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Definition of Nanophysical Systems

Definition: Any condensed matter systems whose at least one (out of three)
dimension is of the order of nanometer can be consuder'ed as nanoscale system
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Nanoscience and nanotechnology are all about relating and exploiting phenomena for materials having one, two or three
dimensions reduced fo the nanoscale. Their evolution may be fraced o three exciting happenings that took place in a short
span from the early o mid-1980s with the award of Nobel prizes to each of them. These were: (i) the discovery quantum
Hall effect in a two-dimensional electron gas; (ii) the invention of scanning funnelling microscopy (STM); and (iii) the
discovery of fullerene as the new form of carbon. The latter two, within a few years, further led to the remarkable
invention of the atomic force microscope (AFM) and, in the early 1990s the extraordinary discovery of carbon nanotubes
(CNT), which soon provided the launch pad for the present-day nanotechnology. The STM and AFM have emerged as the
most powerful tools o examine, control and manipulate matter at the atomic, molecular and macromolecular scales and these
functionalities constitute the mainstay of nanotechnology. Interestingly, this exciting possibility of nanolevel tailoring of
materials was envisioned way back in 1959 by Richard Feynman in lecture entitled "There's plenty of room at the bottom.”
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W. Pauli: "God made solids,

but surfaces were the work of Devil "

Native surface
® & 0 & 0 0
Vacoumlevel @ @ @ @ @ @

N & ‘
atom Feconstructed surface

s Surface
o0 L 1 ] o0
Band of susface states ® & & & & @

o & 0 & 0 0
\If(r) = eik.rUk(r) N \Ilsurf(r) — 6?:k||'1'||ru]:‘:|| (r”)e—kJ_-I‘J_

Interatomic spacing, a

Work

function

conduction band
Bulk band gap t
Valence band

Gr'aphene position
as pure surface ,
> R L T P Metallic surfaces
S of 3D topological insulators
metal Si0o p-Si i \?/ \?/ \?/ )
I e
i
PP i =
J i
) d !
Fermi BI'IZBI:Q_E':: o ®<3 i ~
-5 = - I\“'-;# l-: |
e / : » :
|
— £e VA ——
Alg3Gag 7As GaAs o - I

PHYS824: Nanophysics & Nanotechnology What is nanophysics?




Two-Dimensional Materials Beyond Graphene
and t

s Heterostructures

APPLIED PHYSICS

Graphene Sandwich ks h-Bl:l g

So 0 0a0s 00008808 Punar P20 N\ Diaomic o0 Paisislatatetade
0"@{:}'&}93?33:‘29“9“ — & somic p=d ‘.fp;e;e;e:e: I
.?.?,?.P.?.?.i.‘i.%. ) & -.#.#.?.3.9,3.5.

oo

A

Energy
N

(qV "\.J,
o /
2 Bulk 4L/ 2L 1L
N M K r T M K F I M K E E M K r
S S
K| :S. oo
g ot
K -« dpd

PHYS824: Nanophysics & Nanotechnology

2D materials and
van der Waals heterostructures

K. S. Novoselov,"** A, l\“.\'hl_'hl_’[l]-ill,l'z A, Cur\'alhn,"‘ A. H. Castro Neto™

PERSPECTIVE

doi:10.1038/nature12385

Van der Waals heterostructures

A. K. Geim'” & 1. V. Grigorieva'

van der Waals heterostructure is a type of metamaterial
that consists of vertically stacked two-dimensional
materials as building blocks held together by
the van der Waals forces between the layers
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Experimental Tools of Nanophysics:

STM and AFM

The main function of the feedback system is to mowve the sample and the tip relative to 2ach other. The movement
in the plane of the sample is called rasterscanning, and is wel-defined once the user sets the scan area and scan
speed (Figure 4a). The mowvement out of the plane of the sample is completely unpredictable, and it is this
maowement that undedies the construction of three dimensional topography images. The height of features in an
AFM image is determined by how far up and down the tip or sample move relative to each ather in order to maintain
a constant tip-sample interaction force. In some AFM's the tip moves up-down while the sample stays at a constant
height; in other AFM's this secheme is reversed. The end result is, in prnciple, the same.
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Examples of STM Images

namre

Fe on Cu(111) e st s s physics

Origin of spatial charge inhomogeneity in graphene

Yuanbo Zhang'*", Victor W. Brar™?*, Caglar Girit'?, Alex Zett]"? and Michael F. Crommie"?*

