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3. Bandstructure of PdAl2Cl8 

graphite intercalation compounds 

3.1. The graphite intercalation compound: a carbon-based 
material 

Different carbon based materials are present in nature due to different types of chemical 
bonding. This gives rise to a variety of materials, like crystalline diamond, planar graphite and 
the recently discovered ball- and tube shaped fullerenes1'2. A striking difference between the 
variety of carbon based materials is the difference in electronic properties and the 
dimensionality of the material. Pure diamond is a 3D material and is an insulator. Nanotubes 
are ID semimetals or insulators and 'Bucky Balls' (C60) are OD insulators. Graphite is a quasi-
2D material with the electronic properties of a semimetal. Graphite has a hexagonal 
symmetry, due to the sp hybridisation of the carbon atoms, where each atom is bound to three 
nearest neighbours (the nearest neighbour distance is 1.42Â). The structure of graphite 
consists of a honeycomb network stacked with a periodical shift in the direction parallel to the 
edge of a hexagon in its plane. The sequence of stacking in graphite crystals is predominantly 
ABABA... When the graphite layers are stacked without a preferential order, the material is 
called turbostratic graphite. The interplanar bonding between the graphite layers, due to the 
van der Waals force, is much weaker than the intraplanar covalent bonding. This results in an 
interlayer distance of 3.35 A. 

The high anisotropy of the binding forces between the carbon atoms in graphite allows 
atoms and molecules to be inserted into interlayer spaces. Such incorporation of impurity 
atoms or molecules into the interlayer spaces is called intercalation1,3'4. Intercalation can 
change the semimetallic behaviour into that of a 2 dimensional metal, an anisotropic 3D metal 
or a superconductor, depending on the type of intercalant. A redistribution of electron density 
(charge transfer) occurs between the carbon atoms in the graphite layers and the atoms or 
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Figure 3.1: Schematic diagram illustrating the staging phenomenon in graphite 

intercalation compounds for stage 1 and 2. The intercalant layers are the dashed lines with 

the open circles and the graphite layers are the full lines with the closed circles. The 

ABABA... graphite layer stacking for stages >2 is maintained between the intercalant 

layers. 

molecules in the intercalant layers. As a result the equal number of electrons and holes present 
in the semimetal is modified. Graphite Intercalation Compounds (GIC) can be divided into 
donor-type or acceptor-type GIC, depending on the character of the charge redistribution. The 
electronic properties of these GIC can be controlled over a wide range of carrier densities and 
electrical conductivities by the intercalation process. 

In this chapter magnetotransport measurements on PdAl2Cl8 graphite intercalation 
compounds will be discussed. The most characteristic feature of the GIC is their peculiar 
lattice structure, in which the intercalant layer periodically alternates with a definite number of 
carbon layers. The stage of the intercalation is defined as the number of carbon layers between 
two intercalant layers. Stage 1 material has one carbon layer between the intercalant layers, 
where the stage 2 material has two carbon layers between the intercalant layers etc. The 
staging phenomenon in GIC is illustrated in figure 3.1. Our structures with PdAl2Cl8 are 
acceptor type GIC. Thus electrons will be transferred to the intercalant layer, where they 
localise. Therefore, the free carriers in the carbon layer are holes and the density is 
considerably higher than the initial density in pure graphite. In this chapter stage 1, stage 2 and 
stage 3 PdAl2Cl8 graphite acceptor compounds are discussed. The main purpose of our 
research is to investigate the effect of staging on the bandstructure of PdAl2Cl8 GIC. 

Graphite intercalation compounds have attracted much interest over the past decade 
because of their peculiar properties. In this chapter we concentrate on the electrical properties, 
characterised by the use of high magnetic fields. The characteristics depend on many factors, 
like the nature of the intercalant (acceptor or donor type), the stage number and the method of 
synthesis. The electronic properties depend strongly on the stage number, because staging 
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changes the bandstructure. Information about the band structure, like the size and shape of the 
Fermi surface, the effective mass and the carrier concentration, is provided by Shubnikov-
deHaas oscillations at low temperatures. In the case of the PdAl2Cl8 GIC we were able to 
investigate the bandstructure of stage 1-3 materials. The experimental results have been 
analysed within the band structure model of Blinowski et al.5. 

