Spectroscopy at nanometer scale

1. Physics of the spectroscopies
2. Spectroscopies for the bulk materials
3. Experimental setups for the spectroscopies

4. Physics and Chemistry of nanomaterials



Various spectroscopic methods
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Born-Oppenheimer Approximation
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Electronic Spectroscopy

1. Photons in
2. Photons in

, photons out — PL
. electrons out — UPS, XPS

3. Electrons in, electrons out — EELS
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Photon energy [eV]
Binding energy and effective radius for the exciton

E. = (m*/m,)(e/ey)? (13.6 eV)
ag = (elgg)(M*/m,) " (0.0529 nm)
For GaAs, e/e;~ 13.2 and m*~ 0.067m,

then E, ~5 meV and a4~ 10 nm



X-HAY PHOTOELEGTRON SPECTROMETEH
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Figure 3.29. X-ray photoelectron specirometer showing photons fv generated by an X-ray tube
incident on the specimen where they produce photoelectrons e~ characteristic of the specimen
material, which then traverse a velocity analyzer, and are brought to focus at an electron detector

that measures their kinetic energy.
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Vibrational Spectroscopy

1. Photons in, photons out — IR, Raman
2. Electrons in, electrons out — EELS
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Figure 8.5. FTIR spectra of boron nitride nanopowder surfaces after activation at 875 K (tracing
a), after subsequent deuteration (tracing b), and (c) difference spectrum of a subtracted from b
(tracing c). [From M.-I. Baraton and L. Merhari, P. Quintard, V. Lorezenvilli, Langmuir, 9, 1486
(1993).]
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Figure 8.19. Raman spectra of (a) crystalline graphites and (b) noncrystalline, mainly graphitic.
carbons. The D band appears near 1355cm~' and the G band, near 1580cm™". [From
D. S. Knight and W. B. White, J. Mater, Sci. 4, 385 (1988).]



The Theory of Raman Spectroscopy
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One dimensional size effect

Atomic Levels
sin(nnx/a), n even
E = n?r2h2/2ma?, n = 1,2,3...

P(x) = {

cos(nnx/a), n odd



Size effect

CHANGE IN VALENCE ENERGY BAND LEVELS
WITH SIZE
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Au nanoparticle as an example

«— 10nm ——

Er = (h2/2m) (3n2n)2/3
a(Eg) = (3/2) (n/EE)

6 = 2/[g(EF)V] = (4/3) (EF/N)

Number of valence electrons (N) contained
in the particles is roughly 40,000. Assume
the Fermi energy (Eg) is about 7 eV for Au,

then
0~0.22meV~25K
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Ultraviolet photoemission
spectra of ionized copper
clusters Cu,.,— ranging in
size from N of 1 to 410
show the energy
distribution versus binding
energy of photoemitted
electrons. These
photoemission patterns
show the evolution of the
3d band of Cu as a function
of cluster size. As the
cluster size increases, the
electron affinity approaches
the value of the bulk metal
work function. (Adapted
from ref. 10.) Figure 5



Egap (V)

Electronic Structure of Single-wall Nanotubes
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Optical properties of nanoparticles
(in the infrared range)
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(1) Broad-band absorption:
Due mainly to the increased
normal modes at the surface.

(2) Blue shift:
Due mainly to the bond shortening
resulted from surface tension.



Optical properties of nanoparticles
(in the visible light range)

(1) Blue shift:
Due mainly to the energy-gap widening
because of the size effect.

(2) Red shift:
Bond shortening resulted from surface
tension causes more overlap between
neighboring electron wavefunctions.
Valence bands will be broadened and the
gap becomes narrower.
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O (3) Enhanced exciton absorption:

Due mainly to the increased probability
of exciton formation because of the
confining effect.

Excitons



Optical properties
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Figure 4.19. Optical absorption spectrum of hydrogen-ike transitions of excitons in Cu,0.
[Adapted from P. W. Baumeister, Phys, Rev. 121, 359 {1961).]
Figure 4.20. Optical absorption spectrum of CdSe for two nanoparticles having sizes 20 A and
40A, respectively. [Acapted from D. M. Mitlleman, Phys. Rev. B49, 14435 (1994}]



Semiconductor quantum dots

(Reproduced from Quantum Dot Co.)
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Mass Analyzer
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Figure 3.8. Skeich of a mass spectrometer utiizing a 90° magnetic field mass analyzer,
ahowing details of the ion source: A—accelerator or extractor plats, F—glartrion 1l'i'lﬂ
t—filament, —onization chamber, L—focusing lenses, F—epeller, S—slits. The magnelic
field of the mass analyzer is perpendicular to the plane of the page.
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Figure 4.5. A comparison of the energy levels of the hydrogen atom and those of the jellium
migdel of a cluster. The efectronic magic numbers of the atoms are 2, 10, 18, and 36 for He, Na,
Ar, and Kr, respectively (Ihe Kr anergy levels are not shown on the figure) and 2, 18, and 40 for
the clusters. [Adapted from B. ¥. Rao ot al., J. Clusior Soi. 10, 477 (1599).]
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Reactivity of nanoclusters
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Figure 4.13. Mass spectrum of Al nanopasticles Defure (top) and atier {ootiom) axposure o
oxygen gas. [Adapted from R. E. Leuchtner et al., J. Ghem. Phys., 91, 2753 {1988),]



Intensity [counts per channel]

]

W II]'IZI'J'

=1

L0000

20000

000

Magic clusters

|
77

1 ) ’Ken
13 19 p, =300 mbar
| ' T, = 175K
& ' ( 423]
: | ; i\ i| “[ ﬂ ‘ ||\ \1 I 11 MMM 5?
i JL!.' ..'Ili el ._r'll__|l._ !L_|:|-__|ﬁ \_“L_J] |' |il |.I|I LH l 3 65
l" 55 1 ?
l 87
J“Ul“ i“ ||' MJL] J' l“l‘lw'fl'r!ﬁh ;Lm] 135, Ir?
,|.. ?L W hw-f'- -I":""ﬂ'l'q “wa“ 'l'l“b'
115 12"' 135 " uﬂ\ﬁm

s

Eluster size n

FIC. 1. Mooo opoetrum of xonon clusters, Oboorved magio numbers are macked in boldface; brackeld are used
for numbers with less pronounced effects. Numbers below the curve indicate predictions or distingulshed sphers
packings.




Mackay icosahedra
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TUNNELING CONDUCTANCE {I/V)
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1. Science 234, 304-309 (1986).
2. Phys. Rev. Lett. 56, 1972-1975 (1986).



Density of states of various dimensions
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Quantum size effect

A = de Broglie wavelength of electron
a = thickness of metal film
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Spectroscopic images

Topography
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Inelastic Tunneling
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Single Molecule Vibrational Spectroscopy and Microscopy
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B.C. Stipe, M.A. Rezaei, and W. Ho,
Science 280, 1732-1735 (1998).




Atomic Scale Coupling of Photons to Single-Molecule Junctions
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Quantum corral

D.M. Eigler, IBM, Amaden



Artificial atom
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