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Nanotechnology

Simple applications involve the cre

materials, perfect diamond in bulk quantit ,”-7: N
objects on any scale. z(’ Wra ”\,_.
[T ™3
L S e
. N\\/-— ) %
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. g 4 Q. LR
More advanced applications would involve massively @ 100 a%h, @F
parallel nanocomputers, self-replication and more or less - il 2 '
smart nanodevices able to interact with their Tl oo
surroundings. - e
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‘Carbon nanotubes, long and thin cylinders
though existing for a long time. -

iscovered 24 years ago,

They can be thought of a sh
into a cylinder.

sidewall functionalization

endohedral functionalization
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Quantum mechanics

Usually: With relativity:
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From the 39 lecture by
F. Peeters in Prague
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Atomic collapse

Dirac (1929)

Pomeranchuk & Smorodinskii (1945)

[ €Y  Weaner and Wheeler (1957)
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The electrons collapse into the nuckus. I et Z=1 J

“'ht,"rc th'\" Wou']d theneject positrons. subcntical Collapse. vacuum reconstruction
which would spiral outward and away. —
Pre-collapse
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Experiment
Collision of heavy ions
- Darmstadt experiments (19805 & 1990s)
» Uranium (Z = 92) * I'm free

U +92

N\

» 3-6 MeV collisions

Signature of atomic collapse
U+92

- positron emission

== Not confirmed <<
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Graphene
| Ze* .
3D atoms: { = 5 =Za = critical value Zoo= 1 > Z. ~ 137
' Z.> existing nuclei
Graphene: ¢ =2 v 0L 2 Opy = atlc/vg) = 2

£q 2 {graphene + environment)

B = oy (Z/e) = critical value f.= 1 2 Z_. = glo g~ |
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Coulomb potential

Mass term

0 Coulomb term
H\r — Er | 1 / .
H=vpo - (p+eA)+me. + VL

o=e%e
Zero magnetic field
’ o1 —1/2
L .
Eng=m |1+ , — j=0,41,42. ...
it/ (0 + 1 [V — [ Fo)® '
j=—land n=10 F = rm,lfl —(27c)2 e 7 < 1/(20)
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From the 39 lecture by
F. Peeters in Praque
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Atomic collapse

(Za) > |j+1/2

mmmp Energy is imaginary

- .|r - :_ i 2 oA §
When r —s () mmp 1 ¢ 0V (£ =0+1/2)2 _ ifln

0 = (Zo)? =5+ 1/2)%

real part sin (e 4 o)
close to origin + — 0 oscillate with infinite frequency
solution 1s singular

The fact 15 that the problem s physicallvill defined.
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From the 39 lecture by
F. Peeters in Praque

Atomic collapse: graphene

Y. Wang et al, Science 340,734 (2013)

Ca Dimers are moveable charge centers (M. Crommie group, Berkeley)

STM > I(V)
d/dV = DOS(E) + & oz do o5 o

Sampie Baxs (eV)

Sample Bas (V)
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system

AY)G\(/"\ Ay

Vacancy (charged)

05}

Before

Rutgers University
(Andrei-group)
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Y Liu, M Weinert and L Li S DFT + STM
Nanotechnology 26 (2015) 035702

Defect states in graphene

% shA. & | HL .o +—1 Iso-density of virtual bound state
Eé ;: ."I'l‘_," I‘ol '/_'_ff u‘ 'h\ . B -
5 oo i " | Vacancy DOS shifted by 0.3 eV in order to
E 1wV Ly . 5 - . M
£ 4 | '\p . align the Fermi energy
\ | )y 4
ot Al LY
rbl\- ) \ J "" Reconsinited | r . "
- W | Vacany: - introduces virtual bound state at
r . \ / -
| wraphons W the vacancy site
LN P s & - positive charge Q = +1
E (eV)
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From the 39 lecture by
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Spatial dependence Doping dependence

Vacancy peak
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Localized on the vacancy site It tracks the Dirac point Vg (V)
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Charging vacancy in graphene
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From the 39 lecture by

F. Peeters in Praque

dl/dVv

Charge the impurity

Throw the electrons in defect by the simply voltage pulsing.

