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Definition of Nanophysical Systems

Nanoscience and nanotechnology are all about relating and exploiting  phenomena for materials having one, two or three 
dimensions reduced to the nanoscale. Their evolution may be traced to three exciting happenings that took place in a short 
span from the early to 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 tunnelling 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 to 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.”

Nobel Prize in Physics 2007
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Definition: Any condensed matter systems whose at least one (out of three) 
dimension is of  the order of nanometer can be considered as nanoscale system
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W. Pauli: “God made solids, 
but surfaces were the work of Devil.”

Metallic surfaces 
of 3D topological  insulators

Graphene 
as pure surface
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Two-Dimensional Materials Beyond Graphene 
and their van der Waals Heterostructures

M
oS

2{ 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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Two-Dimensional Magnetic Materials

CrI3

Nano Lett. 20, 2288 (2020)
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Experimental Tools of Nanophysics: 
STM and AFM

N
ob

el
 P

ri
ze

 in
 P

hy
si

cs
 1

98
6



What is nanophysics?PHYS824: Nanophysics & Nanotechnology

Examples of STM Images

IBM Almaden

Fe on Cu(111)
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Examples of AFM Images

Science  319, 1229 (2008):
Graphene Nanoribbons with

ultrasmooth edges

Kouwenhoven Lab:
Double quantum dot 

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

graphene + vacancy: PRL 104, 096804 (2010)

Bi2Se3 surface + impurity: SSC 152, 747 (2012)

perturbing topologically trivial 
Dirac material such as graphene

perturbing topological 
insulators as Dirac materials 
with nontrivial topology of 
wavefunctions in the bulk 



What is nanophysics?PHYS824: Nanophysics & Nanotechnology

Nanoscale Imaging of 2D Magnets: SP-STM and MFM plus 
SQUID (SSM) and scanning NV center microscopy (SNVM)

constant current image of 
Co atoms on Mn/W(110)
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Science 364, 973 (2019)
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Why are Nanostructures Interesting for Basic 
Research on Weakly Interacting Electrons?

Enhanced role of surface atoms with unpaired spins and uncompensated bonds 
Reduced dimensionality at the nanoscale = strongly modified density of states, 
enhanced Coulomb interaction, …
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Quantum confinement effects = discrete 
energy levels, and modified DOS subbands

Quantum interference effects in 
transport = quantum transport

equilibrium branch of the course nonequilibrium branch of 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)
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Example: Resistance Quantization in Quantum Hall 
Effect and Topologically-Protected Edge Currents

theoretical explanation of QHE introduces 
topologically protected edge (or surface in 3D) 

conducting states which play a key role in recently 
discovered topological materials
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multilayer graphene

monolayer graphene
is 2D electrons gas with 

nontrivial landscape of orbitals

PRR 2, 033438 (2020)

SQUID
future
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Classical and Quantum Hall Trio
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Example: Nonlocal Resistance in Multiterminal
Graphene-Based van der Waals Heterostructures
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Direct and inverse spin Hall effect

Direct and inverse valley Hall effect in graphene/hBN
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PRB 93, 155104 (2016)

theory: PRL 117, 176602 (2016)

theory: J. Phys.: Mater. 1, 0150061 (2018)
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Example: Quantum Pumping of Charge and Spin
Science 283, 1905 (1999)

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

Nonscaling effects at   
nanometer MOSFETs:

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

dependence of sub-threshold 
behavior on temperature

discrete doping effects

power dissipated in various 
leakage mechanisms

PRL 98, 026802 (2007)
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Nanotechnology: 
Molecular Electronics via Bottom-Up Approach

Fuhrer Lab, Monash U. Avouris Lab, IBM

van der Zant Lab, Delft (Nano Lett. 2011)

Ruitenbek Lab, Leiden U.
Venkataraman Lab, Columbia U.
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Nanotechnology : 
Nanoelectronics with GNRs and CNTs
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Nanotechnology: 
Spintronics and Optospintronics

PRB 92, 155403 (2015)
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Nanotechnology: 
Nanoscale Thermoelectrics

N
ano Lett. 14, 3779 (2014)
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Nanotechnology: 
Nano-Bio Interface

Nano Lett. 12, 50 (2012)
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Branches of Nanophysics & Nanotechnology
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