The comparison with band structure models for the PdAl2Cl8 is not hampered by a 
possible 2D ordering of the intercalant. When there is ordering and the lattice of the 
intercalant is commensurate with the hexagonal graphite lattice, zone folding complicates the 
interpretation of the experimental results. Zone folding is the crossing of various parts of the 
Fermi surface and the emergence of complicated combinative orbits of carriers in a magnetic 
field4'6. A complicated Fermi surface is formed by zone folding in the stage 1 and stage 2 
InCb GIC.7'8 A great deal of experimental work has been carried out on SbCl5 GIC (up to 
stage 5), because it is one of the most stable GIC in air. But also in these materials zone 
folding is responsible for a complex spectrum of oscillations ' . 

Without in-plane zone folding, a direct comparison with band structure calculations 
can still be difficult due to the possible interaction between carbon atoms in neighbouring 
layers separated by the intercalant layer. The interaction gives rise to a superlattice structure 
along the c-axis direction. Zone folding can also be applied to this superlattice structure, when 
a strong interaction is present. A weak interaction causes an undulation of the cylindrical 
Fermi surface only. A truly cylindrical Fermi surface results in zero electrical conductivity 
along the c-axis, because the carrier velocity is directed perpendicular to the Fermi surface. In 
the PdAl2Cl8 GIC high values of the resistivity in the c-direction pc are measured , exceeding 
5Qcm. Also the anisotropy pc/pa (pa is the in-plane resistivity) is particularly high, 
approximately l-2xl06 at 4.2K. This is comparable with the values obtained for AsF5 stage 1 
GIC12. From this high anisotropy one can conclude that the interaction between the carbon 
layers in neighbouring layers is small and the 2D character of the system dominates. 
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3.2. Synthesis of PdAl2Cl8 GIC and experimental methods 

The samples were provided by Dr. E. McRae at the 'Laboratoire de Chimie du Solide 
Minéral' of the University of Nancy. The samples were produced by the intercalation of 
highly oriented pyrolytic graphite. The reaction with PdAl2Cl8 vapour was carried out at 
300°C for a reaction time of 3 days. This lead to a stage-1 C22PdAl2Cl8.5 compound as 
confirmed by X-ray analysis. By lowering the temperature stage 2 and stage 3 materials were 
produced. All three stages were pure monophase materials. 

The thickness of the intercalant layer, dj=9.56±0.02 Â, was determined by X-ray 
diffraction. This enables one to calculate the c-axis repeat distance, Ic=di+(N-l)d0. Here 
d0=3.35 Â is the c-axis lattice parameter of graphite and N is the stage number. 

The samples had bar-like shapes with typical dimensions 5x1x0.5 mm3. Voltage and 
current leads were attached to the sample by silver paint under protective nitrogen 
atmosphere. The transversal magnetoresistance was measured with a standard four-point dc 
technique, with a current directed in the basal plane and the magnetic field applied along the 
c-axis. Measurements up to 38T were carried out at the High Field Facility of the University 
of Amsterdam. This long pulse magnet has a pulse duration of Is. The samples were 
immersed in liquid Helium and the measurements were performed at T=4.2K and 1.5K. 

3.3. Band structure model of acceptor-type graphite 

intercalation compounds 

Due to the high anisotropy of the electrical conductivity in acceptor type GIC a two-
dimensional band structure model has been proposed by Blinowski et al. . In this model a 
stage N compound is treated as a collection of independent and equivalent subsystems of N 
graphite layers bound by two intercalant layers. The electron transfer from the carbon atoms to 
the acceptors introduces free holes in the graphite layer. The negative charge is tightly bound 
to the acceptors. Charge flow across the intercalant layer is not taken into account. The 
Blinowski model makes use of a tight binding method, which takes into account the in-plane 
interactions between nearest neighbour carbon atoms. For stage 1 the band structure 
corresponds to the 2D bandstructure of graphite with linear dispersion relations near the 
degeneracy point (K-point in the Brillioun zone) of the n-bands. For a stage 2 compound, the 
graphite interlayer interaction partially removes the conduction and valence band degeneracy. 
In the case of stage 3 compounds electrostatic effects should be incorporated because the 
graphite layers of the subsystem are no longer equivalent . 
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3.3.1. First stage 

