Hall Coefficient

Figure 9 shows a plot of resistivity p,,, Hall
resistivity p,,, and Hall conductivity calculated
from experimental p,, and p,, using Eq. (12). The
positions of extrema in all three quantities are
marked by field value and Landau quantum number.
As discussed in Sec. IIC, Argyres!® predicts that
maxima will result in o,, when Landau levels for
electron carriers cross Ep, and minima will re-
sult when hole levels cross Er. In Fig. 9 o,sz is
plotted rather than o,, in order to best observe ex-
trema, and has a (spin-split) maximum at 7 T,
and maxima at 3.0 and 1.8T. This series of ex~-
trema is thus due to electron carriers. Also,
0,,H? has minima at 3. 64 and 1.94 T and this
series is due to hole carriers. The field values
correspond to crossings of Landau levels predicted
by Sugihara and Ono!® and these are listed in Table
I for holes and Table II for electrons.

By comparing the o,, extrema with resistance
minima and Sugihara and Ono predictions, we find
that o,, minima belong to the de Haas—van Alphen
series with period 0. 205+ 0. 005T™ . Soule, McClure,
and Smith® have shown that this de Haas—van
Alphen period belongs to the Fermi-surface section
marked A in Fig. 5. This frequency assignment
is also predicted by the SW band-structure theory.
Thus the Fermi-surface sections at “A” in Fig. 4
are hole-type carriers.

The o0,, maxima, when compared with Sugihara
and Ono’s predictions (Table II), are part of the
de Haas—van Alphen series withperiod 0.16+ 0.01 T*!
and located at K in the Brillouin zone (Fig. 4).

The Fermi-surface section B in Fig. 4 is thus the
electron section. Sugihara and Ono’s theory is
within experimental uncertainty for all data except
for the n=1 (spin-split) electron level near 7T.

C. Thermoelectric Power and Thermal Conductivity

The adiabatic coefficients are experimentally

n = 1Electron

n=3 Spin +
Electron n =2

~n=2

Spin -
Electron |

Arbitrary scale

Magnetic field, T

FIG. 9. Representative data for the Hall resistivity,
magnetoresistance, and Hall conductivity times H?,
plotted as a function of field at 1.1 K for sample PG 5.
Landau level crossings of Ep are marked in T.
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measured, but the isothermal coefficients from
Eq. (1) with J=0 must be calculated in order to
compare with theory:

E*=¢'-w, (37)
so with w in the y direction,

Ey=eyu,, (38)

B =€wy . (39)

The coordinate convention is shown in Fig. 6. The
magnetic field is maintained along the z direction.
From Eqgs. (38) and (39) above, a measurement of
E, with constant w, gives €, the adiabatic thermo-
power, and E, gives €;, the adiabatic Nernst-Et-
tingshausen coefficient. To obtain the isothermal

€ tensor we use Eqs. (10) and (11). For fields
along the C axis of graphite, the thermal-resistivity
tensor is

Yy Yy O
Y = | =% Y O ; (40)
0 0 v,
and
Ny ="y /(Y2 +72) (41)
(42)

Ayx= ny(ysy + 7’33:) .

Experimentally we find 7,, <v,, for all ranges of
magnetic field; thus

)\wg 1/')/”, ’
~ 2
Ayx‘ ny/ Yoy < Ayy .

The amplitude of Nernst-Ettingshausen-coefficient
oscillations was found to be up to eight times larger
than the thermopower. Since we found v,,> 507,,

it follows from (10) and (11) that

(43)
(44)

€™ €>’w/yw . (45)

We have measured 7,, as a function of field to 10 T
and find that it “saturates” to a constant value after
increasing for about 0.1-0.2 T. This saturation
is due to a “freezing out” of thermal conduction by
electrons. As the field increases, conductivity by
electrons decreases until it is unimportant com-~
pared with lattice conduction. Lattice conduction
is independent of field. We did find very weak
quantum oscillations in the thermal resistivity in
the saturation region of magnetic field. These were
in phase with the electrical resistivity oscillations,
and were attributed to electronic conductivity os-
cillations and nof to phonon scattering from quan-
tized electron states as was found for antimony. %

Since v,, is independent of field, Eq. (45) shows
that

€, (H)x €] (H) (46)
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FIG. 10. Thermopower plotted against field at 1.1 K
for sample PG 4. Landau level crossings for both elec-
tron (spin-split) and hole carriers are marked.

