Sec. 9.3.3 Fermi Gas and Density of States

Classical description: Momentum p =mv Kinetic Energy E = mv2/2 = p2/2m
Quantum description: p, =%k,
All conduction electrons are equally spread out in the k space (reciprocal space)

Available space in k 7
Table A.1. Properties of cmrm and k space in one, two, and three dimensions

Coordinate k-Space s Fermi Value

Region Unit Cell Region of K Dimensions
Length L 2n/L C 2k ) & One

Area A = [? . (@n/L) nh K+ i Two
Volume V = L (2n/L)’ 4rk} /3 B+ + i Three

Table A.2. Number of electrons N(E) and density of states [XE)=dN(E)/dE as
function of energy E for electrons delocalized in one, two, and three spatial dimensions,
where A=L%and V=13
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Single Electron Tunneling

Capacitance of a dielectric disk : C =8¢y, r
Capacitance of a dielectric sphere : C =4gg, r

For a GaAs sphere, C =1.47 x 1018 r farad for radius r in nm
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FIG. 1. Schematic showing an In droplet separated from an
Al ground plane by a tunneling oxide layer (=10 A thickness)
with an Au STM tip positioned about 10 A above it. The
squivalent circuit is shown with a voltage source and capacitor
Cr for tip to droplet and Cp for droplet to ground plane. The
resistors characterize the tunneling probability for each junc-
tion and are strictly shot-noise devices.
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FIG. 2. Curve A is an experimental /-V characteristic from
an In droplet in a sample with average droplet size of 300 A.
The peak-peak current is 1.8 nA. Curve B is a theoretical fit to
the data for Cp=3.5%x10""" F, Cr=1.8x10""®* F, Rp=17.2
x10%® @, and Rr=4.4x10° Q. The obvious asymmetric
features in curve A require a voltage shift V; =22 mV (V, =18
mV). Curve C, calculated for ¥, =0, shows the (seldom ob-
served) symmetric case. As explained in the text, a small
quadratic term was added to the computed tunneling rate for
each junction. Inset: A wider voltage scan for this same drop-
let; again, the topmost curve is experimental data.
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Nano-particles:

1. Contains many electrons:
normal metal nano-particles
superconductor nano-particles
magnetic nano-particles

2. Contains few electrons

Subijects:
1. Device structures:
for particles: nano-pore, electrodes with small gap
for 2DEG devices: lateral and pillar types
2. Physics:
In many electron system:
Level statistics
Parity effect
Lande g factor (spin-orbit interaction)
superconductivity
Magnetic moment

In few electron system:
Shell filling; artificial atom
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Gate-Voltage Studies of Discrete
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Spectroscopy, Interactions, and

Level Splittings in Au Nanoparticles
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Electron transport in Metallic grains
(short note by D. Davidovic et al.)
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Relevant energy scales (1)
Charging energy:
E.=e?/2C;
Cg~0.045 aF/nm2 x Ay ion 100 nm? — 8 meV=93K
For an embedded nano particle: E. = 0.8eV nm?/r?

C,=Cg+Cp+C,

Mean level spacing:

2 2 _ 2z°h* 1.50eV nm*  2.86eV nm®
D(s.)  vol (ij/ y, mkeVol ke Vol ke diameter®
27\ n’? D(e. ) = density of states at Fermi level

%
Number of electrons N(EF) VOL (h—zj / ;/OI k =0. 0177|(3 diameter®
T T

r =5nm, Al particle: ke=17.5nm™, § = 1.3meV, N = 11858
r =5nm, Au particle: ke=12.1nm1, § = 1.9meV, N = 3920



Relevant energy scales (2)

hDgy AVl 0.25K|

Thousless energy ~ { ' 3
hve(3r/2a”) v, 38k

r? 2ar ar

Delft and Ralph, Phys. Rep. 345, 61 (01), Eq. 5

meV nm?* (diffusive)

F meV nm?® (ballistic)

O > Eqpnousiess - Well resolvable discrete levels
Small Thouless energy usually implies a longer relaxation time

o> h/trelax for well resolvable discrete levels

S > i/t

The same argument applies for Coulomb blockade:

2
Ecze—>> f ~ f —>Rt>>zzz26k£2
t R.C e

Tunneling time: t | for well resolvable discrete levels

tunnel tunne

tunnel

For system in equilibrium: t <t

relax < tunnel

Nonequilibrium high electrons : hot electrons t >t

>
relax tunnel
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FIG. 2. (a) Experimental conductance of a narrow GaAs
channel with two lithographically defined barriers plotted
against gate voltage for four temperatures (Ref. 18).
Theoretical conductance, in units of (I'\/U)(e?/h), for ten lev-
els, spaced by Ae=0.1U, vs chemical potential, in units of U, at
four temperatures, calculated from (10). The elastic couplings
of the levels increase geometrically, I', =1.5"T"; (to simulate
disorder I'y is increased by an additional factor of 4). While
for kg T <K Ae only one bare level contributes to each conduc-

FIG. 3.