Within the model of independent graphite sub-systems , the band structure of the first stage 
14 GIC is directly related to the band structure of 2D graphite . The model neglects all 

interactions but the nearest neighbour in-plane overlap energy yo- In graphite Yo=3.2eV. In the 

vicinity of the Brillouin zone edge the dispersion relation becomes a linear function of the 

wave number k: 

Ecv(k) = ±^y0bk (3.1) 

where b is the nearest neighbour distance, equal to 1.42A. The subscripts c and v refer to the 
conduction and valence bands, respectively. The Fermi energy is given by: 

3 , f S V ' 2 

E^—Mn (3.2) 

where S is the extremal cross-section, which can be extracted from the measured frequency F 

of the Shubnikov-deHaas oscillation, S=(2ne/Ä)F. In this relation e is the electron charge and 

h is the Dirac constant. The carrier concentration is related to the Fermi wave number kf in the 

plane perpendicular to the c-axis: 

4J±, 45 v 
(2n)2Ic (2nflc 

(3.3) 

where the subscripts e and h refer to electrons and holes, respectively. The cyclotron effective 
mass is expressed in the Fermi energy as follows: 

» h2 dS 4h2E, 
m' = — ^- = -—i (3.4) 

In dE 9f-b2 

The positive excess charge (holes) in the graphite layer is due to charge transfer to the bound 

acceptors, which modifies the crystal potential. This modified crystal potential does not 

change equation 3.1, but modifies the value of yo. Fluctuations in the crystal potential caused 

by the charged acceptors should be strongly screened due to the high density of free holes. The 

band-structure of a stage 1 PdAl2Cl8 GIC is plotted in figure 3.2. 
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Figure 3.2: Band structure near the Brillouin zone edge (K-point) for stage 1, 2 and 3 acceptor 

PdAUClg GIC. C denotes a conduction band and v a valence band. Values for Ef and the 

interaction parameters Yo and Yi are determined from the SdH data. See also section 3.4 and 

Table I. 

3.3.2. Second stage 

The second stage compound can be considered, in the most simple approximation, as 

consisting of independent sets of double graphite layers, separated by intercalant layers. In 

order to determine the bandstructure only the nearest neighbour interaction in the graphite 

plane (yo) and the nearest neighbour interactions between two carbon atoms in adjacent 

graphite layers (yO are taken into account. The band structure consists of two valence and two 

conduction bands. This lifting of the degeneracy is due to the extra interaction between the 

graphite layers. The two dispersion relations for the valence bands are given by: 

= ^(±r,-Vr,2+9ro2^2) (3.5) 

The Fermi energy can be calculated from: 
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1 ±n-k + 9yfrJ,:-
n 

(3.6) 

where the plus (minus) sign is for the largest (smallest) extremal cross section. The effective 
masses are given by: 

in2 

9y2b2 

2j.2c Y 9rZb% 
n 

(3.7) 

The ratio of hole densities n2 and nj in the valence bands is given by: 

n2 _ 211 E,-* 

». */i E/ + r, 
(3.8) 

where kn and kß are the Fermi wavenumbers in both valence bands. The stage 2 bandstructure 
is drawn in figure 3.2. 

3.3.3. Third stage 

Electrostatic effects due to the presence of the excess charge in the graphite layers become 
important in stage 3 compounds. The inequivalence of the middle and the outer graphite 
layers results in a different excess charge accumulation in the different layers. This affects the 
electrostatic potential in the subsystem and therefore also the bandstructure of the GIC (see 
figure 3.2). In the Blinowski model it is assumed that the charge distribution in the outer 
graphite layers differs from the one in the middle layer13. The potential energy difference 8 
between outer and inner graphite layers is the extra band parameter in the model. For a third 
stage compound there are 3 conduction and valence bands. The dispersion relations for the 
valence and conduction bands in the vicinity of the K point are: 

= S±\ 

E? = ±jS2 + yf+\x\
2-jy: + {4S2+2y?j\. (3.9) 