at a fixed temperature. In Ziman’s® notation for
thermopower,

Syy=—€y. (47)

In Fig. 10 the thermoelectric power of sample
PG4 (resistance ratio 9) is plotted as a function
of field to 10 T. The field values for electron and
hole extrema are marked, as well as the quantum
numbers associated with each peak. In the theory
(Sec. IID) it was concluded that sharp positive
peaks result from hole-carrier Landau levels
crossing Er. The series 3.63 T, 1.96 T, etc.,
are thus due to hole Landau levels crossing Ex.
They have a de Haas-van Alphen period 0. 206
+0.007 T-'. As discussed earlier, this period
originates from the Fermi-surface section marked
A in Fig. 4. The A surface is thus a hole surface.
The minima seen in Fig. 10 at 7 T (spin split) are
due to electron Landau levels crossing Er and
show that the Fermi surface B in Fig. 4 is for
electrons. This assignment of electrons and holes
agrees with our Hall results. We have thus pro-
vided two independent and direct experiments to
confirm the assignment of electrons and holes in
the Brillouin zone. This assignment agrees with
the Schroeder et al.® results.

When the thermopower of sample PG 5 (resis-
tance ratio 9.5) is plotted as a function of field,
the data are the sharpest of the three samples.
The same assignment of electrons and holes in the
Brillouin zone results as with PG 4. An interesting
part of both the PG 5 and the PG 4 data (shown in
Fig. 10) is the line shape of the oscillations. The
trace, as a function of increased field, rises rapid-
ly and flattens on the high-field side. The thermo-
dynamic theory presented in Sec. IID 2 predicts the
flattening first, and the sharp drop on the high-field
side as shown in Fig. 2. The same is true for the
theories of Obratzof?® and others. ?"*2® However,
the theory of Horton predicts the observed line
shape, as shown in Fig. 3. This lends support
to Horton’s theory.
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The observed spikes in thermopower occur at
fields close to those predicted by Sugihara and Ono.
The major exception is the spin-split n=1 electron
level centered near 7 T. This has a (spin-split)
peak at a higher field than predicted. All of the ob
served crossings of Landau levels at E are listed
in Tables I and II and compare favorably with Sugi-
hara and Ono’s theory.

In sample PG 3 (resistance ratio 1.5) we studied
the oscillation periods (P=1/F). For the electron
carriers the de Haas—van Alphen period is 0.155
+0.005 T-! for field parallel to the C axis. These
oscillation periods were studied over a wide range
of angle between the field and the C axis and domi-
nated at low field and low temperature. At 4.2 K,
oscillations from the kole Fermi surface dominated.
Parallel to the C axis this period was 0.208 +0.008
T-!. In Fig. 11 the electron and hole (majority-
carrier) periods are plotted as a function of angle
between the field and the C axis. The solid lines
are from the natural-single-crystal data of Soule,
McClure, and Smith (SMS).® The electron (lower-
curve) period found in PG 3 was slightly higher than
the SMS results, but experimental errors overlap.
The period -against-angle data of Fig. 11 are char-
acteristic of a nearly cylindrical Fermi surface, and
SMS found the ratio of areas for the hole surface to
be

A(90°)/A(0°)=12.1 (48)

in natural single crystals. A (0°) is the extremal
cross-sectional area of the Fermi surface for field
parallel to the C axis, and A (90°) is for field per-
pendicular to C. Within experimental error we find
natural single crystals and pyrolytic graphite have
identical areas for both electrons and holes out to
£70° from C.

D. Consequences of Electron and Hole-Carrier Assignment
to the Energy-Band Structure

Previous to the work of Schroeder, Dresselhaus,
and Javan, & the energy bands were as shown on the
left in Fig. 5. The parameters 7,, ¥s5, and E, were
positive, and v, and A were negative. As shown on
the right in Fig. 5, when electrons are located near
the center of the zone edge (£=0), the coefficients
7; and Ep reverse sign. Our quantum-Hall-effect
and thermoelectric-power results confirm that
holes are at A and electrons are at B, as shown in
Fig. 4. This makes ¥, and Ey negative. From (26),
E, then has negative values. The McClure-Inoue®" %
equation [Eq. (31)] can still be satisfied if the signs
of A, v,, and ;5 are reversed. From (26),

E, becomes —E, ,
E, becomes —E; , (49)

E; becomes —E; .
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FIG. 11. de Haas—van Alphen period P plotted as a

function of angle between the field and the C axis for
majority carriers in sample PG 3.

