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Results on quantum magnetothermal oscillations in graphite acceptor compounds, Cg, (HNO,) s = 2,3,4 are
presented, including de Haas—van Alphen frequencies and effective masses. The frequency spectrum is different for
every stage. Combination frequencies are present in every case and are attributed to magnetic breakdown. The
interpretation is based on and confirms the independent two-dimensional zone model of the graphite acceptor
compounds. A combination of the band-structure calculation of Blinowski and Rigaux and the folding of these
bands in the Brillouin zone of the intercalate compound is used. This gives good agreement for the Fermi surfaces
and the effective masses. Numerical values are given for the band parameters. Extra parameters are introduced in
order to explain the results. For the second stage a charge-transfer ratio of f = 0.6 and a Fermi-level shift of 1.08 eV
are found. For the third stage 99% of the excess charge is localized in the carbon layer adjacent to the intercalate.
The electrostatic energy difference between this layer and the inner one is found to be 2e = 1.4 V.

I. INTRODUCTION

The graphite acceptor compounds (GAC) ob-
tained by the intercalation of various molecules
such as halogens or acids in graphite have two
remarkable properties: a metallic character in
the layer planes and a very large anisotropy. The
metallic character is shown by the presence of a
deep plasma edge in the optical reflectivity! as
well as by the linear variation of the in-plane
resistivity versus the temperature T in the room-
temperature domain,? The latter fact is consistent
with scattering by acoustic phonons. At lower
temperatures a T2 variation has been claimed?
which should be related to the 2D Fermi surface
(FS) (Ref. 4) of the GAC that we have proposed.>®
At still lower temperatures the electrical con-
ductivity saturates as is expected in a metal from
scattering by static defects.

If one compares the GAC with pristine graphite,
a double aspect has to be mentioned. The inter-
calation of an acceptor molecule not only increases
strongly the in-plane electrical conductivity [up to
a factor of 20 for AsF; (Ref. 7)] as can be ex-
pected from the enhancement of the carrier den-
sity, but at the same time the c-axis conductivity
is strongly lowered [up to a factor of 50 for AsF,
(Ref. 7)]. This gives in the conductivity a very
large anisotropy, e.g., 2.7x 108 for AsF; at room
temperature which is 10° times the anisotropy of
graphite.

The origin of the special electronic properties
of the GAC is the charge transfer which occurs
between the graphite and the intercalate during
the intercalation process, in which electrons are
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transferred from the graphite to the intercalate
leaving holes in the graphite layers, The number
of carriers transferred is characterized by the
charge-transfer ratio f, defined as the fraction
of the intercalate molecules which are ionized,
f=1 meaning total ionization. For the nitric acid
which accepts a maximum of one electron per
molecule the number of electrons transferred by
the HNO; molecule is f; but for the bromine mole-
cule which can accept a maximum of two electrons
this number is 2f. Although the parameter f is
very important, it is difficult to measure, and
widely dispersed values have been given in the
literature., For example, estimates of f between
0.01 and 1 have been given for the bromine GAC.?
The origin of these discrepancies is the lack of
methods for direct determination of f, the esti-
mates depending on the model used to interpret
the experimental results. However, recent results
use 2D models for the GAC and give a rather
realistic value of f. Weinberger et al.® have mea-
sured the magnetic spin susceptibility of C&,Ast
by electronic and nuclear magnetic resonance,
From the value of the density of states at the
Fermi energy they have deduced f=0.24 for the
first stage and f=0.48 for the second stage.
Rosenman et al.® have proposed for the dilute

Br, GAC a value of f=0.5, obtained from the
study of magnetothermal oscillations using a

2D Fermi-surface model. More recently Blinow-
ski et al,!” interpreted their optical reflectivity
experiments with a 2D model made of s graphite
interacting layers differently charged. They found
for second-stage compounds values of f from 0.3
to 0.5.
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Another aspect of the charge transfer is the
distribution of the holes among the different
graphite layers. This problem is closely related
to the electronic structure of the GAC. The first
model proposed for the electronic structure of the
GAC was the rigid-band model (RBM) of Dressel-
haus et al.,!! based on the 3D bands of pure
graphite. In this approach the only effect of the
intercalation is to shift the Fermi level accord-
ing to the density of carriers.- This model implies
a uniform charge distribution in the sample. One
of its consequences is that the FS of the GAC
should vary continuously as a function of the in-
tercalate concentration. We have shown® in the
dilute bromine GAC that this is not the case, as
the de Haas-van Alphen (dHvA) frequencies are
independent of the intercalate concentration. This
result rules out the 3D RBM and means that in a
GAC the carbon layers are differently charged by
the free carriers and give different contributions
to the electrical conductivity.!? The first authors
to draw attention to screening effects were Spain
and Nagel!? who estimated the screening length
along the ¢ axis from the value of the Fermi vec-
tor in pure graphite. They found A=5 A. Batallan
et al >® proposed complete charge screening be-
tween the carbon layer adjacent to the intercalate
and the next carbon layer, using a 2D FS in order
to explain their results. A numerical estimate® in
the case of Br, gives an upper limit of 1 A for the
screening length. Pietronero et al,!* computed
the screening effects within the Thomas-Fermi
approximation and found that the charge density
falls by one order of magnitude between the adja-
cent carbon layer and the next carbon layer.

Shieh et al.!* have studied the optical reflectivity
in the HNO; GAC. They have found that there is
no Burstein- Moss shift within the second-nearest
carbon layer, This means a complete screening
by the two adjacent carbon layers.