(b)

tance peak, for kT =Ae many levels contribute, permitting

the conductance to rise with temperature.

PRL, 66, 3048 (91)
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(a) The low-bias conductance of the island vs V, at
B =2.53 T. [Note the alternation of peak amplitudes which
arises from the spin splitting of levels (Ref. 17).]
conductance peak from (a) shown fit to a thermally broadened
resonance (solid line) in the limit that the intrinsic resonance
width is much less than k7. (c) A conductance peak at higher
V, shown fit to a thermally broadened Lorentzian (solid line).
The dashed line is the best fit using the same line shape as in (b).
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Shell Filling and Spin Effects in a Few Electron Quantum Dot

A harmonic confinement potential
V(r)=1/2m"w,r’

Eigenenergy: E = (2n +‘|‘ +1)ha)0

S. Tarucha, PRL, 77, 3613 (96)
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Transport through a quantum dot

Quantum dot is characterized by a finite energy level spacing AE

a each level contains two electrons of opposite spin
a the number of electrons in the dot is controllable, it is thus called an artificial atom

a entering of one electron causes island potential to increase by e/C or e/C + AE
depending on the parity (even or odd) of the excess number of electrons

Filling electrons to an artificial atom

n=0 1 4 5
Discrete ‘
energy
levels in —‘—'— -‘-'—
a dot * ﬁ ﬁ
—‘~ (a) % 4 Pl
B=0T 5

(b)

g 0- “ oddtoeven B 5T
— -5 Fa '\_'
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Magnetic field dependence of the resolved electronic

transitions for the device of Fig. 2 at (a) Vg @ 110 mV and (b) o H(T) )
Vg @ 180 mV. The dashed lines show the average energy of Magnetic field dependence of the energy spectrum in
the tunneling threshold at large H, corresponding to the sample 1. Right schematic is a guide to the eye.

(Vgdependent) Coulomb barrier. A @ 0.3 meV. PRL’ 83’ 1644 (99)

Small g due to strong spin-orbit interation



Effects of spin-orbit interactions on tunneling via discrete energy levels in metal nanoparticles
PRB, 60, 6137 (99)

3nm Al-grain with ~4% Au impurities
— Suppression of the g-factor
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Particle size ~ 1-4 nm
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TABLEL (). C;. Ry. and R;: junction capacitances and resistances determuned from Coulomb staircase at 4.2 K. [: par-
ticle base diameter estimated from ¢ + C; assuming hemspherical shape. §: estimated spacing between electron-in-a-box levels,
based on particle volume. &: measured level spacing. Ep: the Thouless energy of particles, estimated as fivy /3D, where D' is
the particle base diameter corresponding to measured level spacing 6. g determuned from Zeeman splitting.

Sample  Cy[aF]  Ci[aF] Ry + R[GQ]  Ri/R: Dlam] 8 [meV] & [meV]  Ey[meV]  Panty g

1 4 3.5 0.15 79 9 0.63 1 37 odd 028
2 0.9 1.67 0.066 2 47 4.6 7 73 even -
3 19 24 1.25 =25 6 21 1.2 40 odd 045
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Spectroscopy of the Superconducting Gap in Individual Nanometer-Scale Aluminum Particles

di/av (1/GQ)

Particle size =2.5~4.5 nm

PRL, 76, 688 (96)
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FIG. 2. Magnetic field dependence of resolvable transition
V(mV) energies at 50 mK for (a) sample 1, an even-n, particle and
(b) sample 4, an odd-n, particle. Dotted lines are guides to the
. eye. Spacings in voltage have been converted to energy using
3 osf @ the capacitance ratio ¢C1/(Cy + C2) = 0.73 meV/ mV for (a)
3 ozffe and 0.66 meV/mV for (b).
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1 FIG. 3. Comparison of the predictions of orbital pair breaking
e, "': plus Zeeman spin splitting (lines) to the measured field
osl i Namee el dependence of the lowest-energy tunneling transitions (dots) for
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H (Tesla) - (a) sample 1 and (b) sample 2.



