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GRAPHITE´ 1999: Our experimental
phase diagram

M. Rasolt & Z. Tesanovic, RMP´1992

Theoretical
phase diagram

Taking, Tc0 = 50 K, Hc2 (0) = 0.1 T,
and EF = 0.024 eV, one gets HQL ~ 2 T

Reentrant
superconductivity



TSC
3D ~  exp[-2 l2/N1(0)V]; H > HQL

2 l2/N1(0) ~ H-2, l = ( 1/2, V is the attractive  interaction,

is the energy cutoff on V;

TSC
2D ~ *c 

Superconducting correlations in quantizing field (both 2D 
and 3D ES):

Tmax(H) qualitatively agrees with theoretical predictions for 
TSC(H)

???



The crystal structure of graphite: 
layers of honeycomb lattices of 
carbon atoms

The single-atom thick 
graphitic plane is called 
"graphene"

Dirac-like cone spectrum: 
E(p) = vp; v ~ t||a/ , v  106 m/s

A

A

B

Band structure of
one graphitic layer 

F

under
doping

K - Fermi point

d =

ne nh ~ 1018 cm-3,
n2D = n3D(c/2) ~ 1011 cm-2

m*e m*h 0.05m0
~ 106 cm2/Vs

t|| = 3.16 eV



According to Slonczewski-Weiss-McClure model (1955-1957),
the interlayer hopping leads to pz-spectrum dispersion with
opening of cigar-like Fermi surface pockets elongated
along the corner edge HKH of the graphite
3D Brilloin zone.

*

m* ~ 0.05m0

t 390 meV



t 5 meV has been obtained from de Haas-van Alphen oscillations 
analysis by R. R. Haering & P. R. Wallace, J. Phys. Chem. Solids 3, 253 (1957) : 

graphite is essentially two-dimensional in 

???



H. Kempa, Y.K., F. Mrowka et al (2000)

H = 500 Oe

H  = 2 kOe

Very similar to 2D superconductors



Scaling analysis: graphite and graphene behave similarly

Bcr = 0.114 T

MIT in GRAPHITE: 

PRL´2008

E. V. Gorbar, V. P. Gusynin, V. A. Miransky,
I. A. Shovkovy,  PRB 66, 045108 (2002).





The occurrence of QHE in graphite has been confirmed by other groups: 
K. S. Novoselov et al., cond-mat/0410631; Science 306, 666 (2004); T. Matsui et 
al., PRL 94, 226403 (2005); and tbp; Y. Niimi et al., PRL 97, 236804 (2006).

QHE measured for 8 m thick
HOPG sample at T = 0.3 K;
K. S. Novoselov et al., cond-mat/0410631

QHE measured for a few-layer thick 
graphite sample at T = 3 K;
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Y. K. et al., PRL 2003 

FLG
Novoselov et al.,  2004

???



J. Yin et al., Nature Phys. (March 2019)



o max xx (n)
x - min xx (n + 1/2); shifted by 1/2 to the left  

Massive

Dirac

Two types carriers in graphite



(2010)

Open sumbols: Sxy peaks

Solid symbols: minima in Rxx

J. M. Schneider, M. Orlita, M. Potemski and D. K. 
Maude, Phys. Rev. Lett. 102, 166403 (2009). 

2D or not 2D ???

See also and Y.K. PRL(2010)

HOPG



Nature Physics 2, 595 (2006)

Dispersion near the H point shows that
low-energy excitations are Dirac fermions
with the Dirac point slightly above EF
Dirac holes.

Angle-resolved photoemission spectroscopy (ARPES):
First direct observation of Dirac fermions in BULK GRAPHITE 

K point: 
massive electrons

Slonczewski-Weiss-
McClure 

model

Brilloin zone





FWHM = 1.4o

FWHM = 0.4o

FWHM = 0.24o

B = 9 T 
T = 2 K

Y. K., P. Esquinazi, J. H. S. Torres, R. R. da Silva, H. Kempa,
Advances in Solid State Physics 43, 207 (2003), ed. by B. Kramer

Best quality
(i) the resistivity peak is absent
(ii) QHE reveals itself

Resistivity peak 3D Fermi surface
[R. H. McKenzie and P. Moses, PRL (1998)]

No QHE was observed !