It is very important to take into account the
screening effects in the determination of the elec-
tronic structure of the GAC. Rosenman ef al.®
have recently proposed a very simple model for
the electronic structure of the “dilute” GAC: the
modulated electronic structure (MES). The MES
was based on the results of magnetothermal os-
cillations (MTO) in dilute bromine GAC. They
have found that in this case the FS is independent
of the intercalate concentration: the FS includes
that of 3D graphite and a new 2D FS, The MES
is thus composed of an alternating sequence of
zones of low and high free-carrier density. They
have defined the latter as a 2D metallic sandwich
(MS) made up of the intercalate layer and the two
adjacent carbon layers. The 2D MS was described
within the nearly-free-electron (NFE) approxima-

tion. This made it possible to explain most of the
dHvVA frequencies when the effects of magnetic
breakdown of the primitive NFE orbits were in-
cluded. The remaining frequencies were explained
by the presence of an incommensurable charge-
density wave stabilized by the saddle points in the
2D FS.1

In this paper we present a detailed study of the
MTO in the low stages of nitric acid GAC. We have
investigated stages 2, 3, and 4 of the residual
variety of HNO; GAC (Ref. 16) in order to study
the electronic structure of the low-stage GAC’s.

To understand our results we must take into ac-
count not only the adjacent carbon layers but also
other carbon layers surrounding the intercalate.
A brief report of the experimental results has
been given elsewhere, 1718

Section II describes the HNO; GAC and some of
their properties. In Sec. III we present the ex-
perimental technique., Section IV is devoted to the
results. In Sec. V we discuss some general as-
pects of these results. In Sec. VI we describe a
2D model of the electronic structure of the GAC.
In Sec. VII we give a detailed discussion of the
second-stage GAC and we give numerical values
for the band parameters of the FS and effective
masses; we also extend the model of Blinowski
and Rigaux in order to introduce new coupling
parameters neglected by these authors. In Sec.
VIII we briefly discuss our results for stages 3
and 4. Section IX is devoted to the conclusion.

II. GRAPHITE NITRATES

Two varieties of graphite nitrates!® exist;

The normal graphite nitrates (NGN) of composi-
tion C;,HNO; and of stages s=1,2,3,4,.... Their
interplanar distance is 7.80 A.

The “residual” graphite nitrates (RGN) of com-
position CgHNO; and of stages s=2,3,4,....
Their interplanar distance 6.55 A is smaller than
that of the NGN from which they are obtained.

The NGN are prepared by the method of the
“two-boules tube” by intercalating the HNO, in
vapor phase, The different stages are obtained
by monitoring the intercalation with iz sifu x-ray
diffraction. The graphite is maintained at room
temperature whereas the nitric acid, which de-
fines the vapor pressure in the tube, is at a tem-
perature between —20 °C and 20°C. The NGN are
then placed under a current of dry air or nitrogen
for a week at room temperature, resulting in the
RGN. The samples are controlled by measuring
the mass, the thickness, and the electrical re-
sistivity as well as by x rays. The RGN are par-
ticularly stable at room temperature (for at least
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several months). This has been checked both by

x rays and by the study of MTO where we have
found exactly the same results after several
months on the same samples. The samples that
we use are thin discs, of ¢ *4 mm and a thickness
of 0.2 mm, of highly oriented pyrolytic graphite
(HOPG).

We studied five different RGN samples: two of
stage 2, one of stage 3, and two of stage 4. The
mass of the samples was in the range of 3 to 4
mg.

II. EXPERIMENTAL ASPECTS
A. Magnetothermal oscillations

The magnetothermal oscillations (MTO) are
quantum oscillations of the temperature versus
the magnetic field in a metallic sample at low
temperature and high magnetic field under adiabat-
ic conditions. The origin of these oscillations is
the quantization of the electron gas in Landau
levels in the presence of a magnetic field.

The MTO are given by the formula!?

6T = Z D, (T,B, 6)sin 3”—%@ , (3.1)
nn

where 07 is the oscillatory part of the temperature
T, B the magnetic field, 6 the angle between the ¢
axis of the sample and the magnetic field, and F,
the dHvA frequency. This frequency is related to
the extremal cross section of the FS perpendicular
to B by the Onsager relation

x

F‘(e):2ne

A 9). (3.2)
There are as many values of 7 as extremal cross
sections in the FS, As in the well-known dHvA
effect, harmonic frequencies nF,; are also present,
The amplitude of the oscillations corresponding to
a given FS cross section is given by the formula

T [2%4,(6)\"1/2
2un®:8,0= 1. 5 (5

« exp<_ Amgl. (0)T, )L<Anmé(9)T) ’

3.3)

where Cg4(T) is the specific heat of the sample,
m, the effective mass in units of free-electron
mass m,, T, the Dingle temperature, A a numeri-
cal constant, »=14.69 tesla/K, and

x coshx — sinhx
- .sinh% : (3.4)

L(x)

The Dingle temperature T, is related to the
average orbital relaxation time 7; by

T,=h/2TkgT,. (3.5)

As is shown in (3.3) the apparent effective mass
corresponding to nF; is nm,.

We use the MTO as a spectroscopic technique.
The dHvVA frequencies give the extremal cross
sections of the FS. The effective masses and the
Dingle temperature are obtained from the varia-
tion of the amplitude D, versus the magnetic field
and the temperature, according to formula (3.3).
From the angular variation, one determines the
shape of the FS.

B. Experimental setup

We have used standard low-frequency field
modulation® at 11,1 Hz to measure the MTO, The
main field was produced by an 80-kOe supercon-
ducting coil and was varied such that 1/B was
proportional to time, Temperatures down to 1 K
can be obtained. Thermometers of the type de-
scribed by McCombe and Seidel?! were used.

