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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 considered as nanoscale system.

Figure 1. Schematic figure of magnetic multilayers. [ ¥ =3 & - 1
v . &

Nanometre thick layers of iron (green) are separated by
nanometre thick spacer layers of a second metal (for w
example chromium or copper). The top figure illustrates - L
the trilayer Fe/Cr/Fe used by Griinberg's group (3), and i r
the bottom the multilayer (Fe/Cr), . with n as high as 60, Caadih
used by Fert's group (4).

Nobel Prize in Physics 2007

Nanometre

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 fwo-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 his lecture, "There's plenty of room at the bottom."
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W. Pauli: "God made solids, but surfaces

were the work of Devil."
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Branches of Nanoscience
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Why are Nanostructures Interesting for

Basic Research?

HdEnhanced role of surface atoms with their unpaired spins and uncompensated
bonds

dReduced dimensionality at the nanoscale = strogly modified Density of States,
enhanced Coulomb interaction, ...

OdQuantum confinement effects = discrete energy levels

Oquantum coherent effects in transport = quantum transport
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Limits of Top-Down Fabrication in Applied

Physics and Electrical Engineering
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Fundamental Quantum Effects

Acting Against Moore's Law
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Nonscaling effects at nanometer MOSFETSs:

Qquantum tunneling of carriers through the gate insulator
and through the body-to-drain junction
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Nanostructures: Bottom-Up Approach
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Nanostructures Explored in PHYS824
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Experimental Tools of Nanoscience:

STM and AFM
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The main function of the feedback system is to mowve the sample and the tip relative to each other. The movement
in the plane of the sample is called rasterscanning, and is welldefined once the user sets the scan area and scan
speed (Figure 4a). The movement out of the plane of the sample is completely unpredictable, and it is this
mowvement that undedies the censtruction of three dimensional topography images. The height of features in an
AFM image is detemined by how farup and down the tip or sample move relative to each other 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 scheme is reversed. The end result is, in principle, the same.
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(Figure 8) Force Puling illustration
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STM Images

Fe on Cu(111)

FIG. 1. (Color online) (a) Schematic of a mechanically exfoli-

ated monolayer graphene flake (gray) with gold electrodes on a

Si0, substrate. (b) STM topographic image of monolayer graphene

~>showing the hexagonal lattice as well as the underlying surface

O\ corrugations. The scale bar is 2 nm. The imaging parameters are
sample voltage V.=0.25 V and tunneling current /.=100 pA.
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FIG. 2. (Color online) dI/dV point spectroscopy shows a linear
relationship between the tunneling conductance and the sample

IBM A l maden voltage V. The inset shows the region near the Fermi level; no gap
‘

is seen.
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FIG. 3. {Color online) (a) STM topography showing the lattice
and surface corrugations. The scale bar is 5 nm. The topography is
recorded with Ve=0.4 V and I,=100 pA. [(b)-{e)] 41/ 4V maps at
sample voltages —0.2, 0.0, 0.2, and 0.4 V, respectively, showing
electron and hole puddles. For all the images, the current was sta-
bilized at the parameters of (a) and the feedback was then switched
off. The maps were recorded using lock-in detection. (f) Spatially
averaged d4I/dV curves at five different regions of the graphene
indicated in {a). The curves show a crossover near 0.2 'V as a result
of the shifting Dirac point.
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AFM Images

Dai Lab, Science 319, 1229 (2008): Kouwenhoven Lab:

Graphene Nanoribbons with Double quantum dot
ultfrasmooth edges integrated with quantum point
contacts on both sides for
spin qubit experiments
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Equilibrium Nanophysics: Electronic
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Nonequilibrium Nanophysics:

Quantum Trans
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Conductance Quantization

Avouris Lab, PRB 78, 161409(R) (2008)

(a) Pdcontact (k)

CONDUCTANCE (26/5)

van Wees et al., PRL 60, 848 (1988)
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I'maging Electron Transport

Imaging Electron Flow

New scanning probe techniques provide fascinating
glimpses into the detailed behavior of semiconductor
devices in the quantum regime.

December 2003 Physics Today 47

Mark A. Topinka, Robert M. Westervelt, and Eric J. Heller

CONDUCTANCE (e2/h} &
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Quantum Hall Effect in
2DEG cm
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Weak Localization

Any interference effects present in diffusive conductors?

We have to look at the pairs of trajectories!
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Strong (Anderson) Localization
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Electronic Interferometers and
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Quantum Tunneling
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H. van Houten, C. W. J. Beenakker, and A. A. M. Staring,

cond-ma‘r/ 0508454

Coulomb Blockade

T
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Q+ Coext

ro|o

|WAWAW

Ne/C  (N+1)e/C (N+2)e/C

L bext

FIG. 1 (a) Schematic illustration of a confined region (dot)
which is weakly coupled by tunnel barriers to two leads. (b)
Because the charge Q = —Ne on the dot can only change
by multiples of the elementary charge e, a charge imbalance
() + Cpext arises between the dot and the leads. This charge
imbalance oscillates in a saw-tooth pattern as the electro-
static potential gexe is varied (dext is proportional to the
gate voltage). (c¢) Tunneling is possible only near the charge-
degeneracy points of the saw-tooth, so that the conductance
G exhibits oscillations. These are the “Coulomb-blockade os-
cillations”.
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Nanophysics Applications:

Spintronics (MR, TMR, Spin-Torque)
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Nanophysics Applications:

Nanoelectronics with GNRs and CNTs

Tube Unzipping
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