Er = ± ̂ S2
 + r;+\x\2

+4r: + {4S2
+2yf)\x\ 

where |x| is given by equation 3.1 and the plus (minus) sign refers to the conduction (valence) 
band. The extremal cross sections of the Fermi surfaces are given by: 
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4n i 2 

s'-^-S)9Yy 

S2 = (E2 + S2 + MEJS2 + 2Yl(E) -S2))-^j (3.10) 
v 9y2b 

S^(E2
f+S2-^4E2

f8
2

 + 2y2{E)-ö2)) ' 
9y2b2 

3.4. Results 

The magnetoresistance of several PdA^Clg GIC was measured in pulsed magnetic fields up to 
38T at temperatures of 4.2K and 1.5K. Experiments were carried out on pure stage 1, stage 2 
and stage 3 materials. In all cases several samples were measured, which led to identical 
results. 

In figure 3.3 the magnetoresistance of a pure stage 1 sample is shown. Clear 
Shubnikov-deHaas (SdH) oscillations are observable above 10T. In the inset of figure 3.3 the 
Fourier transform of the magnetoresistance obtained after subtracting the background 
contribution is shown. A pronounced frequency at 1190T is found and the second harmonic at 
2380T is also observable. For a stage 1 material one frequency is expected within the 
Blinowski model (see section 3.3.1). From the period of the SdH oscillation the hole density 
nsdH was determined at nsdH=l-20xl027 m"3. It would be of interest to compare nsdH with the 
density calculated from the Hall coefficient, as this would allow one to determine whether the 
whole Fermi surface has been observed in the SdH experiment. However, we could not obtain 
reliable values for the Hall coefficient. This we attribute to the difficulty of making proper 
Hall voltage contacts on the sample. The contacts were made by gluing thin copper leads to 
the side of the sample by means of silver paint. Apparently the effective thickness of the 
conducting layer is not identical to the physical thickness of the sample, as we obtained a hole 
density nHaii a factor 10 smaller than nsdH- Also, values for nnaii did not reproduce. 
Nevertheless, we believe that one single SdH frequency characterises the Fermi surface of the 
stage 1 PdA^Clg GIC. Using the measured value for the extremal cross section S and the 
literature value Yo=3.2eV for pure graphite, we calculate with the help of equation 3.2 Ef=-
1.30eV. Also the effective mass was calculated, using equation 3.4: m*=0.21mo. It is 
interesting to compare the calculated value of m* with the measured one, determined from the 
temperature dependence of the amplitude of the SdH signal. Since we have taken data only at 
T=4.2K and 1.5K the accuracy is limited and m*=0.25±0.05mo. When we use the measured 
value of m* in order to calculate Yo we obtain Yo=2.94eV, which is about 9% smaller than the 
literature value for pure graphite. A reduction is expected since the increase in carriers in the 
graphite layer normally results in a stronger screening of the atomic potential. The Fermi 
energy changes to -l.OOeV, when 2.94eV for Yo is used in the calculation. In contrast to 
experiments on C9.3AICI3.4 and C8H2S04 stage 1 GIC15 we infer from this analysis that the 
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Figure 3.3: Magnetoresistance of stage 1 PdAl2Cl8 GIC at 4.2K. Inset: 

Fourier spectrum of the SdH oscillations. 

Blinowski model gives a reasonable description of the bandstructure of the stage 1 PdAlaCls 
GIC. In Table I the relevant measured and calculated bandstructure parameters deduced from 
the data in figure 3.3 are listed. The frequencies in the table are values averaged over different 
samples. Three different stage 1 and stage 2 samples and two stage 3 samples were 
investigated. The error in the frequency is the maximal difference from the average value. 

In figure 3.4 the experimental results are shown for a pure stage 2 sample. The SdH 
signal obtained for the stage 2 compound is clearly not monochromatic, as is demonstrated by 
the Fourier spectrum shown in the inset of figure 3.4. We observe six frequencies, labelled 1-
6. However, within the Blinowski model (see section 3.3.2) one expects only one or two 
frequencies for a stage 2 compound. Inspecting the data in Table I, we argue that frequencies 1 
and 3 are the fundamental frequencies. Frequencies 4 and 6 are the 2n and 3r harmonics of 
frequency 1, respectively. Frequency 5 is not a fundamental frequency because this frequency 
is higher than the stage 1 frequency (F=1190T). The carrier concentration reduces upon stage 
number and therefore the fundamental frequency of stage 1 should be the highest. This 
suggests that frequency 5 is a sum frequency of frequencies 1 and 3 (Fs=Fi+F3). When two 
subbands are occupied a complex SdH pattern is generated because of the presence of two 
Landau level ladders. This can cause a modulation of the highest frequency FH with the lower 
frequency FL. Sum (FH+FL) and difference (FH-FL) frequencies are formed due to elastic 
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Figure 3.4: Magnetoresistance of the PdAl2Cl8 GIC stage 2 compound at 4.2K. Inset: 