They were made of slices of Allen Bradley # -W
6.2-kQ resistors., These discs of ¢ =1.5 mm
were carefully polished to a thickness of 0.2 mm
and then gold-plated by evaporation. The current
leads were made of rf;-mm diameter Constantan
wire and attached to the discs by gold paint. The
thermometers were glued by silicon grease to a
small plate (0.15 mm thick) of quartz, a very good
thermal conductor at liquid-helium temperatures.
The quartz was glued with GE 7031 varnish to the
top of a hollow graphite column which served as a
thermal insulator and was mounted on a fixed or
rotating sample holder. The samples were glued
by Voltalef? grease to the quartz plate. The whole
system was in loose thermal contact with the
pumped helium liquid by introducing helium gas
(0.1 to 0.01 Torr) in the sample holder, The
thermometer had a resistance of approximately
50 kQ at 4.2 Kand 8 M2 at 1 K. The power dis-
sipated by polarizing the thermometers was in the
range of 10~ W, Analysis of the MTO data was
made in two steps. We first obtained a Fourier
power spectrum in order to get the dHVA fre-
quencies; then a numerical filter program using
the method of Kaiser and Reed? allowed us to
select the amplitude-versus-field variation of a
given dHVA frequency and to obtain the corre-
sponding effective mass. When it was necessary,
analog filtering was done before data acquisition.
Care was taken to eliminate the effect of unknown
heat capacity of the sample holder which is in
thermal contact with the sample (e.g., quartz
plate, grease, etc.). This was done by dividing
the amplitudes at two different magnetic fields at
the same temperature. Then the effective masses
and the Dingle temperatures were given by the
variation of the amplitude ratio with temperature
or magnetic field,
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IV. EXPERIMENTAL RESULTS

We studied the frequencies, the effective
masses, and the Dingle temperature for the c-
axis direction, Typical results are shown in Fig,
1 in which parts (a) and (b) represent the MTO ob-
served in a second-stage HNO; GAC before and
after analog filtering; parts (c) and (d) represent
the respective Fourier transforms (FT). The
analog filtering allows us to increase the signal-
to-noise ratio for the determination of the effec-
tive masses. Figure 2 shows the MTO and the
corresponding FT for stage 4. The differences
from stage 2 are clear,

The dHVA frequencies and the effective masses
found are the same for samples of the same stage;
however, the Dingle temperature is sample de-
pendent, In Table I we summarize the results ob-
tained for the c-axis direction. The frequencies
are between 50 tesla and 1200 tesla and the effec-
tive masses are between 0.1m, and 1.5m,. The
frequencies are measured within 3%, The errors
in the determination of the effective masses may
be high because of the small amplitudes of the
FT relative to the noise and the presence of a
great number of dHvVA frequencies in a small
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range. The conclusion of these results is that
although they remain in the same range, the fre-
quencies are different from one stage to another,

We were able to study the angular variation of
only the lowest frequency of the second stage up
to 35° from the ¢ axis, We were limited to 35°
since the variation of the mass in this range al-
ready divided the signal by 1000 relative to that
along the ¢ axis. This brings the FT amplitude to
the noise level. This variation which is repre-
sented in Fig. 3 fits well with a cylinder, i.e., a
2D Fermi surface. But it should be mentioned that
any ellipsoidal FS of anisotropy greater than 10
would fit as well the observed variation, owing to
the precision of the measured dHvA frequencies,
the latter being limited by the low number of os-
cillations which has been observed.

Let us now look in more detail at the different
stages. For the second stage we have a main fre-
quency a of 235 tesla. The corresponding effec-
tive mass is 0.15m;,. We also observe the har-
monics 2a and 3a. The effective mass of the 2a
frequency is twice that of the effective mass of the
a frequency in agreement with the MTO theory
(Sec, IITA). All the other frequencies except the
frequency at 630 tesla form an arithmetic series
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FIG. 1. Typical MTO results for the second-stage HNO; GAC: (a) and (b) MTO before (a) and after analog filtering.
(c) and (d): the corresponding Fourier transforms [(c) for (a) and (d) for (b)].
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FIG. 2. MTO results for the fourth HNO; GAC: (a)
MTO and (b) Fourier spectrum.

of argument a.

For the third stage the main frequency, labeled
B, is 421 tesla. The corresponding effective mass
is 0.37m,. We have also observed three other
frequencies which form an arithmetic series. The
difference between successive terms is the fre-
quency B. There is also an isolated low frequency
y of 40 tesla and its harmonic 2y.

For the fourth stage the dHvA spectrum is rather
complex, The main frequency labeled o is 109
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tesla with an effective mass of 0.20m,. We have

also observed 2a. All the other frequencies can

be ordered in two families obtained by adding na

to the fundamental frequencies B and y of 300 and
351 tesla which have the lowest effective masses:
0.30m, and 0.15m,, respectively. The labeling of
the frequencies is described below (Sec. V).

We measured Dingle temperatures T; of some of
our samples. We found that T, for a given sample
is the same for all the orbits (within the experi-
mental error) but varies from one sample to
another for a given stage. The latter point arises
from the fact that the scattering is dominated by
static defects at liquid-He temperatures. T,
changes when a given sample is cycled from room
temperature to 4.2 K if the temperature is lowered
at different rates. This should be associated to
the existence of a phase transition in RGN at
~250 K: the intercalate is in a liquid state at
room temperature and the crystallization must be
made very slowly in order to obtain a good in-
plane ordering of the intercalate. Typical results
for T, are between 4 and 12 K,