Pulse The charging procedure:
Atnmic EU“{ SEQUENnCE A'H:E'rthe ?HI pu|5E, thE
8r - Dirac point _ o _.===""" atomic collapse states
"-:;;::._ mllapﬁff_u;te o .-1-5“‘ shows up as labeled by
) P the red dash curve.
7 There are some small
6 Supercritical  Features follow the ACS
ST -w=-—a peak.
TS Eor the first 6 pulses,
3rF Suberitical the only effect is to move
_.——=* The |ocal dirac point.
“1st
0

Bias (V)
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B=0T, Vg=-48V
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From the 39 lecture by
F. Peeters in Prague
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H=t Z( (I.Tb,-_ + H.c.) + Z{I"( I’;{](J?n; + V| I‘F 'jubj-b{ ).

Tight-binding hamiltonian (including next nearest neighbor interactions)

Theory

- 5~ 0.142 nm _ —fl'l’prg', if r < L
- g =0246nm [/(r) — 0

—,”’pg. ) iy g
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| | [ hexagonal sample
0.25 0.0 0.25
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Spatial dependence

Vi @2 Ulr) = ﬁ hvr =>» Local Dirac point
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‘Gate dependent screening
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Conclusions

 VVacancy - charge is tuneable with STM pulses
- Drive system in critical regime

e Clear observation of atomic collapse states

e Future work

- B-field: tuning of screening
scaling of atomic collapsed energies
- Tip induced potential = STM continuous tunig of p
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Graphene and Graphene NanoRibbons

An Electromagnetic
Characterization
through the eyes of
Linear Response
Density Functional
Theory




a=0.142 nm The Geometry

é é

a =0.142 nm
a’=0.1nm

... and two simple
Armchair and Zig-
Zag Graphene

Ribbons (Edges
. , A ; passivated by
“o Hydrogen atoms)
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Imagine we replicate the structures
and obtain the following 3D Crystals
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Graphene




Electron Density Then.... we perform a 3D Plane Wave (PW) DFT
Density Functional

bric ;
— i(k+G)r
n(r) = Zfbkwbk(rn — o) = ) -~ e
bk Bloch’s
_ Theorem
FD Statistics
Initial Guess Effective Kohn-Sham (KS) Potential
( ) { } | | Hartree
no(r) = {bpsg) = Z b+ no(r')
VI?S(r) — Vext(r) + f d*r’ ot
b = band index |T —Tr | 5710(1‘)
k = wave vector in the 1t BZ Atomic Exchange and
G = reciprocal lattice vectors Nuclei Correlation
No: Start
Back —
b = b1 n(r) - n’l(r)
k+6 = k+6 ) Ground State
. Epk = Epk —> Properties: Total Energy,
1 Forces, Stresses
Converged?> ——— Yok = Ypk
Yes
T KS Equations

2 2
() = ) Pl =1 Do) | G (74 ) i) = e

New electron density



Graphene: Full electronic structure
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Graphene...zooming at the Dirac points (on the THz Scale)
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Graphene...zooming at the Dirac points (on the THz Scale)
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Time Dependent DFT (Linear Response, RPA)

« Consider applying a small external electric field of wave-vector q and frequency v
« The electric displacement and conduction current responses to the probing field are
controlled by the permittivity and conductivity matrices

€6e' (@ V1) 066 (Q V)
= €00¢c’ .
'S 0 = ihvey ) Vegr (@) X (@ V)
— €0 ) Vagr (@) Xgrg @ ve) o
G.’I

k k I\ *
/ , V) =— E
,n,n

All the basic ingredients, apart from 7 (phenomenological relaxation time) that enters
vy = v % j/t, are computed by DFT, i.e.,
» the one-electron energies &, and e, 4q;

the one-electron occupation factors £, and fgn kg

. 1 , -
» the one-electron wave-functions ¥, (r) = \/_52(; Crpge) KTOT

. . k .
» whichappear in p 1,(6) = X Chy g/ Cnikrqi66s

The electron-electron interaction (v in reciprocal space) is part of the TD extension of
DFT



Time Dependent DFT (Linear Response- 3D Coulomb Potential)

Consider applying a small external electric field of wave-vector q and frequency v

The electric displacement and conduction current responses to the probing field are
controlled by the permittivity and conductivity matrices

17 Pnn,(G” )(fgnk fg e )pkq (G’)
€ee’(Q V) = €pggr — z z z EO”GG (q) v

& hvy + epg —

€n' k+q

17 nn’(G”)(fgnk fg , ) ::/(G,)
066’ (q,v) = ihv, 7 7 7 EOUGG (q)P erg P

¢’ k nn' hvi T Enk — En’ k+q
Electron-Electron interaction (3D %
(3D) .gﬂggg %““\ \ X e
Unwanted effect
veer (q) = 2258 %, :
GG’ .
€olq + GI2 o gﬁ% 2%, |-
G=G’=0 sadd HRRLey. L
SENEEERERGLLLLLLLIS
TREEERRERRRAIVYT T
.&=-::::::'-:I.’
Macroscopic Average wanet

