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Timeline for spin qubits

1998
Loss DiVincenzo proposal

2010
few-electron

Loss-DiVincenzo proposal

2000
2003

2009
few-electron
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double 
double dot

2003
first
few-electron
double dot

p
first
few-electron
lateral dot

Laird, et al.

Laird, Folleti, et al.

Ciorga, et al.
Elzerman, et al.
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Emergent Phenomena at Oxide Interfaces

• High‐mobility 2DEG
– Ohtomo and Hwang, Nature (2004)

LaAlO3/SrTiO3
(LaO)+

• Metal‐insulator transition
– Thiel et al, Science (2006)

• Superconductivity

(AlO2)‐

(LaO)+

(AlO2)‐

( )• Superconductivity
– Reyren et al, Science (2007); 

Caviglia, Nature (2008) 

(LaO)+

(TiO2)0

(SrO)0

(TiO2)0• Magnetism
– Brinkman et al, Nature Materials

(2007)

(TiO2)

(SrO)0

(TiO2)0

(SrO)0

• Nanostructures
– Cen et al, Nature Materials (2008)

• Nanodevices
– Cen et al, Science  (2009)

S
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“The complexities of the “The complexities of the 
crystal structure, lattice 
waves, band structure, 
transport properties, impurity 
electrons and electrons and 
superconductivity have 
inspired the comment: ‘If 
SrTiO3 had magnetic 

ti     l t   t d  properties, a complete study 
of this material would require 
a thorough knowledge of all of 
solid state physics.’ ”

h dMarvin L. Cohen, in Superconductivity
vol. 1, Robert Parks, Ed. (New York, 
1969).
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Polar Discontinuity: LaAlO3 / SrTiO3

LaAlO3

2

SrTiO3

2DEG

Nakagawa, Hwang, and Muller, Nature Materials 5, 204 (2006)
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High‐Mobility 2DEGs at Oxide 
fInterfaces

 ~ 5000 cm2/Vs 5000 c / s
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Superconductivity at the LaAlO3/SrTiO3 Interface
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Magnetism at the LaAlO3/SrTiO3 Interface

T=300 mK

• Magnetoresistance g
independent of field 
direction

• Long time scale (~10 sec)
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Metal‐Insulator Transition

• Electric‐field driven phase 
transition

• Voltage applied across SrTiO3
substratesubstrate

• Critical thickness 
– ~ 3 unit cells LaAlO3

LaAlO3/SrTiO3
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Etch‐a‐Sketch Nanoelectronics
(a) (b)

Toy

(c) (d)

Tool
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Conducting AFM Lithography of LaAlO3/SrTiO3

Writingg

Erasingg
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Ultranarrow Wires

Vti =+10 V Vti =+3 VVtip=+10 V Vtip=+3 V

12 nm 2 nm

C. Cen, S. Thiel, J. Mannhart, and J. Levy,  Science 323, 1026 (2009).
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Multiple Write/Erase

Write with Vtip>0 Erase with Vtip<0

C. Cen, S. Thiel, J. Mannhart, and J. Levy,  Science 323, 1026 (2009).
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Possible Mechanism: “Water Cycle”
(C. S. Hellberg, unpublished)( g, p )

Vtip>0 Vtip<0

H O adsorbs dissociates Positive tip removes OH-, Positive tip removes H+,H2O adsorbs, dissociates 
on LaAlO3 surface

Positive tip removes OH , 
leaving H+ on surface and 
producing conducting 
interface

Positive tip removes H , 
restoring insulating state.  
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Ultrahigh Density MemoryUltrahigh Density Memory
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Quantum Mechanics On‐The‐Fly
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Transistor

Sketch‐based Electronic Transport within Complex‐oxide 
Heterostructure Field‐Effect Transistor
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QUANTUM TRANSPORT AT LOW 
TEMPERATURESTEMPERATURES

• Spin-Orbit (Rashba) Couplingp ( ) p g
• Quantum Coherence
• Quantum Hall states

i f dExperiments performed at:

S
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Effect of Dimensionality on Transport

Two Dimensions One Dimension

Mean free path ~16 nm (mobility~1000 cm2/Vs at low temp)
Quasi-1D confinement may help to suppress scattering in 1d

S
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Effect of Carrier Density on TransportEffect of Carrier Density on Transport

C. H. Ahn, J. M. Triscone, J. Mannhart, Nature 424, 1023 (2003)

S
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Transport Parameters

LaAlO3/SrTiO3
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Metal‐Insulator Transition in SrTiO3 Nanowires
Metal n=8x1013 cm-2Metal

n=8x1011 cm-2

Insulator

Fluctuations enhanced in 1d

Insulator

S
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SPIN‐ORBIT COUPLING
Weak Antilocalization