V. TOPOLOGY OF THE FERMI SURFACE AND
MAGNETIC BREAKDOWN

As we mentioned above, a feature of the dHVA
spectra common to the three stages which we also
observed earlier in the Bry GAC (Ref. 6) is the
presence of combinations of frequencies by addi-
tion or subtraction., We can see, for example, in
the second stage the family 335, 570, 805,1040
which is an arithmetic series of increment 235,
precisely the a frequency. This means there
exists a coupling mechanism between orbits on
the FS. This coupling can be due to magnetic
breakdown.? This implies that the orbits on the
FS are separated by small gaps. With a sufficient
magnetic field the electrons can thus jump from
one orbit to the other,

TABLE I. MTO results: dHvA frequencies F and relative cyclotron effective masses for stages 2, 3, and 4 of HNO;

GAC.
Stage 2 Stage 3 Stage 4

Label F (tesla) m*/my Label F (tesla) m*/m Label F (tesla) m*/my
o 235 0.15 +0.02 Y 40 <0.05 (] 109 0.20 +0.05
B-3a 335 0.8 +0.3 2y 80 2a 219 0.5 +0.1
2a 470 0.25 + 0,05 a-p 240 08 +0.1 B 300 03 +0.1
B-2a 570 05 +0.2 B 421 0.37 +0.02 Y 351 0.15+0.1
Y 630 a 662 0.25 +0.2 B+a 411 05 +0.1
3o 705 Y+o 460 0.3 +0.1
B—a 805 0.3 +0.3 B+ 2« 521 0.8 +0.2
B 1040 Y+ 2a 580

B+3a 630
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FIG. 3. Angular variation of the @ dHvA frequency for
the second-stage compound. 6 is the angle between the
magnetic field and the ¢ axis. The continuous line rep-
resents the frequency corresponding to an FS cylindrical
along the ¢ axis.

If two orbits are coupled by magnetic breakdown,
the resulting dHvA frequency is the addition or
subtraction of the frequencies of the two primitive
orbits. The frequencies combine by addition if the
two orbits have the same character (electron or
hole) and combine by subtraction if their charac-
ters are opposite. Moreover, in both cases the
effective mass is the addition of the effective
masses of the two primitive orbits. This allows
us to find the primitive orbits and frequencies as
those which have the smallest effective masses in
the series of frequencies and to correctly label
the orbits. At the same time we know the relative
character of the primitive frequencies of the
series.

In the second-stage compound we have a family
with two primitive orbits (a and B) of opposite
character and another family made of an isolated
orbit y. In the third stage we also have the same
situation with a family with two primitive orbits
(a and P) of opposite character and another family
with an isolated frequency y. In the fourth stage
we have two families with primitive orbits:

o, Band a,y, respectively. All the observed
orbits have the same character., We shall now go
to a more detailed interpretation of our experi-
mental results in terms of the electronic band
structure and Fermi surface,

VI. ELECTRONIC STRUCTURE OF THE GRAPHITE
ACCEPTOR COMPOUNDS

A. The 2D unit zone

The main structural feature of the graphite ac-
ceptor compounds is the charge transfer between
the intercalate layer and the surrounding carbon
layers. This transfer may be characterized by
the number of carriers (electrons) accepted by
the intercalate and the number of holes left in the
carbon layers and their distribution among the
different carbon layers.

This transfer results in a charged intercalate
layer which contains localized electrons and which
acts as an electrostatic screen between the two
sides of the intercalate. This is a high potential
barrier which prevents the carriers from moving
from the zone on one side of the intercalate to the
zone at the other side so that the movement of the
charge carriers perpendicular to the layer is for-
bidden. The 2D properties of the GAC have their
origin in the presence of these intercalate layers
strongly charged with localized electrons. The
crystal space is therefore divided along the ¢
direction in 2D unit zones (UZ) bounded by the
intercalate layers within which the carriers can
move only in the direction parallel to the layers,
Such a 2D UZ is made of a sequence of s carbon
layers (for stage s) containing delocalized holes;
its length in the ¢ direction is the identity period
of the GAC. The dynamical properties, e.g., the
FS’s, which are measured are those of the car-
riers within a 2D UZ whose electronic structure
will be presented now,

B. Band structure of the two-dimensional unit zone

Blinowski et al,!%% have computed the band
structure of the sth stage 2D UZ. They suppose
that it is made of s interacting carbon layers dif-
ferently charged with holes. The intercalate layer
is considered as an homogeneous charge distribu-
tion of electrons with a density adequate to con-
serve the neutrality of the 2D UZ. They made ex-
plicit calculations for stages 1, 2, 3, and 4.

For the first-stage GAC the 2D UZ contains only
one carbon layer, then the approximate disper-
sion relation,

E=x3by,k, (6.1)

where b is the distance between the nearest carbon
atoms (b=1.42 A), v, is the resonance integral
between the nearest carbon atoms, and % is the
momentum vector computed from the U and U’
points (the corners of the 2D graphite BZ). The
dispersion relation for an isolated carbon layer,
i.e., without interaction, is linear in k&,
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For the second-stage compound there are two
carbon layers in interaction, If this interaction
is neglected, one obtains the bands of one carbon
layer twice degenerate. The interaction splits the
degeneracy of the bands. Blinowski et al, limit
this interaction to y,, the resonance integral for
the nearest atoms of two layers. The following
dispersion relations are found for the four bands,
two valence bands, and two conduction bands (Fig.
4):

By ==E, = ;[ 0} +97§0%3)! 2~y ], (6.2)
Ec == vy é—

, [OF+9750%%)! 2 +y] . (6.3)

The two parameters y, and y, depend on the
charge-transfer coefficient and on the spatial dis-
tribution of the excess charge. Blinowski ef al,!°
estimate that their numerical value will not be
very different from that of pristine graphite,2
We will discuss this later (Sec. VII) in connection
with the interpretation of our results. Usually
|Eg|> v, so that the FS is made of two circles of
radii #; and k. centered around U and U”,

Blinowski and Rigaux® (BR) also computed the
band structure of the third stage. In this stage
there are three interacting carbon layers dif-
ferently charged: two are external and one is an
internal layer. Let 2¢ be the electrostatic poten-
tial-energy difference between an external and an
internal layer, due to the difference in charge. In
their calculation BR also limited the interaction
between the layers to the y, parameter and have

2
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FIG. 4. Bands for the second-stage HNO3 GAC within
the Blinowski-Rigaux model. The values of the twoy
parameters are y,=2.40 eV and ¥;=0.61 eV.