Testing SWMC model: INTERLAYER TRANSPORT (2D vs 3D)

No 
No 3D Fermi surface ?

c/ b 102

c/ b 105



c in the more 
perfect samples separate into two groups, one giving c/ a ~ 102

and the other c/ a ~ 105.

In general it is found that pyrolitic graphites exibit high ratios 
and natural single crystals and Kish graphite low ratios of c/ a

PUBLISHERS, LONDON and NEW JERSEY, 1981, page 294:

short circuiting by lattice defects are likely to reduce the 
measured value of c



Experiment:
HOPG



PRL (2007)

Contrary to the experiment,
only ONE quantum 
Hall plateau is predicted
within a framework of
SWMC model 



HOPG: sequence of the field-driven insulator-metal-insulator transitions 

Strongly anisotropic graphite ( c/ b ~ 105)



Y. K. , J. C. Medina Pantoja, R. R. da Silva, and S. Moehlecke
PRB 73, 165128 (2006)

HOPG



H. Yaguchi and 
J. Singleton,
PRL 81, 5193 (1998)Kish graphite ( c/ b ~ 102)

Y. K., P. Esquinazi, J. H. S. Torres et al. (2002)



PART II Ultraquantum limit
(B >> BQL ~ 7 T): 

Another half-century puzzle



Kish & Natural graphite in ultra-quantum limit

H. Yaguchi & J. Singleton, 
PRL 81, 5193 (1998)

BCS-type

Yoshika &
Fukuyama (YF)
1981

B. Fauque et al.,
PRL 110, 266601
(2013)

High resistance
states (HRS)

Kish Graphite



No HRS

Y. Iye et al., PRB 25, 5478 (1982)

???

2D

or not

2D  ?



Nernst effect measurements are also suitable for
the high-resistance state studies in graphite:

Natural graphite

Obs.: Kish & Natural graphite: c/ b ~ 102

B. Fauque et al., PRL 106, 246405 (2011)



HOPG
c/ b = 4 104

Y. K., B. Raquet, M. Goiran, et al. 
PRL  103, 116802 (2009).

T = 1.8 K



Y. K., B. Raquet, M. Goiran, W. 

Both Hall plateaus and resistance peaks correspond to the filling factors 
proposed by Halperin [Helv. Phys. Acta 56, 75 (1983)] 

for the case of bound electron pairs, i.e., 2e-charge bosons.

H0 = 4.4 T

Experiments suggest the existence of 2e-charge 
bosons in graphite:



Periodic in field oscillations in
ultraquantum graphite:
G. Timp et al., PRB 28, 7393 (1983)

B = 0.16 (sample 1) and 
0.17 T (sample 2)

The theory of Yoshioka and Fukuyama, however, considers only the kz
dependence of the electronic wave functions in describing a charge density-
wave instability along the c direction. A more complete theoretical treatment 
of the charge-density-wave instability in graphite would have to incorporate 
both the inplane and z-axis dependences of the wave functions appropriate 
to graphite. 



Aharonov-Bohm oscillations:



GaAs/AlGaAs



HOPG
c/ b = 4 104

Y. K., B. Raquet, M. Goiran, et al. 
PRL  103, 116802 (2009).

T = 1.8 K

HRS vanishes in thin enough HOPG samples !
B.C. Camargo et al., Carbon ´2018

10 m x 5 m x d
d = 4 nm, 10 nm, 35 nm 

Vanishing of the HRS in thin enough GRAPHITE 
samples is related to the 3D 2D dimensional 
reduction,
B.C. Camargo, Y. K.  et al. (unpublished)

10 20 40 50 B(T)



Many ground states are possible:
CDW, SDW, EXCITONIC INSULATOR,
LUTTINGER LIQUID, electron pairing,
FQHE

???




