Graphene
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Two atoms per unit cell

Graphene has an unusual dispersion relation in the vicinity of the
Fermi energy.
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Tight binding graphene
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There will be two eigen energies for every £.



Tight binding, graphene

www.physics.umd.edu/courses/Phys732/hdrew/spring07/
Schoenenberger%20tutorial%200n%20CNT%20bands.pdf



Tight binding dispersion relation for graphene
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Another band is included here. |

http://onlinelibrary.wiley.com/doi/10.1002/adfm.201101241/full
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http://lamp.tu-graz.ac.at/~hadley/ss1/bands/tbtable/dispgraphene.html



Carbon nanotubes
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http://lamp.tu-graz.ac.at/~hadley/ss1/bands/tbtable/CNTs.html



Other nanotubes
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Photoemission spectroscopy

UPS - Ultraviolet
photoemission spectroscopy

XPS - X-ray photoemission
spectroscopy

Measure the density of states
with photoemission
spectroscopy
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https://arpes.stanford.edu/research/tool-development/angle-resolved-photoemission-spectroscopy

Angle resolved photoemission spectroscopy (ARPES)
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Topological insulator (R

Measure the dispersion relation with angle resolved photoemission



Inverse photoemission spectroscopy (IPES)
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http://iopscience.iop.org/0034-4885/51/9/003



k-resolved Inverse Photoemission Spectroscopy (KRIPES)
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Figure 9. Band calculations and data for bulk direct transitions in the two principal azimuths
'™ and 'X and Cu(001). Upper panel shows the Fermi surface and isochromat curves
at hw =9.7 eV for transitions into band 6. Lower panel shows the corresponding E,(k;)

projections. Computations and filled data circles are from Woodruff et al (1982); open
circles are data from Jacob er al (1986).

http://1opscience.iop.org/0034-4885/51/9/003
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XPS
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Thermodynamic properties
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Thermodynamic properties

n= T D(E) f(E)dE

U= T ED(E) f(E)dE

Have a form that can be integrated by parts (Partielle Integration)
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Thermodynamic properties
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Chemical potential
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Chemical potential
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Chemical potential
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_’_,_:—"'



DE [V ]

. ik H T
number of electrons per primitive unit cell |1

Density of states: E [eV], D(E) [V ]

Internal energy density

ZetiE

15e+28

let2a

Se+2T

u [V m'3]

1 0265999500000000 :+215

1 0230099000900000 :+25

1.026e+28

10256428

e o o e Y Y e e o e

o

007055332
014110664
0211659946
028221327
035276655
042331991
049387323
056442655
063457357
070553319

e e = S T R v R

-TEZE+Z6
-09E+2 6
-S1E+26
- 14E+27
-ZBE+27
-40E+27
-S1E+27
-BEZE+Z7
-TEE+27
SS1E+27

1.023e+28
1.022e+28
1] 100 200 300 400 a0 a00
T[K]
dimensionality: &1 O 2 @ 3
1 g 3 | | . -
| wolume of a primitive unit cell: | 1E-28 |m3 electron density = 1.0000e+2 8 m 3
ey .
il |E Toar 800 |E [Dos—u |
Internal energy density; T [K], w(T) [eV m'3]

5 il 1.02267879040933e+25 A~
= 2 1.02267852214103 6e+25
= 4 1.0226792022442763e+28 1

& 1.02267957958137936e+28

2 1.02268015585097565e+28

10 1.0226805423662643+25

1z 1.0226615061580476e+25

14 1.02268227395858769e+25

16 1.0226830705571504e+25
2 15 1.022683565058354095e+25 b
= 20 1.0226584714658962 16e+25

Free electron model: | 10 2D 3D

Tlghtbmding:[ 2d square J[ 2d hexagonal H graphene ” simple cuhic ]

[Alfcc H Au foo H Cu foe H Maboe H Ftico H Wbch




Specific heat
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GaN

Wurtzite
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