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General

Technology

Hydrogen storage
Nuclear fusion
Nanoelectronics, spintronics,
nanomagnetism
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General

Technology

Graphene is a true 2D-electron gas (2DEG) system with
pseudo-relativistic conduction electrons!

...why interesting for us?
Chemistry: graphene is a large polycylic aromatic
hydrocarbon
Surface Science: adsorption of atoms/molecules may
tremendously affect transport properties
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Basics

The need for understanding adsorption

H on Graphite (Graphene) vs metal substrates

Chemisorption is thermally activated1,2

Substantial lattice reconstruction upon sticking1,2

Diffusion of chemisorbed H atoms does not occur3

Preferential sticking3

Clustering of H atoms3,4,5

Dimer recombination6

[1] L. Jeloaica and V. Sidis, Chem. Phys. Lett. 300, 157 (1999) [2] X. Sha and B. Jackson, Surf. Sci. 496, 318 (2002)

[3] L. Hornekaer et al., Phys. Rev. Lett. 97, 186102 (2006) [4] A. Andree et al., Chem. Phys. Lett. 425, 99 (2006) [5]

L. Hornekaer et al., Chem. Phys. Lett. 446, 237 (2007) [6] L. Hornekaer et al., Phys. Rev. Lett. 96, 156104 (2006)
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Basics

Theoretical tools

I. Tight-binding π Hamiltonian (uncorrelated e−)

H ≈ HTB =
P

τ,ij (tij a
†
i,τ bj,τ + tji b

†
j,τ ai,τ ) + next − to − nn + etc...

II. Hubbard (partially correlated e−)

H ≈ HTB +
P

i Ui ni,↑ni,↓ ⇐⇒
III. Valence-Bond (partially correlated e−)

ΨVB = A{φ1φ2φ3...φNΘN
S,M}

IV. DFT calculations (‘fully’ correlated e−) and more..

Periodic, plane-wave based, spin-polarized calculations with VASP

PAW method, PBE functional

5x5x1 unit cell,c=20 Å (vacuum), 6x6x1 Γ-centered k mesh, Ecut = 500 eV

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

Theoretical tools

I. Tight-binding π Hamiltonian (uncorrelated e−)

H ≈ HTB =
P

τ,ij (tij a
†
i,τ bj,τ + tji b

†
j,τ ai,τ ) + next − to − nn + etc...

II. Hubbard (partially correlated e−)

H ≈ HTB +
P

i Ui ni,↑ni,↓ ⇐⇒
III. Valence-Bond (partially correlated e−)

ΨVB = A{φ1φ2φ3...φNΘN
S,M}

IV. DFT calculations (‘fully’ correlated e−) and more..

Periodic, plane-wave based, spin-polarized calculations with VASP

PAW method, PBE functional

5x5x1 unit cell,c=20 Å (vacuum), 6x6x1 Γ-centered k mesh, Ecut = 500 eV

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

Theoretical tools

I. Tight-binding π Hamiltonian (uncorrelated e−)

H ≈ HTB =
P

τ,ij (tij a
†
i,τ bj,τ + tji b

†
j,τ ai,τ ) + next − to − nn + etc...

II. Hubbard (partially correlated e−)

H ≈ HTB +
P

i Ui ni,↑ni,↓ ⇐⇒
III. Valence-Bond (partially correlated e−)

ΨVB = A{φ1φ2φ3...φNΘN
S,M}

IV. DFT calculations (‘fully’ correlated e−) and more..

Periodic, plane-wave based, spin-polarized calculations with VASP

PAW method, PBE functional

5x5x1 unit cell,c=20 Å (vacuum), 6x6x1 Γ-centered k mesh, Ecut = 500 eV

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

Theoretical tools

I. Tight-binding π Hamiltonian (uncorrelated e−)

H ≈ HTB =
P

τ,ij (tij a
†
i,τ bj,τ + tji b

†
j,τ ai,τ ) + next − to − nn + etc...

II. Hubbard (partially correlated e−)

H ≈ HTB +
P

i Ui ni,↑ni,↓ ⇐⇒
III. Valence-Bond (partially correlated e−)

ΨVB = A{φ1φ2φ3...φNΘN
S,M}

IV. DFT calculations (‘fully’ correlated e−) and more..

Periodic, plane-wave based, spin-polarized calculations with VASP

PAW method, PBE functional

5x5x1 unit cell,c=20 Å (vacuum), 6x6x1 Γ-centered k mesh, Ecut = 500 eV

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

Theoretical tools

I. Tight-binding π Hamiltonian (uncorrelated e−)

H ≈ HTB =
P

τ,ij (tij a
†
i,τ bj,τ + tji b

†
j,τ ai,τ ) + next − to − nn + etc...