SPIN ORBIT COUPLING
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Weak AntilocalizationWeak Antilocalization
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Weak Antilocalization
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Weak Antilocalization (I)
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Non‐Local Magnetoresistance
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VV- h
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Hall EffectHall Effect
10 m T=20 mK

Va
+Va

-

n-=5.6x1013 cm-2

I+I- 100 nm

Vb
+Vb

-

n+=1.1x1014 cm-2

Symmetric component between B>0 and B<0

S
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Hall Effect: Closeup

10 m

I+I-

Va
+Va

-

100 nm Hall Effect: Closeup
Vb

+Vb
-

Subtract linear term

Shubnikov-de Haas oscillations (high )
S
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Hall Effect: Closeup

10 m

I+I-

Va
+Va

-

100 nm Hall Effect: Closeup
Vb

+Vb
-

SdH beats-> Spin-Orbit coupling

S
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MagnetoresistanceMagnetoresistance
10 m T=20 mK

Va
+Va

-

I+I- 100 nm

Vb
+Vb

-

L li t i t f |B| 2 TLarge linear magnetoresistance for |B|>2 T
 Asymmetry, possibly due to Hall coupling

S
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Magnetoresistance:
l

10 m

I+I-

Va
+Va

-

100 nm

close‐up
Vb

+Vb
-

Subtract linear term

Shubnikov de Haas oscillations
 Noisy! S
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MagnetoresistanceMagnetoresistance

S
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MagnetoresistanceMagnetoresistance

S
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Aharonov‐Bohm Effect

 / / /e dl e BA da e       


  


 / / /e dl e BA da e    

Illustration: H. Batelaan and A. Tonomura, Physics Today 9, 38 (2009).
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Aharanov‐Bohm Oscillations
0 T 18 T

10 m
0 T 18 T

Va
+Va

-

I+I- 100 nmA=0.8m2

‐18 T 0 T
Vb

+Vb
-
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60 Å Hall cross

A A 2 5 6 0 015 2Area A=2.5um x 6 nm=0.015 um2

N=nA=225 electrons T=20 mK

• Anomalous Hall response for |B|<2 T
• Plateaus for |B|>10 T n=1.5x1012 cm-2

S
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Hall Resistance
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Hall Resistance
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Symmetric and Antisymmetric
ComponentsComponents
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Ultrasensitive (spin?) Hall Nanosensor

6 1/ 23 1 10 Hz    03.1 10 Hz  

Competitive with MRFM?
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Low‐Density NanostructureLow Density Nanostructure

50m x 50m AFM scan

S
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Magnetoresistance @ 250 mK
 2

0( ) (0) 1 ( )R B R B 
Hall leads -> insulating

~3 M
100 M

21050 cm / Vs 

Subtract linear (+ weak parabolic) background…
    2

1 20 1CR B R C B C B   S
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Magnetoresistance Plateaus

S
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Landau Levels (integer and fractional)Landau Levels (integer and fractional)

11 28 10 cmn  

S
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Magnetoresistance Plateaus

S
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Edge State Picture
Density is below metal insulator transition

Two-terminal Landauer-Buttiker
f li b f b k

Density is below metal-insulator transition

formalism: absence of back-
scattering from edge states in 
QH regime

N h

g

H CR R R 

2
1

N

H Hk
k

NhR r
e

 

12 2N  
S
53



FUTURE DIRECTIONSFUTURE DIRECTIONS
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Summary and Future Directions
10 m

• Oxides replay “Physics Hits of the ’80s”
– Aharanov‐Bohm oscillations

I t d f ti l t H ll
100 nm

10 m

– Integer and fractional quantum Hall
– Reduced dimensionality/edge states 

(1d) plays critical role

• Future directions
– Superconducting nanostructuresp g
– Non‐abelian quasiparticles and 

topological quantum computation
– Quantum dots

S i t i– Spintronics
– Quantum simulation

S
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Summary and Future Directions
Topological quantum bit

• Oxides replay “Physics Hits of the 
’80s”

h h ll– Aharanov‐Bohm oscillations
– Integer and fractional quantum 

Hall
R d d di i lit / d

Andreev Entangler
(Recher and Loss, 2001)

– Reduced dimensionality/edge 
states (1d) plays critical role

• Future directions
– Superconducting nanostructures

T l i l i– Topological quantum computation
– Hubbard simulators
– …

Oxide Nanoelectronic
Hubbard Simulator
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