Fourier spectrum. 

intersubband scattering. This effect was clearly observed in GaAs/AlGaAs 
heterojunctions16'17. In our measurement on the stage 2 sample only the sum frequency is 
clearly observable. 

The proximity of frequencies 1 and 2 seems to indicate a splitting of one fundamental 
frequency. We can not rule out the possible that the splitting is an artefact of the Fourier 
transform. The difference between frequencies 1 and 2 turns out to depend on the field range 
used. This field range dependence is not observed for the other peaks. On the other hand two 
explanations for the splitting of the frequency come to mind. The first explanation is the 
existence of an undulation of the Fermi surface along the kc direction due to interlayer 
interactions over the intercalant layer. Experimentally the undulation of the Fermi surface is 
difficult to observe in magnetotransport measurements in perpendicular magnetic fields. The 
undulation of the Fermi surface will be discussed in more detail in the next section about 
angle dependent magnetoresistance. The second possibility is the existence of intercalant 
islands, which produce a perturbation affecting the graphite-graphite or graphite-intercalant 
interactions. The inhomogeneity of the intercalant layer affects the bandstructure of the GIC 
and results in a splitting of the frequencies. The splitting of the frequencies due to intercalant 
islands is observed in a stage 3 SbCl5 GIC10. In this material not only double peaks were 
observed but also a fourfold splitting. The splitting of the frequencies in a stage 3 SbCl5 GIC 
is time dependent, which is attributed to the melting of the different intercalant islands with 
time18. We did not observe any time dependence for the stage 2 PdAl2Cl8 GIC. 
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Stage Nr peak F(T) nsdH (m"3) Model-

Parameters 

m*/mo m*/mo 

cal. 

Ef(eV) 

cal. 

1 1190±2 1.20X1027 Yo=2.94eV 0.25 0.21 -1.00 

2 1 462±3 3.66X1026 Yo=2.60eV 0.12 -0.89 

2 495±20 Yi=0.38eV 

3 848±7 6.59X1026 0.22 

4 895±10 

5 1314±4 

6 1396±4 

3 1 69±2 Yo=1.3eV -0.62 

2 138±2 8.11X1025 Yi=0.38eV 0.20 0.08 

3 439±7 5=0.15eV 

4 506±6 3.14X1026 0.28 0.16 

5 574±3 3.41X1026 0.16 

6 1012±10 

Table I: Parameters of the energy spectrum of first, second and third stage PdAl2Cl8 

GIC. Nr peak is the labelled peak number in the Fourier spectrum of the insets of figure 

3.3, figure 3.4 and figure 3.5. F is the frequency in Tesla and nSdH is the hole density 

determined from the SdH oscillations. Model parameters are the interaction energies in 

the Blinowski model in electron Volts. m*/m0 is the measured effective mass and m*/mo 

cal. is the calculated effective mass, both normalised to the free electron mass. Ef is the 

calculated Fermi energy. 

Under the assumption that frequency 5 is a sum frequency, the fundamental frequencies 

are 1 and 3. This is consistent with the prediction of the Blinowski model. In Table I the 

parameters of the energy spectrum derived from the SdH data of the stage 2 sample are listed. 

For pure graphite Yi is equal to 0.38eV, which we assume is not influenced by the 

intercalation process. The calculated in-plane interaction parameter Yo amounts to 2.6eV, 

calculated with equation 3.6 with use of the fundamental frequencies. This value is smaller 

than the one determined for the stage 1 sample. In case of the stage 1 compound we attribute 

the reduced value of Yo to screening of the atomic potential. In a stage 2 compound we expect 

screening to be less effective and therefore Yo should be in between the values for pure 

graphite and the stage 1 compound. This is however not the case (Yo=2.6eV), which indicates 

the limited applicability of the Blinowski model. In any case, the extracted values for Yo 

should be regarded with care. 

