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2D perfect graphene plane: Dirac Fermions of “zero mass” 



Band structure of graphite 

H-point: Dirac Cone (linear DR), EF 
below Dirac point 

K-point: quadratic (usual massive 
electrons) with minimum at Dirac 
point 

The details of this band structure 
depends on the assumed coupling 
between graphene layers ! 



Interlayer coupling or Binding 
energy per Carbon Atom: 

„an old and never-end story“ 

The coupling γ1 
dramatically modifies all 
properties of the electron 
gas in Graphite    

Dispersion in perpendicular 
direction to the graphene 
planes 

γ1 

In other words, how large is  

the intrinsic carrier density ? 



The energy band structure of graphite 
 A never-end story? 

•  1937: first calculations, Hund and Mrowka (Akad.Wiss.Leipzig 87,185) 
•  1947: first attempts to relate calculations with measured properties, Wallace   
               and Coulson: zero energy gap and effective carrier density (per C-        
               atom) 2D result: 

  neff = 0.3 (kBT/γ0)2 

           where γ0 ~ 3eV is the overlap integral between nearest in-plane     

                neighbors. 

   experimental results showed n >> neff  

       3D TB calculations introduce the overlap between atoms of one  

       type in adjacent layers through a new integral γ1~ 0.3 eV 

    

n  0 cm-2      for T  0K 



•  … (new γ’s) 

•  1952: Coulson and Taylor studied the 
effect of the distance between adjacent 
planes 

•  … (new γ’s) 

•  1958: Slonczweski and Weiss, TB 3D full 
perturbative calculation 

•  … (new γ’s) 



n(0) ~ 1010 cm-2 

•  γ0 

•  γ1  

•  γ2 : Overlap integral between other C-atoms site 

•  γ3 : Overlap integral between C-atoms of different sites 

•  γ4 : Overlap integral between layers  

•  γ5 : Overlap integral between layers 

•  Δ : Energy shift 



How can we measure them  
without introducing too many 

unknown parameters ? 

How large is the “intrinsic” 
carrier density in graphite ? 

But … 

and the carrier mean free path ?  
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 N. Garcia et el. Phys. Rev. B 78, 035413 (2008) 

Ω  

  Transport of carriers shifts 
from Ohmic to ballistic 
when    >W, the constriction 
width.   

  The difference between the 
resistance of the samples 
with and without 
constriction gives        .   

L ~ 0.5 … 5 µm 
W ~ 1 µm to 1000 µm 



N. Garcia et el. Phys. Rev. B 78, 035413, 2008. 

Ohmic at 
Constriction 

 γ - geometrical function depends on         , γ  ~ 0.7.….1. 

 t - thickness 
 a ~  

     < sample dimensions  
λF < sample dimensions and constriction width W 

Ballistic  Ohmic 



Macroscopic HOPG sample results 

T = 250K 



T-2 

Parameter free determination of n and mobility µ in oriented graphite 

10 µm 



Comparison between graphite and 
graphene 

 N. Garcia et el. Phys. Rev. B 78, 035413 (2008) 
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P. Esquinazi�, J. Barzola-Quiquia, and S. Dusari

Division of Superconductivity and Magnetism, Institut für Experimentelle Physik II,
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Abstract.
We have studied the resistance of a large number of highly oriented graphite samples

with areas ranging from several mm2 to a few µm2 and thickness from � 10 nm to
several tens of micrometers. The measured resistance can be explained by the parallel
contribution of semiconducting graphene layers with low carrier density < 109 cm�2
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gap Eg � 40 meV.

PACS numbers: 73.90.+f,61.80.-x,81.05.Uw

�e-mail: esquin@physik.uni-leipzig.de
Submitted to: New J. Phys.