-05 0 05
k(A

FIG. 5. Linear approximation for the bands in the third
stage. The bands corresponding to the internal layer are
shifted down rigidly from the bands corresponding to the
external layers by 2€. The values of the parameters are
2€=1.4eVandy,=2.40eV.

obtained an analytical expression for the bands.

If one neglects y;, one obtains the linear band
structure of Fig. 5. In this case the bands relative
to the external layers are twice degenerate and
shifted up by 2¢ relative to the bands of the in-
ternal layers.

BR made also an explicit calculation for the
fourth stage. Here also if v, is neglected, one
obtains the system of linear bands of Fig. 5, ex-
cept that all the bands are here twice degenerate.
It should be mentioned that far from the cross-
over the bands are almost linear in all the stages
even if the y; interaction is taken into account.

C. Effect of the in-plane order of the intercalate

In the computation of Blinowski et al.!%% the
intercalate layer is considered simply as a homo-
geneous distribution of negative charge, the only
requirement being the overall neutrality of the
2D UZ and hence of the GAC. Actually the mole-
cules of the intercalate layer are ordered, at least
at low temperature. Thus the charge of the elec-
trons localized on the intercalate molecules sites
is no longer homogeneously distributed, but varies
with the periodicity of the intercalate lattice. This
results in a new periodic potential which is seen
by the delocalized holes in the graphite layers and
produces a new periodicity in the band structure
of the GAC.

As a result, energy gaps appear at the Bragg
diffraction planes, defined® by the equation
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{E} ={k+1G+mq}. (6.4)

In this equation {K} is the star of the k vector
according to the symmetry of the compound, G
and a are the 2D basic reciprocal-lattice vectors
corresponding to the carbon layer and the inter-
calate layer, and ! and m are arbitrary integers.
This equation ’has many more solutions than the
corresponding equation for the simple 2D graphite
lattice

{k}={k+1G}. (6.5)

Consequently, new energy gaps appear which
modify the topology of the FS of the GAC relative
to that of pristine 2D graphite.

For the construction of the actual FS of the 2D
UZ we proceed in the following way. We begin by
constructing, in the extended-zone scheme of the
2D graphite BZ, the isoenergy surfaces for E
=E, as given by the BR model. These are circles
centered around the different U and U’ points. To
these circles we apply the translations ma to bring
back these circles into a single BZ, The actual
FS is made of the different pieces resulting from
the intersections of all these circles, It should
be mentioned that this construction is valid in all
the cases, whether the intercalate and graphite
lattices are commensurate or not. In the com-
mensurate case, i.e., when q=(I/m)G, it is pos-
sible to define a new basic periodicity which in-
cludes both the 2D graphite and the intercalate
lattice periodicities, In this case we obtain the
FS by folding the isoenergy circles of the 2D
graphite BZ in the intercalate BZ, which is (/m)?
times smaller. This kind of construction is a par-
ticular case of the general one described above,

VII. INTERPRETATION OF THE SECOND-STAGE
RESULTS

A. Crystallographic structure

We do not know the exact crystallographic struc-
ture of the HNO; intercalate layer. However, we
are able to determine it by imposing agreement
between the FS obtained for a given crystallo-
graphic structure and that obtained from our ex-
perimental MTO results. At least, at sufficiently
low temperature it is expected that the intercalate
lattice will be commensurate with the graphite
lattice, so that we shall consider the commen-
surate case. The chemical composition is Cg
(HNO;). We assume a hexagonal unit cell for the
intercalate. As we shall see below this assump-
tion explains very well our experimental results,
If N is the number of molecules per unit cell the
possible cells which give an intercalate lattice
commensurate with the graphite lattice will con-
tain N=1,3,4,9,12,16,..., molecules, The only

hexagonal unit cell commensurate with the
graphite lattice which gives agreement with our
experimental results is a unit cell containing four
acid molecules and is 16 times larger than that of
graphite. The primitive vectors of this lattice
are parallel to those of the graphite lattice and
are four times larger (4a X 4a). The side of this
cell is =5.68 A =4b and the area S=83.83 A%,
The corresponding BZ is also hexagonal with a
side of G=0,426 A~! and an area of 2=0.47 A~2%,

B. The Fermi surface

According to the model of Blinowski and Rigaux
the isoenergy surfaces are two circles around the
U and U’ points of the 2D graphite BZ, By folding
these surfaces in the BZ of the 2D UZ, the U and
U’ points of the 2D graphite BZ are superimposed
on the U and U’ points of the 2D UZ BZ. The
isoenergy surfaces are circles around the U and
U’ points of the new BZ,

As we see in Fig, 6, if we impose agreement
with the main frequency a, F, =235 tesla, we ob-
tain for the second main frequency B8, Fz =1014
tesla., This frequency corresponds to a star with
six branches and is found, according to our ex-
perimental results to be 1040 tesla, The agree-
ment between these values is good. All the other
frequencies of this set are obtained as combina-
tions by magnetic breakdown of these two basic
frequencies. This implies a Fermi momentum
kry=0.265 A~! which is the radius of the largest
FS circle. The second set includes only the y
frequency F, =630 tesla. This value implies for
the second Fermi momentum kp,=0,138 A%,

The topology of the FS (Fig. 6) imposes the con-
ditions kry +kry <G, 2kr;> G which are indeed
verified.