In (31), replace Ey by —E,, E, by — Ey, E; by —E,,
and E by — E, and the equation is unchanged.

E. Spin Splitting

Spin splitting of the n=1 electron Landau levels
is observed in the magnetoresistance (Figs. 7 and
9), the Hall coefficient (Figs. 7 and 9), and the
thermopower (Fig. 10). For all of these the sep-
aration of peaks is between 0.6 and 0.7 T. This
is further confirmed by the observation of very
nearly the same magnitude for splitting in three
different pyrolytic-graphite samples. In a natural
single crystal we have recently observed splittings
in the n=1 and n =2 electron levels and in the n=1
hole level.!® If g is exactly 2.0, as for free elec-
trons, then the splitting in field for the n=1 elec-
tron crossing at 7 T would be approximately AH
=~ (.36 T if all Landau level crossings of E; were
periodic in inverse magnetic field. The observed
splitting in the pyrolytic samples is AH~ 0.6 T and
much of the increased splitting, over that corre-
sponding to g=2.0, is due to the very rapid varia-
tion of the Fermi energy with magnetic field. The
measured g factors and sg)in splittings are discussed
further in another paper. 8

JOHN A. WOOLLAM 3

V. CONCLUSIONS

The major findings of this study are the following:
(a) Carriers marked A in Fig. 4 are holes and
those marked B are electrons. This assignment
is made from Hall effect and independently from
the thermopower quantum resonances. (b) The
theory of Sugihara and Ono is within experimental
uncertainty of predicting the observed positions of
Landau level crossingsof Ep. The one exception
is the n=1 electron level which is found higher in
field than predicted. (c) Adams and Holstein’s
theory for the resistance of a degenerate conductor
in a strong magnetic field is correct in predicting
sharp maxima for o,, at the coincidence of a Landau
level and the Fermi energy for both electron- and
hole-type carriers. Shifts of peaks to lower fields
at higher temperatures are observed. (d) A theory
of Horton appears to predict the correct line shape
of quantum oscillations in the thermopower at high
fields. A Dingle temperature of 1.5 K gives a good
fit between Horton’s theory and experiment. Other
theories were found not to satisfactorily explain ex-
perimentally observed wave shapes. (e) We have
made the first observation of spin splitting of Landau
levels in graphite. The n=1 electron Landau level
is spin split by 0.6-0.7 T at 7 T. This provides a
measure of the spin-orbit splitting at the point K in
the center of the Brillouin-zone edge. (f) The
thermal resistivity saturates to a constant value in-
dependent of magnetic field strength for fields above
about 0.2 T. (g) Pyrolytic and natural single crys-
tals produce the same de Haas-van Alphen frequen-
cies as a function of angle between the field and the
C axis. This lends support tc the use of the single-
crystal band theory for pyrolytic samples.
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The optical transitions above the threshold of the uniaxial crystal bismuth telluride have been
investigated by means of electroreflectance over the energy range 1-5.5 eV using an electro-

lyte to produce electric fields at the surface.

Both near-normal and oblique incidence measure-

ments were made using light polarized under different orientations of the electric vector with
respect to the ¢ axis. The combination of these techniques permitted an unambiguous identifi-
cation of the symmetry of the critical points and yielded the precise polarization dependence

of the transitions, The broad electroreflectance spectra of bismuth telluride have been under-
stood and analyzed in terms of strongly lifetime-broadened Franz-Keldysh tunneling. A corre-
lation, although preliminary, has been attempted with the band structure of this material.

I. INTRODUCTION

Recent theoretical and experimental papers
have raised new interest in the optical properties
of bismuth telluride and of other rhombohedral
crystals of the homologous group, bismuth selenide
and antimony telluride.

Besides the early work of Lee and Pincherle, !
based upon an augmented-plane-wave (APW) calcu-
lation of the band structure of bismuth telluride,
two more theoretical works appeared which made
use of the pseudopotential approach. Borghese and

Donato? have evaluated the band structure of bismuth
telluride at the high-symmetry points of the Bril-
loiun zone including the spin-orbit interaction, and
have tried to interpret the reflectivity spectra of
Greenaway and Harbeke® and to check the galvano-
magnetic data of various authors. Their results
agree with the six-valley model for both conduction
and valence bands, 7 but their interpretation of the
high-energy optical transitions differs remarkably
from that given by Greenaway and Harbeke,

More recently Katsuki® calculated the band energy
also along lower-symmetry lines and on the reflec-



