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Properties of individual nanoparticles
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Particle nature of photons

Einstein’s proposal:

Compton Scattering



Wave nature of electrons

de Broglie’s proposal: For dectrons:
= A (nm) = 1.22/EV2(eV)
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Fundamentals of quantum mechanics

1. Quantizaton [~ ~---—-

2. Tunneling

3. Statistics




Critical Length scale
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C. Joachim et al., Nature 408, 541 (2000).
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One dimensional size effect

Atomic Levels
sin(nntx/a), n even

P(x) = {
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Size effect
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Ratio of surface atoms
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Enhanced catalytic effect

Clusters Containing
10-50 Atoms

Reaclion Cell Containing CO, O,, Dy, N, , NO,



Au nanoparticle as an example

«— 10nMm ——»

E- = (h?/2m) (31°n)?3
9(Ep) = (3/2) (n/Ey)

6 = 2/[9(Ep)V] = (4/3) (E/N)

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

then
0~0.22meV ~25K



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.

O O
00O O O _
0O0O0O0 o0 (2) Red shift:
OO0 00O o Bond shortening resulted from surface
OO0 00O o tension causes more overlap between
OO0 000 O neighboring electron wavefunctions.
OO0 O O Valence bands will be broadened and the
O 00 O gap becomes narrower.
° (3) Enhanced exciton absorption:
: Due mainly to the increased probability
Excitons

of exciton formation because of the
confining effect.



Optical properties
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Figure 4.19. Optical absomplion spactrum of hydrogen-ike ransitions of exciions in Cugd, ENERGY (aV)
lAdapsed from P. W, Baumeister, Phys. Rev. 121, 353 (1561).)
Figure 4.20. Opfical absorption spectrum of CdSe for two nanoparticles having sizes 20 A and

40 A, respectively. [Adapted from D. M. Mitlleman, Phys. Rev. B49, 14435 {1994).)



Semiconductor quantum dots
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(Reproduced from Quantum Dot Co.)



Specific heat and magnetic susceptibility
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Even number of electrons Odd number of electrons
Z, ~ 1+2[1+cosh(2BugB) exp(-BA) J+exp(-2BA)
Z, ~ 2[cosh(2BugB)][1+exp(-BA)+exp(-BA)]
C,, = 4kgB2A2exp(-BA) C, = kgB2A%exp(-BA)
Xe = Bloup*PEXP(-BA) %o = Hols®P
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Varying structures of Ag clusters
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Atomic motion and recrystallization
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Decahedra
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Wulff construction

\ G=§ 7(0,0) dA




Single crystalline structures

(a) cube (b) truncated cube (c) cuboctahedron

O ¢

(d) truncated octahedron (e) octahedron




lcosahedra

Size-dependent structures calculated for Ni clusters:
lcosahedra for 142 — 2300 atoms;

Marks’ decahedra for 2300 — 17000 atoms;
Single crystal for > 17000 atoms.
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Stability of crystalline phases
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Mass Analyzer

Magnatic Field

qV = Y2 mv?

F=qvB =mva/r

m/q = %2 B2r2/V

R larn
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fon

Source

Figure 3.8. Sketch of a mass spectrometer utiizing a 90° magnetic field mass analyzer,
showing details of the ion source: A—accelerator or exitractor plate, E—electron trap,
t—filameni, —onization chamber, L—focusing lenses, F—repeller, 5—slits. The magnatic
field of the mass analyzer is perpendicular to the plane of the page.



ELECTRON ENERGY (eV)
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JELLIUM MODEL OF CLUSTERS
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Figure 4.5. A comparison of the energy levels of the hydrogen atom and those of the jellium
model of a cluster. The electronic magic numbers of the atoms are 2, 10, 18, and 36 for He, Na,
Ar, and Kr, respectively (the Kr anergy levels are not shown on the figure) and 2, 18, and 40 for
the clusters. [Adapted from B. K. Rao et al., J. Cluster 5o, 10, 477 (1999).]
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FIRST IONIZATION POTENTIAL (eV) ™
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Shell structure: Two views. a: Atomic ionization
potentials drop abruptly from above 10 eV following
the shell closings for the noble gases (He, Ne, Ar
and so0 on), For semiconductors (labeled in blue) the
ionization potential is between 8 and 10 eV, while
for conductors (red) it is less than 8 eV, It is clear
that bulk properties follow from the natures of the
corresponding atoms. (Adapted from A. Holden,
The Nature of Sofids, © Columbia U, P., New Yark,
1965. Reprinted by permission.) be lonization
potentials for clusters of 3 to 100 potassium atoms
show behavior analogous to that seen for aloms.
The cluster ionization potential drops abruptly
following spherical shell closings at &' = 8, 20,

40 . ... Features at N =26 and 30 represent
spheroidal subshell closings. The work function for
bulk potassium metal is 2.4 eV, Figure 3
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NUMBER OF SODIUM ATOMS PER CLUSTER
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Ultraviolet photoemission
spectra of ionized copper
clusters Cu,,— ranging in
size from Nof 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



Reactivity of nanoclusters
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Figure 4.13. Mass spectrum of Al nanoparticles before (top) and after (bottom) axposure to
oxygen gas. [Adapted from R. E. Leuchtner et al., J. Chem. Phys., 91, 2753 {1988).]



Magic clusters
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Mackay icosahedra

P=1
20 fce(111) faces
Shell model

N=1+3% (10p°+ 2)



lcosahedra
(13)

Decahedra

(8)

Pentagonal pyramid

(6)

Figura 4.8. llustration of some calculated structures of smafl boron nanoparticles. (F. J. Owens,
unpublished.)



Fullerenes
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D.M. Eigler, IBM, Amaden



Artificial atom
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