From our results we get the two Fermi momenta
kry and kr,. These two values coupled with the
dispersion relations given by the BR model allow

FIG. 6. Brillouin zone and Fermi surface for the sec-
ond-stage HNO3 GAC. The three basic frequencies ¢, B,
and Y are shown aside from the Brillouin zone.
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us to determine many physical quantities: the
charge-transfer factor f, the Fermi energy E
relative to the crossing of the 2D graphite bands,
and the band mass for every orbit.

For f we find the expression

f= 3“— AR ), (7.1)
where [ is the number of carbon atoms per inter-
calate molecule and per carbon layer (here [ =8).
f, which is associated to the total number of free
carriers, is independent of the v, and y; param-
eters, EF is given by

EF“ ‘/_ yO(kz +k2 )1/2. (7.2)
The band mass is defined by the general relation
o204
27 oE

We obtain, respectively, for the three basic
masses

2
b __ 4]+ 9y b%n) /2
o

md = 91ry§b2 arccOSkai, (7.3)
4722 +9y2b%E )1 /2
b __ _ 1 Y0 i
mg = 9777/0sz (17 3arccoszk )
(7.4)
_ 2+ 9 k0%t )12
b __ Y1 7’ F2
mr - 97 b . (7-5)

The two y parameters obtained in this way are
not independent. They are related by the expres-
sion

1/2
Yo_ 2V2 (k‘FL+k 5)
AR Iy (7.6)

2
which gives

Yo= 3.86)’1 .

Thus by fixing only one y parameter we obtain the
values of the Fermi energy and the band masses,

The only estimate of these parameters for GAC
was made by Blinowski et al.!® They take 2.40 eV
for y,. With this value the band structure of the
2D graphite along the U- W line is in fairly good
agreement with that obtained by more general cal-
culations. They interpret the minimum observed
at 0.37 eV in the reflectivity spectrum of the
second-stage GAC as due to an interband transi-
tion between the two valence bands (see Fig. 4).
According to their model this transition gives
directly vy,.

Once the Fermi momenta kr; and kr, are given,
the parameters y, and y; are related by Eq. (7.6).
If we choose y,=2.40 eV, we get y;=0.62 eV, but
if we choose y;=0.37 eV, we get yy=1.43 eV. In
the first two columns of Table II we summarize

TABLE II. Parameters for the second-stage com-
pounds. Upper part: reciprocal-lattice vector and Fer-
mi radii; lower part: results for different choices of v

parameters.

G=0.426 A
Kp,=0.265 A+
=0.138 A1
=1.43 eV Ye=2.40 eV Yo=2.40 eV
¥1=0.37 eV ¥1=0.62 eV ¥1=0.50 eV
¥3=0
=0.15 eV
£=0.60 £=0.60 f=0.60
Ep=—-065eV  Ep=-1.08eV  Ep=-1.03 eV
ml,=—0.28m, ml==0.16m, ml= =0.17Tm,
m§=0.53m, mi=0.32m, mf=0.33m,
mb=—0.38m, my==0.22m, mb=—0.20m,

the results obtained for the transfer factor, the
Fermi energy, and the band masses by using Eqgs.
(7.1) to (7.6) with the two choices of y parameters,
The cyclotron mass (m") and the corresponding
band mass (m®) are related by

m* =mP(1 +21),

where A> 0 is the many-body mass-enhancement
constant mainly due to electron-phonon coupling.
Hence the observed cyclotron masses give an
upper limit for the band masses and this in turn
gives a lower limit of 2.40 eV for y,. We take this
value for y,. The resulting numerical values for
the physical quantities are represented in the
second column of Table II. We obtain for the
charge-transfer factor f=0.6. This value is in-
dependent of the y, and y, choice, as we determine
the f factor in a direct way from the number of
free carriers in the graphite layers. The Fermi
energy is E,=-1,08 eV, This value depends on
V1.

Some other estimates of these values for second-
stage compounds have been made. Weinberger
et al.’ have obtained from electron paramagnetic
resonance studies the density of states at the
Fermi level for the AsF; GAC. They interpret
these results by considering the second-stage
GAC as two independent graphite layers. This
gives f=0.48 and E;=-1.14 eV in good agreement
with our values. Blinowski et al.,'® by combining
reflectivity experiments with their theoretical
model, find, for different second stages, GAC values
of f between 0.25 and 0,51 (taking y,=2.40 eV) and
E, between — 0,7 and —1 eV,

For pure graphite and in the framework of the
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Slonczewski- Weiss model which includes several
additional parameters, v can be inferred from
the effective masses of the carriers. The esti-
mated value is ~0.40 eV.® y, is chosen to fit all
the data. From the analysis of carriers on the
Fermi level v, was estimated at ~3.20 eV, This
¥ value explains well the observed physical quan-
tities for pure graphite. In GAC we are far away
from the Fermi level of pure graphite and for the
BR model the value of 2,40 eV is the best adapted.

From our results we find y; =0.62 eV. This
value is different from the direct estimate, v,
=0.37 eV, of Blinowski et al.!? from the reflectiv-
ity. We think that the difference is due to the fact
that in the BR model the interaction between ad-
jacent carbon layers is described only by the y,
parameter, Moreover, in the Slonczewski-Weiss
model this is described by three parameters y;,
vs3, and y,. The value of y; =0.62 eV that we find
within the BR model may be some kind of total
interaction between adjacent carbon layers. To
look into this idea more in detail we generalize
the BR model by including the other parameters
describing the interaction between adjacent carbon
layers.