II. Hubbard (partially correlated e−)

H ≈ HTB +
P

i Ui ni,↑ni,↓ ⇐⇒
III. Valence-Bond (partially correlated e−)

ΨVB = A{φ1φ2φ3...φNΘN
S,M}

IV. DFT calculations (‘fully’ correlated e−) and more..

Periodic, plane-wave based, spin-polarized calculations with VASP

PAW method, PBE functional

5x5x1 unit cell,c=20 Å (vacuum), 6x6x1 Γ-centered k mesh, Ecut = 500 eV

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

I. Properties of bipartite lattices

HTB =
∑

σ,ij(tija
†
i,σbj,σ + tjib

†
j,σai,σ)

Electron-hole symmetry

bi → −bi =⇒ h → −h

if εi is eigenvalue and
c†i =

P
i αi a

†
i +

P
j βj b

†
j eigenvector

⇓

−εi is also eigenvalue and
c
′†
i =

P
i αi a

†
i −

P
j βj b

†
j is eigenvector

9>>>=>>>; n∗

nA + nB − 2n∗9>>>=>>>; n∗
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Basics

I. Properties of bipartite lattices

HTB =
∑

τ,ij(tija
†
i,τbj,τ + tjib

†
j,τai,τ )

Theorem
If nA > nB there exist (at least) nI = nA − nB "midgap states" with vanishing
components on B sites

Proof. »
0 T†
T 0

– »
α
β

–
=

»
0
0

–
with T nBxnA( > nB)

=⇒ Tα = 0 has nA − nB solutions

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

II. Properties of bipartite lattices

HHb =
∑

τ,ij(tija
†
i,τbj,τ + tjib

†
j,τai,τ ) + U

∑
i ni,τni,−τ

Theorem
If U > 0, the ground-state at half-filling has

S = |nA − nB |/2 = nI/2

Proof.
E.H. Lieb, Phys. Rev. Lett. 62 (1989) 1201

...basically, we can apply Hund’s rule to previous result
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Basics

Bipartite lattices: theorems at work

nA = nB + 1
S = 1/2

patterned spin-density..

nA = nB + 2
S = 1

..triplet ground-state

nA = nB
S = 0

‘open-shell singlet’

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

Bipartite lattices: theorems at work

nA = nB + 1
S = 1/2

patterned spin-density..

nA = nB + 2
S = 1

..triplet ground-state

nA = nB
S = 0

‘open-shell singlet’

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

Bipartite lattices: theorems at work

nA = nB + 1
S = 1/2

patterned spin-density..

nA = nB + 2
S = 1

..triplet ground-state

nA = nB
S = 0

‘open-shell singlet’

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

Bipartite lattices: theorems at work

nA = nB + 1
S = 1/2

patterned spin-density..

nA = nB + 2
S = 1

..triplet ground-state

nA = nB
S = 0

‘open-shell singlet’

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Basics

III. Valence Bond picture

Modern, basic VB ansatz

Ψ = A{φ1φ2φ3...φNΘN
S,M}

ΘN
S,M =

f N
s∑
k

ckΘN
S,M;k

orbitals φi are (or turn out
to be) localized on atoms
spin-function is the best
coupling for the given S

0.95

0.01 0.010.01

CH4

Ψ =
P42

k=1 ckA{φ1..φ10Θ
10
0,0;k}

∼ A{φ1..φ10Θ
PP}
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f N
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k

ckΘN
S,M;k
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0.4820.482

0.012 0.012 0.012

0.482 0.482

0.012 0.012 0.012

C H6 6

Ψ =
6X

k=1

ckA{φ1φ2φ3φ4φ5φ6Θ
6
0,0;k}
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III. Valence Bond picture

Modern, basic VB ansatz

Ψ = A{φ1φ2φ3...φNΘN
S,M}

ΘN
S,M =

f N
s∑
k

ckΘN
S,M;k

orbitals φi are (or turn out
to be) localized on atoms
spin-function is the best
coupling for the given S

Kekule (1865)

Ψ ' Ψkek
1 + Ψkek

2
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Single H

Adsorption PES

X. Sha and B. Jackson, Surf. Sci. 496, 318 (2002)
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Single H

Valence Bond: adsorption barrier
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Single H

Substrate electronic structure

..patterned spin-density
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Substrate electronic structure
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Clustering of H atoms

Dimers
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Clustering of H atoms