In figure 3.5 the magnetoresistance of the pure stage 3 compound is plotted at T=1.5K. 

In the inset the Fast Fourier spectrum of the SdH data is shown. Again, more peaks are 

observed than expected within the Blinowski model13. The model predicts maximal three 
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Figure 3.5: Magnetoresistance of stage 3 PdAl2Cl8 GIC at T=1.5K. Inset: 

Fourier transform of SdH oscillations. 

frequencies because the band structure consists of three subbands. Six frequencies are 
observable in the Fourier spectrum of the data (see inset figure 3.5). Three of these 
frequencies are the fundamental frequencies caused by the bandstructure. Given its amplitude, 
F4 must be one of the fundamental frequencies. In that case the other two frequencies should 
be F2 and F5, otherwise the Blinowski model is inconsistent. The frequencies labelled 1 and 3 
are the difference frequency of F5 and F4 and of F5 and F2 respectively. F6 is the second 
harmonic of F4. At the moment we do not have a consistent explanation for the small extra 
peak at 771T. In figure 3.2 the bandstructure according to the Blinowski model is shown for 
the stage 3 PdAl2Cl8 GIC. 

The frequencies F2, F4 and F5 can be used to obtain values for the energies y0 and 5 

within the Blinowski model (equation 3.10). The value of yt is taken from pure graphite. For 

the in-plane interaction energy y0 we obtain a value of 1.3eV. The potential energy difference 

between the outer and inner graphite layers is S=0.15eV. The values for the interaction 

energies are comparable to the ones obtained for a stage 3 SbCls GIC10. In Table I the relevant 

experimental and bandstructure parameter are listed for the stage 3 PdAl2Cl8 GIC. The model 

by Blinowski et al. gives a reasonable description of the bandstructure of the stage 3 PdAl2Cl8 

GIC. But the extracted values for the interaction energies should be regarded with care. We 

come back to this point in section 3.5. 



Magnetoresistance ofPdA^Cls GIC 41 

3.5. Angle dependent magnetoresistance 

We have investigated the angular dependence of the magnetoresistance of stage 1, 2 and 3 

PdA^Clg GIC. By varying the angle 9 between the applied field and the crystallographic c-

axis the 3D shape of the Fermi surface can be studied. In the 2D case the Fermi surface is a 

cylinder and the extremal cross section depends on the angle according to Sf(0)=Sf(O)/cos6. 

The angular dependence of the fundamental frequency Fi of the stage 1 compound is shown in 

the inset of figure 3.6. The amplitude of the SdH oscillations decreases rapidly with increasing 

0, which limited the range of 6 values for which it was possible to carry out the measurements 

to approximately 20°. Up to 20° a l/cos6 dependence is present indicative for a 2D cylindrical 

Fermi surface. 

An undulation of the Fermi surface can cause a fundamental frequency to split into 

two closely spaced frequencies. This is caused by interlayer interactions (over the intercalant 

layer) resulting in a Fermi surface consisting of an undulating cylinder with two extremal 

cross sections. The two extremal cross-sections, for a magnetic field applied along the c-axis, 

are located at kc=0 (K-point) and kc=7t/Ic (H-point). Such an undulating cylindrical Fermi 

625 

450 
10 15 20 25 

en 
30 

Figure 3.6: Angular dependence of the observed frequency Fi (full 

squares) and F2 (full circles) of a stage 2 PdAl2Clg GIC at T=4.2K. The 

full line is the 2D-cosine dependence (2D cylindrical Fermi surface). 