C. Extension of the Blinowski-Rigaux model

There is a discrepancy in the y; values betweer
the direct estimation from optical reflectivity of
Blinowski et al,!® and the value inferred from our
results. For pure graphite, McClure?® has shown
that all the experiments can be explained within
the Slonczewski- Weiss model with seven param-
eters. In particular, the interaction between two
adjacent layers is described by three parameters
Y1» Y3 and V4.

We can extend the Blinowski-Rigaux model by
introducing other overlap parameters, namely,
vs and y,. The Hamiltonian is then

0 Y1~ %8 Y&
= " 0 %gy —v& | » @.7)
— Y& 7& O Y385
718~ %N& V3& 0
where g, (k) can be written in polar coordinates as
&k, @) =exp(ibk sina)

+2 exp<— zbk2s1na )cos (\/Tbkzcosa _ 231)

(7.8)

k is the length of the wave vector with U as origin
and a is the polar angle as specified in Fig. 7.
We obtain the analytical expressions resulting
from the diagonalization of this Hamiltonian in

FIG. 7. This figure defines the coordinate system for
the wave vector in the BZ of the GAC. The U point is
taken as origin and « is the polar angle relative to the
ky direction. The U’ point has a threefold symmetry
relative to U. The dashed lines correspond to the angle
a=n7/3 where an explicit analytical solution for the gen-
eral secular equation including the y3; parameter can be
found.

two particular cases:
(1) a=nn/3, which implies gy(k, a) rveal. We
obtain the following dispersion relations (Fig. 8):

E, (e,n1/3)= 5 {[ (v~ vs80)* + 43 (ro — v0)']'/?
-y1+ 7380, (7.9)

E (eV)

-1

-2
-05

FIG. 8. Bands of the second-stage compound along the
direction @=,7/3 where an explicit analytical solution
can be found. The numerical value of the parameters
are v9=2.40 eV, v;=0.37 eV, Y3=0.20 eV, and y,=0.15
eV.
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Eci(k, n1/3) = 3{[(» - v380) +4g vy + )% /2

- 71~ v3&}» (7.10)

E, (&, n/3) = —3{[ (v - v380)* + 488 (vy— 79?1/
- 7= 38} » (7.11)

E,, (k,n1/3) = 3{[ (vi - v;80)* +4gi(rs + 7)*] /2
+y+vs&}. (7.12)

There are four bands: two of valence and two of
conduction, In this case

go(k,n %r)
=cos (b’;‘/3_> {1 +2 cos[ b’;/? cos(ﬂsz) - 331] }

(7.13)

Here the isoenergy surfaces are not circles but
warped surfaces of hexagonal symmetry centered
around U and U’, These dispersion relations can-
not be compared in a simple way with the experi-
mental data on the FS, which give the whole FS
area in the layer plane. The approximation con-
sisting of a circular FS with the radius corre-
sponding to the value given by a=n7/3 is of the
same order as that which neglects y;.

(2) If ys=0. We obtain (Fig. 9):

E,, &)= :{[v}+4] & [* 0= 7)1 4}, (1.14)
Eo, ()= {[vi+4 g0 [*ro + 7)1/ 2= 1}, (7.15)

E (eV)

-1L

-2
-05 0

k (A1)
FIG. 9. Bands for the second stage, when v; is neg-

lected. The value of the parameters are v,=2.40 eV,
Y1=0.50 eV, and v4=0.15 eV.

E, (&) == H{7 +4g v - v v},
(7.16)

E,,&)== Hr+4lg[ 00+ 7012+ .
(7.17)

If we develop g,(k, a) for small k’s (¢ <G), we ob-
tain

[go(e) |=3 bk (7.18)

which is the value used for pure graphite, For
intercalation compounds this expression should
remain valid, but it must be tested in every case.
The general g,(k, @) expression introduces an
additional warping in the F'S, but this warping is
less than {; of that introduced by y;. Now the FS
is made of two circles (|Eg |> v;) centered around
the U and U’ points of the BZ, and we can compare
this with our experimental results.

We find the following expressions for the Fermi
energy and the effective masses:

3b
Ep== 5 g [0 v)%: + o +v)%E )12, (1.19)

_ AR+ 90 (g - y)RE ]V G

my =-— 97702()/0 — 74)2 a.I'CCOSEE; s

(7.20)
My =— ar 2[ Ytz + 9b2(7’a‘ '}’4)2k12’1] 12
8 97Tb2()’o - ')’4)7
G
X <n—3arccos—2-ér—), (7.21)
1

_ 28 v+ 9b2(y +y) by /2 (1.22)

m, = 9b2('y0 + '}’4)2

Since we know kr; and kr,, we have the following
relation between the three parameters:

2_ 902 [ (o= v)'REy = (v + 79 %kE,] 2 (7.23)
TR (= v )RRt 0 TR,

Of the three y parameters, two are independent.
Like Blinowski ef al, we take y,=2.40 eV. The
best choice of the two other band parameters to
agree with our experimental results for kry, kr,,
and the effective masses is y; =0.50 eV and y,
=0.15 eV, In the third column of Table II we
summarize the results obtained with these pa-
rameters, It should be mentioned that the physical
quantities related to the density of states at the
Fermi level (effective masses, transfer ratio,
Fermi level) are almost insensitive to the values
of y; and y, and depend only on y,.

