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Plan for Dan Ralph’s Lectures (Tentative)

. Basic introduction to Coulomb blockade in quantum dots

Simple spin physics, Zeeman spin splitting

Spin-orbit effects on Zeeman splitting, including random-matrix-theory
ideas

. Interacting Electrons within Quantum Dots -- the Universal Hamiltonian

(a) Weak exchange interactions -- non-zero spin states prior to the
Stoner instability

(b) Superconducting pairing

(c) Ferromagnetic quantum dots

. Review of Kondo Experiments
Single-Molecule Devices

. Nano-magnetics (in metals)
(a) basics of “giant magnetoresistance” (GMR)
(b) spin-transfer torques and magnetic dynamics
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Coulomb-Staircase Curves
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Effects of Gate Voltage on Coulomb Blockade

color scale: dl/dV




Coulomb-Blockade Effects in One Molecule

— Vg=-1.00V

_ Vg =-0.86V
0.5 — Vg =-0.74V
~Vg=-0.56V
—— Vg =-0.41V

| (NA)

Silicon Gate
0 50 100
V (mV)

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

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



Qua.u‘f/q dots - Discrete  Electionic Stectes /ﬂqu_pa'b'lé;‘!vdm

What  cheupes ©

(‘w:m L'ﬁc'knu lv-«ﬂwn-;f o{
S sioles 1y < Q.T)
o ?._ |

C
el =L
Qe
ey —

C.u[m“- AM lgﬂy"‘“ iu UAM‘A.

Currend s Ciqa.gcJ. L aatead o—f
C.ufrnd' w;” Llf:;! 'vn‘& -

Bt sow o duen-ca

-

Cantinvews Fiva -on, T2,

Sevies of small $Pp7, do Fue Aiscoate
5dntes Pﬂbu;ﬂe a lf etive Channels o2 ;4./;;4(47

xr
(L) E, / frr'f
“
: ¥

discvede slobes (aine F.uc.&.g “w
d=
AT / 2
v

Spacy 4 eucssy <
CoLwmey
o ] -

O%ﬁ c{. A[EVML " ‘;’m Tree Stre f Caet ﬁd;/m EM? %
° Ipau:‘.’s befween Coulowi Lo leaca p&c&s m/ nel okl be -dfuf,
Le—“-l.»& c‘ﬂ.‘ffcmnars (-;

/e‘)&( pfc.c.:;c.f Cans  Enfes (o
e Ty Covrent crrvcaled wntt \f"‘d«t/..:.f Tlourk dAevens~ chircotr
;{“’l‘, Cezo lfddy i J_‘,g.e * é;mm’ 4:1, tduﬂduﬂ( m«‘l“?

matvix elesnents .

/Vvé’ La ledesed Seens comditty G Ligg Yot dote, o Praxel bavrrger

‘\j‘ﬂ V‘ /ﬂ(jﬁl
1'?' 4‘?.0 {O r‘-"—(v& e.xcx'f-aﬂ fgﬂ.ﬁff@ e I'V Coerirt o m



400
200+
Ok

~~

<
Q.

~

" 200 -/ B
-400

_‘__.-—'_'_J_

]

Coulomb blockade (~15 mV) 7
| |

!
-10 -2

15 0 5/ 10 15
V (mV) '
80 +
| T=300mK )
< 60 H=0.1 Tesla 4
S 40+
0 | | level spaC|Ing (~0.5 mV) | (b)
2 4 6 8 10



T =320 mK
H=0.1 Tesla




Tunneling through Individual Quantum States
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Part of Coulomb Diamond
for Aluminum Particle

Color scale denotes
dli/dVv.

I

Source bias (mV)
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-500 0

n+1

electrons

Gate voltage (mV)

Red lines - excited states of
n+1 electrons

Blue lines - excited states of
n electrons

Black lines - ground states
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Magnetic-Field Dependence of Aluminum Levels

Magnetic Field (T)
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In general, copper is a little more complicated than aluminum.
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Random Matrix Theory Predictions: Distributions of the principal g-factors
for different strengths of spin-orbit interaction.

00 05 1.0 15 20



1.0

integrated
probability 0.5
distribution _ 2=0.7 .

%0 0.5 1.0 1.5 2.0
g-factor
- With one fitting parameter per sample, both the average g-factor and the
standard deviation are described well.
- Significant differences in spin-orbit strength even for particles made of

the same metal.
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Variations from Quantum State to Quantum State

Red: Cu#1

Blue: Cu#2




Principal-axis directions
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Principal-axis directions are randomly oriented in space.



Check agreement between experiment and RMT predictions

Single parameter fit: A (spin-orbit scattering strength) is determined by matching the
experimental and theoretical values of (s?)+(s%)+(¢?) .

Cu#4 Cu #5

A=1.8 A=11

Exp. | RMT EXp. | RMT
<g,>| 1.3 1.25 <g,>| 1.6 1.59
<g,>| 0.8 | 0.76 <g,>| 12 | 1.12
<g;>| 04 | 0.52 <g;>| 09 | 0.96

Theory and experiment are in excellent agreement.




One Mystery: The g factors in gold nanoparticles are smaller than expected
Strong spin-orbit scattering limit (Matveev et al.)

(g°) = irsoa +alL , Where o ~ 1

_ f _ N orbital contribution
spin contribution (o
g

’(? ]nl

For a ballistic nanoparticle, I~L 2D quantum dot
—_— 2> <g> >1 From Matveev et al.
. i . PRL 85, 2789 (2000
For a diffusive nanoparticle, I<L % (2000)
Ballistic nanoparticle
——> (g)=2 ]
- Diffusive nanoparticle
/

vi/L | I o

We see <g?> as small as 1/50. 1 kgl BT

If we assume the orbital part does not contribute, the spin contribution to the average
g factor gives an estimate for t., consistent with weak localization measurements.

Are the nanoparticles much more disordered than we expect so that they can quench the
orbital contribution, or is there some shortcoming in the theory?
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