Inset: Angular dependence of the observed frequency of a stage 1 

PdAl2Cl8 GIC at 4.2K. 
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Figure 3.7: Angle dependent magnetoresistance of stage 3 PdAl2Clg GIC at T=4.2K. 

surface was detected in the case of the binary intercalated first stage19 CUQ2ICI1.2 GIC and 

first stage20 CdCb GIC. It was also observed in the second stage AICI3.4 GIC15. The Fermi 

surface is no longer a perfect cylinder, instead it is an undulating cylinder, with a 'neck' and a 

'belly' extremal cross section. A weakly undulated Fermi surface can be obtained by taking 

the interlayer interaction across the intercalant into account. The energy dispersion is 

expressed as follows : 

Ek =8--YMka +kb)-2tcos(kcIc) (3.11) 

where t is the interlayer (along the c-direction) transfer integral and an isotropic in-plane 

dispersion is assumed. From this energy dispersion, the angular dependence of the cross 

section S of the weakly modulated Fermi surface is deduced21: 

S = 

lût.) + j—Jo(Ick f tan0) + O ( r ) 

cos6> 
(3.12) 

where kr is the Fermi wave vector, Ic is the repeat distance and Jo(x) is the zero order Bessel 

function. In figure 3.6 the angular dependence for the frequencies Fi and F2 of the stage 2 

sample is shown. The frequency Fi is observable up to 23°, while the frequency F2 is 
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observable up to 17° only. For these angles we did not observe significant deviation from the 

1/cosG dependence, expected for the 2D cylindrical Fermi surface. The solid lines in figure 3.6 

give the l/cos8 dependence. 

For the stage 3 sample rotation was possible up to 35°, with better accuracy. In figure 
3.7 the magnetoresistance is drawn for three different angles. A decrease in frequency and 
amplitude can be clearly observed. The angular dependence for the most pronounced 
oscillation (F4 in inset of figure 3.5) is plotted in figure 3.8 (full squares). The dashed curve in 
this graph is the cosine dependence for a cylindrical Fermi surface. At angles above 20° a 
deviation from this behaviour becomes apparent (the error bar is of the size of the full 
squares). 

The lower full line in figure 3.8 corresponds to the 'neck' part of the weakly corrugated 
Fermi surface, which is characterised by a smaller area and a stronger angular dependence 
than predicted for a perfect cylinder. The data are well represented by equation 3.12, with an 
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Figure 3.8: Angular dependence of the observed frequency of peak 4 of a stage3 

PdAl2Cl8 GIC at 4.2K. The full squares and full circles are the measured 

frequencies. The full line is the angular dependence of a corrugated Fermi surface. 

(Lower one is the 'belly' frequency and the upper one is the 'neck' frequency). The 

dotted line is the 2D-cosine dependence (cylindrical Fermi surface). 
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Figure 3.9: The relative change in the amplitude versus angle for stage 3 

PdAl2Cl8 GIC. The dashed curve is the fit according to equation 3.14. The fit 

parameter is the Dingle temperature (TD=76K). 

interlayer transfer energy, t, amounting to 5.6meV. From this fit it follows that the 9=0 
fundamental frequency equals 527T. In comparing the data to the Blinowski model, we used 
this fundamental frequency instead of the value obtained from the Fourier spectrum 
(F4=506T). This difference does not change significantly the calculated bandstructure 
parameters. The 'belly' frequency equals 553T and is observable in the Fourier spectrum as a 
small peak (not listed in Table I). Unfortunately above 20° the belly angular dependence 
(circles in figure 3.8) can no longer be measured. For the other peaks in the Fourier spectrum 
only one frequency is observed. From these angular dependent measurements we conclude 
that the stage 3 PdAl2Cl8 GIC is not strictly 2D. This we attribute to a weak interaction 
between the graphite subsystems. The same conclusion holds for the stage 2 sample. In this 
case it follows from the splitting of the frequencies in the Fourier spectrum. However, it could 
not be made quantitative by the angle dependent magnetoresistance. The Blinowski model is a 
true 2D model, because the interaction over the intercalant layers is not incorporated. This 
reduces the applicability of this model to the stage 2 and stage 3 sample. 

For the stage 1 sample a modulation of the Fermi surface has not been observed. Due to 
the smaller repeat distance Ic for the stage 1 compound the superlattice effect and therefore the 
modulation is smaller. A simple model that introduces coupling between graphite layers 
separated by an intercalant layer supports this conclusion22. An extra term is introduced in the 
dispersion relation similar to equation 3.11. From the anisotropy ratio of the c-axis and the in-
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plane conductivity one can obtain a value for the interaction coupling between the layers. This 
anisotropy ratio is given by: 

<7C 

2Yy 
(3.13) 

With the anisotropy ratio for a stage 1 PdAl2Cl8 GIC11 aja^ equal to lxlO"6 the interlayer 

transfer integral t equal to 0.32 meV. Because the interlayer transfer integral t in the stage 1 

compound is more than 10 times smaller compared with the stage 3 GIC, we could not detect 

the undulation. 