If we attribute the minimum observed!’ at
0.37 eV in the optical reflectivity to an interband
transition between the two valence bands, the
energy of this transition is
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AE, =y, + 3{[ v} +9b¥(y, +yy)%?] /2
- [‘)’f +9bz(7’o‘ Y4)2k2]1/2} . (7.24)

If we take the previous values of y,, v4, and vy,
we get AE,=0.63 eV, which is too large. Once
¥, is fixed at 2.40 eV, the value of AE, is almost
independent of y, [ y, is given by (7.23)]. I the
value of AE, is increased (2,40 eV is the lowest
possible limit), AE, is even larger. In any case
the agreement with the experimental value of 0.37
eV is very poor.

In order to explain this optical transition and
our results together, we must introduce in the
BR model the y; and y, parameters, If we take
for vy, y3;, and vy, the usual values of pure graphite
we find for the optical transition an energy AE,
~0.42 eV. But this value is an average value and
must be taken cautiously. A full computer cal-
culation should be done to confirm this last point,

VIII. INTERPRETATION OF THE RESULTS FOR THE
THIRD- AND FOURTH-STAGE COMPOUNDS

A. Third stage

The electronic structure of the third stage is
more complex than that of the second stage owing
to the presence of the electrostatic energy dif-
ference 2¢ and the existence of six bands instead
of four. We are not able to interpret our results
in a way as satisfactory as for the second stage
owing to their less complete character and to the
complexity of the bands. Nevertheless, we will
try to understand them by making some approxi-
mations. We neglect the interaction between the
layers. Then the bands are those given in Fig, 5,
where the lowest band corresponds to the internal
carbon layer and the highest, twice degenerate, to
the external ones. We suppose that the in-plane
order is here the same as in the second stage.
We attribute the smallest and isolated y dHvA fre-
quency to a Fermi circle originated by the band
corresponding to the internal carbon layer; this
gives kr, =0.035 A~!, The remaining o and g8
dHvVA frequencies are attributed to a Fermi circle
of the external layer. Following the procedure
described in Sec. VIIB for folding the 2D graphite
BZ in the 2D unit zone BZ, we find an FS made of
two primitive orbits as represented in Fig. 6. If
we impose for the gfrequency the experimental
value of 421 tesla we find for the second orbit «

a frequency of 720 tesla which is in relatively good
agreement with the experimental value of 680
tesla. This gives a Fermi radius kr,=0.31 A1,
The B-a dHvVA frequency results from the mag-
netic breakdown between the two basic orbits «
and B as can be seen also from the relative values
of the cyclotron masses. We obtain a reasonable

estimate of the electrostatic energy difference 2¢
between the internal and external carbon layers
by using the dispersion relations of the linear
bands of Fig. 5. This gives

2 =3byylkp,~ kp,). (8.1)

If we take, as for the second stage, y,=2.40 eV
we find € =0.70 eV, The Fermi energy is

Ep=- (e +3ybkp) (8.2)

which gives Ey =~ 0.88 eV. Inthis case we find that
99% of the excess charge is localized in the two
external layers. We compare now the values of
the observed effective masses (m,,,) with those
computed from the linear bands (m®) and given by
the expressions

41} G
b _ 2= 72 —_—
mb = 3By, arccos kaz , (8.3)
4n%r G
b__ 2R (. L
mb = 3157, (17 3arccos Zsz)’ (8.4)
25 %k r
b__ AR REy
m, = 3by, (8.5)

The computed values are given in Table III. We
can see a qualitative agreement between m® and
m*. However, this should be taken with caution,

B. Fourth stage

Our results show that all the orbits have the
same character. This is clear from the combina-
tion frequencies which are the sum and not the
difference frequencies as results from the values
of the cyclotron masses observed. However, we
are not able to interpret our results in more de-
tail. Indeed, the same character of all orbits
seems incompatible with a commensurate unit
cell., Studies on the crystallographic structure
will hopefully elucidate this point.

IX. CONCLUSION

We have made a detailed study of the Fermi
surface and the electronic structure of low-stage
(s =2, 3,4) graphite acceptor compounds. We have
used a very stable compound: the residual graphite

TABLE III. Computed band masses for stage 3.

G=0.426 A
kr,=0.035 A
kg,=0.310 A4
mP=—0.24m,
m =0.19m,
m==0 .05m,
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nitrate of formula Cg, (HNO;). We have measured,
mainly in the layer plane, the dHvA frequencies,
the effective masses, and the Dingle temperatures
by using the quantum magnetothermal oscillations,
Unlike in the dilute compounds, here the frequency
spectrum is different for every stage, an indica-
tion of different electronic structures. Combina-
tion of frequencies are present in every case and
are attributed to the magnetic breakdown resulting
from the intersection of the semiclassical orbits.
In order to interpret our results we have used
the independent-zones model of the graphite ac-
ceptor compounds which considers the compound
as a succession of two-dimensional unit zones
limited by the intercalate layers. We have com-
pared our results with the band structure of this
model computed by Blinowski and Rigaux., For the
second stage the Fermi surface and the effective
masses agree quantitatively with their computed
values, if we fold the bands in the Brilluoin zone
of the intercalate. We obtain numerical values for
the y, and y; parameters. We have extended the
computation by introducing also the y; and y, pa-
rameters, We find a charge-transfer ratio f=0.6
and a Fermi-level shift of 1,08 eV. For the third
stage our results are tentatively interpreted within

the linear bands approximation. This gives an
estimate of the electrostatic energy difference
between the external and the internal carbon
layers: 2¢=1.4 eV. However, all our interpreta-
tions are based on a crystallographic structure
inferred from our experiments, due to the lack of
direct determination. In conclusion, quantum
magnetothermal oscillations give valuable results
not only on the Fermi-surface properties but also
on the band parameters, the charge transfer, and
distribution among the different carbon layers in
the graphite acceptor compounds.
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