Inverse Permittivity Tensor €,4(q,v) ™! = [€ge (qUa V) M eog/=0

Resistivity Tensor Paa(q, V) = [0ge (qug, V) Hg=¢'=0



Time Dependent DFT (Linear Response- 3D Coulomb Potential)

« Consider applying a small external electric field of wave-vector q and frequency v
« The electric displacement and conduction current responses to the probing field are
controlled by the permittivity and conductivity matrices

" Pnn,(G” )(fgnk fg . )pkq (G’)
€ee’(Q V) = €pggr — z z z EOvGG (q) v

G hvi T Enk — Enr k+q

o (@) P (6 ) fen = o) I (G1)*
v (@ V) = ihv, 7 7 7 EOvaa (P ktq

hvy + ¢ £
¢k nn' + nk = <n’ k+q

Electron-Electron interaction (2D) .... G=(g9,Gz) and G’=(g’,Gz’)

V22, (q) = vag (@) — s L= e la+ g1° - G,G;
66 “e e lg+glL (Iq+gl>+62)(q+gl*+G?)
' The cut-off allows only in-
G,, G, >0 e?L _
2D Cut-Off 9.9 -0 — 2end plane electrons to interact

with one another
Macroscopic Average

Inverse Permittivity Tensor €,4(q,v) ™! = [€ge (qUa V) M eog/=0

Resistivity Tensor Paa(q, V) = [0ge (qug, V) Hg=¢'=0



Observables

Application
to Electron

Energy Loss
Data
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Permittivity (Room T)
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Resistivity (Room T)
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Dirac-Cone Approximation & Optical Limit

e’ (* de 0 1
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Dirac-Cone Approximation & Optical Limit
e’ (* de ( i,

€aa(q = 0,v1) = €9 T In . hZVi Eag T hzvi _ 482) e = f-2)
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Kubo-Drude Formula
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Conductivity-Resistivity (LR-DFT vs KD)

je? [ de [ 0 hzv+ Kubo-Drude Formula
f ( ) (fe — f—s)

Oua(q = 0,w1) = L), s 868 W

LR-DFT

kq " kq .
" ’(G )(fenk — fE / ) nn’(G )
06’ (Q V) = ithvy E E E EOUGG (@) Pnn o kg P

G hvi + Enk — En/ k+q

~100 200 300 400 500600 100 200 300 400 500 600
v THz v THz



Conductivity vs Frequency
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The two modes of collective oscillation due to coexistence of
carriers moving with two distinct Fermi velocities:
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(1) inone mode~(2DP) the two types of carriers oscillate in phase with one another (conventional 2D plasmon)
(i) in the other mode~(AP) an acoustic is predicted to occur with the two types of carriers oscillating out of phase.



Permittivity response of graphene vs an armchair nanoribbon
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Only LR-DFT can be used (no conical approx.)



Armchair nanoribbon (5,5)
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Only LR-DFT can be used (no conical approx.)



Armchair nanoribbon (5,5) -> Conductivity/Resistivity
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Only LR-DFT can be used (no conical approx.)



We have presented advanced tools to study the linear electromagnetic response of
graphene and graphene-like materials on the THz scale.

Starting from an atomistic point of view, we have defined an ab initio approach in
which the ground state properties of the material, i.e., energies, occupations, and one-
electron wave-functions are computed by plane-wave DFT.

These information are plugged in the relations of linear response theory to predict the
EM response of the system, in the optical limit .

Although several permittivity simulations have been performed, following similar
guidelines, on pristine graphene on the eV scale, here we have defined a procedure to
properly sample the electronic structure on the THz scale.

At the same time, we have tested the reliability of the widely-used KD approach,
operating in the same frequency range.

Upon comparison of DFT-results with those obtained by the KD formulation, some
significant differences have been pointed out. Nevertheless the KD formula seems to
reasonably capture the main quantum features of graphene for EM applications.
However, the proposed ab initio tool can be feasibly adapted to describe graphene-like
systems with a more complex electronic structure than graphene, such as graphene
multilayers, nano-ribbons, or nanotubes.

More importantly, it has the potential to properly account for the role of metal
contacts and substrate contacts. This is the object of current and future work.
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