The SdH amplitude decreases rapidly as function of angle, which limited the range of 

angles for which it was possible to carry out the measurements. For the stage 2 sample and the 

stage 3 sample the maximum angle was 23° and 35° respectively. In literature1 this rapid 

decrease is often explained by the in plane component of the magnetic field (_L c-axis) which 

forces the holes into the intercalant layer. According to this explanation this enhances 

scattering and thereby reduces the amplitude of the SdH oscillations. This is not correct, 

because the behaviour of the amplitude of the SdH oscillation can be satisfactorily described 

with a model23 based on the general theory of quantum oscillations developed by Lifshitz and 

Kosevich24. The angular dependence of the SdH oscillation amplitude is completely 

determined by the electron dispersion law as well as by the broadening of the levels due to 

carrier collisions with impurities, without any additional scattering for 9/0. In the model the 

dispersion relation for graphite described by Slonczewski and Weiss14 is used. The broadening 

of the energy levels is related to the relaxation time x by the Dingle temperature 

TD=7tÄ/(4TkB), where kB is Boltzmann's constant. The normalised amplitude of the oscillation 

is given by: 

^ ^ = Vc^öexp 
PTP(0) 

(CŒ + TA 
1 

cos# 
(3.14) 

where a is given by: 

a-
In ckB\Ef -y1 

ehBr]2 (3.15) 

with c the speed of light and r|=(V3Yob)/2ft. In figure 3.9 the normalised amplitude of the 

frequency F4 of the stage 3 PdAl2Cl8 GIC is plotted as function of angle. The only fit 

parameter is the Dingle temperature which give TD=76±4 K. From the magnetoresistance the 

quantum mobility (equation 2.14) can be determined. This gives for the Dingle temperature 
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TD=66±7 K. The description of the angular amplitude dependence with equation 3.14 looks 

reasonable and implies that there is no additional scattering for 8^0. 

3.6. Conclusions 

In summary, we have investigated the energy spectrum of PdAl2Cl8 GIC stage 1, 2 and 3. 
Shubnikov-de Haas oscillations were used to characterise the Fermi surface and the data were 
compared to the band structure model proposed by Blinowski et al.5. A good agreement is 
obtained for the stage 1 material. This 2D model is a good description of the band structure if 
the interlayer interaction between the carbon atoms in neighbouring layers separated by the 
intercalant layer is small. The high anisotropy between c-axis and in-plane conductivity 
confirms that this interlayer interaction in stage 1 PdAl2Cl8 GIC is small. 

The energy spectrum for the stage 2 GIC was more complicated on first sight than 
predicted by the Blinowski model. However two frequencies in the Fourier spectrum can be 
related with fundamental frequencies in agreement with the Blinowski model. Two of the 
frequencies in the energy spectrum are related with higher harmonics of the lowest 
fundamental frequency. Close to this lowest frequency there is a second frequency peak, 
which might be due to interaction between carbon atoms in neighbouring layers separated by 
intercalant layers. This interaction modulates the Fermi surface and the 2D cylindrical Fermi 
surface undulates and has a 'neck' and 'belly' extremal cross section. However, this 
explanation is not confirmed by the angular dependence of the magnetoresistance. The 
remaining extra-observed frequency could be explained by a sum frequency of the two 
fundamental frequencies. 

For stage 3 a similar problem with the energy spectrum arose. The Blinowski model 
predicts three frequencies and we observed five. In this case the extra frequencies could be 
regarded as difference frequencies of the frequencies used in the model. The interaction 
energies obtained from the model are comparable with those obtained for other stage 3 
materials. The angular dependence of the most pronounced frequency clearly showed a 
deviation from the cosine dependence, indicative for a 'neck' frequency. The 'belly frequency 
is very weak and difficult to observe for angles above 20°. For the other frequencies no 
undulation was observed. 
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