IBM Almaden
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Examples of AFM Images

Science 319, 1229 (2008): Kouwenhoven Lab:

Graphene Nanoribbons with Double quantum dot
ultrasmooth edges integrated with quantum point

contacts on both sides as a
spin-based qubit
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Physical Meaning of Dirac Materials and

Topological Protection Revealed by STM

perturbing topological
insulators as Dirac materials
with nontrivial topology of

wavefunctions in the bulk

Conduction band
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Nanoscale Imaging of 2D Magnets: SP-STM and MFM plus

SQUID (SSM) and scanning NV center microscopy (SNVM)
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Why are Nanostructures Interesting for Basic

Research on Weakly Interacting Electrons?

LEnhanced role of surface atoms with unpaired spins and uncompensated bonds
HReduced dimensionality at the nanoscale = strongly modified density of states,
enhanced Coulomb interaction, ...

equilibrium branchjof the course nonequilibrium branchjof the course
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Why are Nanostructures Interesting for Basic

Research on Strongly Interacting Electrons?
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Example: Conductance Quantization

PRB 78, 161409(R) (2008)
(@) Pd contact —a (b}

PRL 60, 848 (1988)
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Example: Resistance Quantization in Quantum Hall

Effect and Topologically-Protected Edge Currents
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Classical and Quantum Hall Trio
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Example: Nonlocal Resistance in Multiterminal

Graphene-Based van der Waals Heterostructures

dDirect and inverse spin Hall effect
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Example: Quantum Pumping of Charge and Spin

J. Phys.: Mater. 2, 025004 (2019)

Science 283, 1905 (1999)

] . 10°
An Adiabatic Quantum ,/’;{\ _ #ﬂ‘ &
Ulig‘htI '\ = <
— _ 107
Electron Pump T 5 o 2
] = NG
M. Switkes,” C. M. Marcus,’* K. Campman,? A. C. Gossard? N E = s
+Dr2 > = = W
O 2300000 ece00ceceCC - O D
[a'4 LEAD D/2 e LEAD 10
| | 20 Rice Mele -+ Light Pulse )
< N 300 100 500 600 700 107! 10°
I M Time (fs) IS (eV)
k.) | 00— . 10! [
Fle) (d) 4
Device 1 — R
© fﬁ(‘ﬁ;(ﬁ,ﬂ #‘T 10 b 1072
e | o - =
) = 1Y 2 Device 3 .~
[ =, T g <G — 1072 S L 107%
- @D‘ ’69:}9‘9 H w?y ry )
ﬁ;j M‘i‘:’,ﬁ” ¢}f =] . Y e D S 10t l;
ﬁ '\”P .\_\';‘: =) -
o 107! o } 107 -1
Semicond. Sci. Technol. 29, 043002 (2014) h (V) o

SPIN

PHYS824: Nanophysics & Nanotechnology

What is nanophysics?



Example: Good and Bad Consequences of Quantum

Tunneling for Electronics and Spintronics
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Limits of Top-Down Approach

in Conventional Electronics
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Fundamental Quantum Effects at the Nanoscale
Act Against Moore's Law for Conventional FETs

Vps

Nonscaling effects at
nanometer MOSFETs:

Oquantum tunneling of carriers
through the gate insulator and
through the body-to-drain junction

Odependence of sub-threshold
behavior on temperature

iscrete doping effects
Upower dissipated in various
leakage mechanisms
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Nanotechnology:

Molecular Electronics via Bottom-Up Approach

Ruitenbek Lab, Leiden U.

Avouris Lab, IBM ~ Venkataraman Lab, Columbia U.

drain
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Nanotechnology

Nanoelectronics with GNRs and CNTs
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Nanotechnology:

Spintronics and Optospintronics
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Nanotechnology:

Nanhoscale Thermoelectrics
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