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Magneto-Coulomb oscillations
in single-electron transistors

o made with ferromagnetic
S . e elements.
o
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Introduction to tunneling spectroscopy

Measuring “electrons-in-a-box” levels in a metal nanoparticle
I

= [©

Aluminum

reting, @

Particles 3-10 nm.

I' << kT << 6E << E,

()
. AI\L_minum
Aluminum Odefi

metal nanoparticle

, A
v -
E; at e a - eV Can resolve discrete
V=0. l states if OE>>kKT
]
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Magnetic-Field Dependence of Aluminum Levels

Magnetic Field (T)
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0.2
] |
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Bias Voltage (mV)

g=2.0+0.1 for Al



Even vs. Odd Numbers of Electrons:

odd number of electrons even number of electrons
occupied unoccupied occupied unoccupied

R R P /NN

Magnetic field
Magnetic field

energy energy

-~ (b) Cu #2

|

Field (T)




one Ni electrode / Al particle / Al electrode

Ly

Bias Voltage (mV)

Effective Polarizations from Energy Shifts:
Co: P ~-0.1 £0.1,-0.37 £ 0.05, -0.7 = 0.1 in different samples
Ni: P_;~-0.15+0.1, -0.2 + 0.1, -0.45 + 0.05 in different samples

Band structure: Co, P <-0.59. Ni, P <-0.79.

(8]

Magnetic Field (T)
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Ferromagnetic nanoparticles
Low field behavior

-375-250-125% 0 125 2850 375 -375-250-125 0 125 250 3795

Magnetic Field (mT)

- No more simple Zeeman splitting -- internal
magnetic field.

schematic
sketch:

- Strong coupling between energy levels and
magnetic moment.

* More levels than expected for particle in a box,
due to the effects of spin waves.

- Detailed microscopic picture of the effects of
exchange interactions and magnetic anisotropy.



Energy (meV)

High field behavior

-8 -7 _6_5 -4 -3 -2 -10 1 —1.0 —0 5 0.0 0 5 1.

Magnetic Field (T) Magnetic Field (T)
‘Non-monotonic shifts of energy levels
*One sign of slope at high field.

Typical level spacing is ~0.2 meV -- much smaller than estimates
based on independent-electron model.
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Anisotropy varies from state to state

Explains:
*The different energy shifts for each tunneling resonance.
*The form of the nhon-monotonic dependence at low field.

AE/K

2.0 1§ —8k/k= +3%

> i

g H/k/\\s/—\
1.5 10 20

>y

-

o

c 1.0

K -200 ____ 8k/k= 0%

1

I

‘0 -0'5 0.0 0.5 1.0 AE =Energy required to add/ remove one e
Magnetic Field (T) k = anisotropy constant

Ok/k relative variation
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Designer molecules for making transistors

24 A

Co**(tpy(CH,);SH), Co?*(tpySH),

* Longer molecule: Coulomb-blockade effects.

- Shorter molecule: Kondo effect.

Related measurements, different molecules : H. Park (Harvard)




Creating Single Molecule Transistors

Gate areas and bonding ~ Nanowires are generated by

contacts are defined via e-beam Iithogra phy.
\ photolithography.

Deposit
molecules on
electrodes

Pass large currents:
electromigration —
Induced Gap formation.

s 200 NM




| (nA)

Coulomb-Blockade Effects in the Longer Molecule

Silicon Gate

1100 .50 0 50 100 Oy
V (mV)

* High resistance ( > megaOhms) - single electron charging.

» Coulomb blockade > 150 meV (unstable beyond this).



Zeeman Splitting in a Magnetic Field

magnetic field = 6 Tesla

6 1.
3 %EJ g=2.110.2
z >
Eo £0.5 "
> = _|_+
n
3 x
3
_ ol
'6 - . = O T T
-0.50 -0.45 -0.40 0 2 4
Vg (V) Magnetic field (T)

S=1/2 for Co?*, S=0 for Co3*.

6
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