Evidence for a narrow band gap in Bernal graphite 4









 










c-axis 






Interfaces with 

metallic propertie




Interfaces with 

metallic properties

Figure 1. Transmission electron microscope picture of the internal microstructure of a
highly oriented pyrolytic graphite sample as shown in Ref.[19] and similar to those used
in this study. The dashed red lines indicate some of the interface regions between the
single crystalline graphite parts. These interfaces run parallel to the graphene layers
up to several micrometers till a larger defect is encountered (see the defective region in
the middle of the picture). Regions with di�erent gray colors indicate slightly di�erent
orientation of the graphite structure. From measurements with EBSD we know that
the usual size of these single crystalline regions in the a, b plane is less than 10 µm
[17, 18].

graphene layers. The micrometer small samples and with thickness below 100 nm

were prepared by a rubbing method[19]. The resistivity data were obtained with four

contacts and checking the ohmic behavior at room temperature. The deposited Pd/Au

contacts on the micrometer large graphite flakes were prepared by electron lithography

and micro-Raman characterization was used to check for the sample quality[19], as

the inset in Fig. 2 demonstrates. Following the characterization work of Ref. [27], the

Raman spectra confirm the similar stacking between the bulk and thin graphite samples.

Micrometer large mean free path at 300 K and low carrier density[28, 29] are a further

proof of the high quality of the thin graphite flakes discussed in this work.

3. Temperature dependence of the carrier density

We start with the temperature dependence of the carrier density n(T ) obtained from

a 40 nm thin and several micrometers large graphite flake sample. It is important

to recognize that due to the large mean free path of the carriers ⇥ in the graphene

layers within the graphite structure, ballistic not di�usive transport has to be taken

into account[18, 29]. To obtain the mean free path or the intrinsic carrier density of

the graphene layers inside graphite one cannot use straightforwardly the Boltzmann-
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Figure 2. Carrier density per graphene layer obtained using the constriction method
[18] for a graphite sample of size 9 ⇥ 3 ⇥ 0.040 µm3. The continuous line is a fit to
the data and follows n(T )[108cm�2] = 2.7 + 12.4 exp(�540/2T [K]). We estimate a
⌅ 30% error in the absolute value of the carrier density, mainly due sample geometry
errors as well as in the constriction widths. The upper left inset shows the Raman
(514 nm) spectra of: (⇤) bulk graphite (Fig.2(a)) and a (red line) multigraphene
sample (similar to that of Fig.3(a)). The absence of a D-peak indicates the absence
of a significant number of defects. The bottom right inset shows the temperature
dependent derivative of the carrier density (circles) and of the fitting curve shown in
the main panel. Note the maximum in the derivative at ⌅ 125 K present in both
derivatives. The horizontal straight line is only a guide to the eye.

is given by their appearance in thin graphite samples after introducing defects by

irradiation as shown in Refs. [15, 32].

4. Temperature dependence of the resistance of di�erent graphite samples

Following the results from Ref. [19] as well as the semiconducting behavior of n(T ), see

Fig.2, obtained for a thin graphite sample, we assume therefore that the graphene layers

inside each graphite sample are semiconducting and altogether and between the voltage

electrodes their signal depends on an e�ective resistance of the type:

Rs(T ) = a(T ) exp(+Eg/2kBT ) . (1)

The prefactor a(T ) depends basically on the mobility, i.e. the mean free path and on

details of the carriers band structure (e.g. e�ective mass). If we take into account in

a(T ) the temperature dependence of the mean free path recently obtained for similar

samples, i.e. ⌥(T ) ⇧ ((3)�1 + (6.4⇥ 105/T 2)�1)�1 (⌥ in µm and T in K), see Ref. [29],