Dimers

Binding energies depend ∼
linearly on the site integrated
magnetization (MSI)
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Clustering of H atoms

Dimers

[1] [2]

[1] L. Hornekaer, Z. Sljivancanin, W. Xu, R. Otero, E. Rauls, I. Stensgaard, E. Laegsgaard, B. Hammer and F.
Besenbacher. Phys. Rev. Lett. 96 156104 (2006)

[2] A. Andree, M. Le Lay, T. Zecho and J. Kupper, Chem. Phys. Lett. 425 99 (2006)
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Clustering of H atoms

3-atom clusters

µ = 1µB ⇒µ = 2µB⇒ µ = 3µB
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Clustering of H atoms

3-atom clusters

A2B A3
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Clustering of H atoms

4-atom clusters
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Cluster models to graphene

Role of edges

zig-zag edges have
enhanced hydrogen affinity
geometric effects can be
investigated in small
graphenes

⇒ DFT and Multi-Reference
Quasi-Degenerate PT on
CASSCF wavefunctions
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Cluster models to graphene

Systems

imbalanced ‘PAHs’
balanced PAHs
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Cluster models to graphene

Balanced PAHs
Graphitic vs edge carbons

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

Cluster models to graphene

Adsorption paths
Balanced PAH
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Cluster models to graphene

Spin-density
H + Balanced PAH
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Cluster models to graphene

Spin-density
Imbalanced PAH
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H superlattices

Logic applications
The need for opening a gap

nS=ε0ε
Vg
t e

CNT-FET with ordinary and wrapped
around gates

P. Avouris et al., Nat. Mat., 605, 2, (2007)
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H superlattices

Logic applications
The need for opening a gap

I − Vg characteristics of a CNT-FET
I = I(Vg , Vds) for a 20 nm-wide GNR-FET

M. Han et al., Phys. Rev. Lett. 98, 206805 (2007)

dcfe@university of milan

Hydrogen & graphene



Introduction H atoms on graphenic substrates Opening a bandgap Summary

H superlattices

Logic applications
The need for opening a gap

I − Vg characteristics of a CNT-FET I = I(Vg , Vds) GNR-FET
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H superlattices

Symmetry
Why graphene is gapless?

r-space

C C
σ

σ
v

d

C
C2

6

I

A B

G0 = D6h

k-space

σd

C3

KK

K

G(k) = {g ∈ G0|gk = k + G}

⇒ G(K) = D3h
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H superlattices

Symmetry
Why graphene is gapless?

r-space

C C
σ

σ
v

d

C
C2

6

I

A B

G0 = D6h

|Ak〉 = 1√
NBK

P
R∈BK e−ikR |AR〉

|Bk〉 = 1√
NBK

P
R∈BK e−ikR |BR〉

〈r |Ar〉 = φpZ (r− RA)

for k = K

{|Ak〉 , |Bk〉} span the E ′′ irrep of D3h
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H superlattices

Symmetry and bipartite lattices

Theorem
For any bipartite lattice at half-filling, if the number of E irreps is odd at a special point,
there is a degeneracy at the Fermi level, i.e. Egap = 0

Proof.
Use electron-hole symmetry
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H superlattices

Designing semiconducting structures

Consider nxn graphene superlattices (i.e. G = D6h):
degeneracy is expected at Γ, K
Introduce pZ vacancies while preserving point symmetry
Check whether it is possible to turn the number of E irreps
to be even both at Γ and at K
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H superlattices

Counting the number of E irreps

n = 4

Γ A E
0̄3 2n2 2n2

1̄3 2(3n2 + 2n + 1) 2(3n2 + 2n)

2̄3 2(3n2 + 4n + 2) 2(3n2 + 4n + 1)

Kn A E
0̄3 2n2 2n2

1̄3 2n(3n + 2) 2n(3n + 2) + 1
2̄3 2(3n2 + 4n + 1) 2(3n2 + 4n + 1) + 1

⇒ n = 3m + 1, 3m + 2, m ∈ N
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H superlattices

(14, 0)-honeycomb
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H superlattices

Tight-binding

εgap(K ) ∼ 2t
√

1.683/n

DFT

εgap(K ) ∼ 2t
√

1.683/n
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H superlattices

..not only: as degeneracy may still occur at ε 6= εF
new Dirac points are expected
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Summary

Thermodynamically and kinetically favoured H clusters
minimize sublattice imbalance
Adsorption on magnetic C-substrates is roughly governed
by spin density only
Symmetry breaking is not necessary to open a gap
New Dirac cones appears right close to the edges of the
gap region
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