the absolute value of the energy gap Eg obtained from the fits to the data remains
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Figure 3. Normalized resistance R/R0 vs. temperature for three HOPG samples
with thickness, length (between voltage electrodes), width and R0: (a) ⌅ 20 µm,
2 mm, 1 mm, 0.003 �; (b) ⌅ 10 µm, 1 mm, 1 mm, 0.013 �; (c) ⌅ 50 nm,
⇤ 3 µm, ⇤ 3 µm, 15 �. The (red) lines through the experimental data are
obtained from the the parallel contributions given by Eqs. (1) and (2): (a) Ri/R0 =
1 + 2.2 ⇥ 10�3T [K] + 5.2 exp(�48/T [K]); (b) Ri/R0 = 1 + 2.2 exp(�33/T [K]) and
Rs(T )/R0 = 3.4 exp(662/2T [K]); (c) Ri(T )/R0 = 1+2⇥10�3T [K]+0.7 exp(�38/T [K])
and Rs(T )/R0 = 2.35 exp(340/2T[K]). Note that the curves obtained are very sensitive
to small changes of parameters. For example in (c), the continuous curve just below
follows Ri(T )/R0 = 1 + 2.41 ⇥ 10�3T [K] + 0.7 exp(�38/T [K]) and Rs(T )/R0 =
2.35 exp(260/2T [K]). Whereas the dashed curve above follows Ri(T )/R0 = 1+ 2.17⇥
10�3T [K]+0.7 exp(�38/T [K]) and Rs(T )/R0 = 2.35 exp(400/2T [K]). The inset in (c)
blows out the high temperature part where one recognizes the slight increase of the
resistance at T > 200 K, an increase that can be obtained changing slightly the used
parameters as the lower curve shows.
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Figure 4. Similar to Fig. 3 but for samples with geometry and R0: (a) ⌅ 13 nm,
14 µm , 10 µm, 490 �; (b) ⌅ 20 nm, 5 µm , 10 µm, 32 �; (c) ⌅ 37 nm, 27 µm,
6 µm, 69 �. The lines through the experimental data follow: (a) Ri(T )/R0 =
1 � 6.2 ⇥ 10�4T [K] and Rs(T )/R0 = 1.18 exp(480/2T [K]); (b) Ri(T )/R0 = 1 +
0.096 exp(�24/T [K]) and Rs(T )/R0 = 0.82 exp(350/2T [K]). (c) Ri(T )/R0 = 1 +
0.0044T [K] + 0.47 exp(�12/T [K]) and Rs(T )/R0 = 0.73 exp(400/2T [K].

two parallel contributions. The results shown in Figs. 3(b) and (c) are examples where

the two contributions Ri and Rs compete. For samples thinner than ⇤ 40 nm the

semiconducting behavior starts to overwhelm that from the interfaces, see Fig. 4.

Note that this semiconducting behavior is observed for a range of about five orders

of magnitude in sample area and that the width or length of the samples overwhelms

the intrinsic Fermi wavelength of the graphene planes inside the sample[28] �F � 1 µm.

Therefore, the semiconducting behavior is not due to a quantum confinement shift, as
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two parallel contributions. The results shown in Figs. 3(b) and (c) are examples where

the two contributions Ri and Rs compete. For samples thinner than ⇤ 40 nm the

semiconducting behavior starts to overwhelm that from the interfaces, see Fig. 4.

Note that this semiconducting behavior is observed for a range of about five orders

of magnitude in sample area and that the width or length of the samples overwhelms

the intrinsic Fermi wavelength of the graphene planes inside the sample[28] �F � 1 µm.

Therefore, the semiconducting behavior is not due to a quantum confinement shift, as



However, a main issue remains still open 

•  Is the “measured” carrier concentration 
in graphite intrinsic or is affected by 
defects and impurities? Note: 1010 cm-2 
~ 10 ppm ! 

 We can measure nowadays impurities 
in carbon to 0.1 ppm, but we cannot 
measure the C-vacancies and C-
interstitials concentration with such a 
precision! 



Since there are no defect-free graphite 

samples, let us answer the main question by  

•  Inducing a small amount of defects 
(vacancies and interstitials), e.g. between 
0.1 … 100 ppm, and 

•  measure the change in the electrical 
resistivity induced by those defect 
concentrations 



Simple estimate 
In the virgin state and at 300 K, within a factor of two, the carrier density is: 

For a fluence of 1013 H+/ cm2 one would produce: 

nV ~ 109 cm-2  ~ 0.01 n0 

assuming that each vacancy produces 1 carrier  

The related wave-vector kV = (πnV)1/2 ~ 0.1 kF 

This estimate reveals that a small concentration of 
defects can be relevant to the transport 



Experimental results 
Temperature dependence R(T) 

Irradiated fluence 9 x 1013 cm-2  

3 ppm vacancies ! 



Change of R during and after proton irradiation 

3 x 109 cm-2 

9 x 109 cm-2 

1 x 109 cm-2 

R0 resistance in virgin state 

R(t=0) resistance in relaxed 
state after irradiation 

T = 297 K 


