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• IntroductionIntroduction   
• ballistic transport 

• 0 7 structure• 0.7 structure

• Low density quantum wires   
• spin incoherent transport

• zig‐zag Wigner crystal



Split‐gate devicesSplit gate devices

• Schematic diagram of a split‐gate device

• Gates defined using electron‐beam lithography.

• Negative voltage on gates depletes electrons from the 2DEG below.

• First split gate devices on GaAs: T J Thornton et al Phys Rev Lett 56• First split‐gate devices on GaAs: T. J. Thornton et al., Phys. Rev. Lett. 56, 
1198 (1986).

• Confinement in transverse direction sets up 1D subbands.



Quantized Conductance
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Discovered in 1988,  understood within the non‐interacting electron picture :
Landauer – Buttiker Formalism – Conduction is transmission.



The 0 7 structureThe 0.7 structure
K. J. Thomas et al., Phys. Rev. Lett. 77, 135 (1996)

0.7 structure



The Lieb‐Mattis TheoremThe Lieb Mattis Theorem

Lieb & Mattis (1962):
– The ground state of a system of electrons in one 
dimension subject to an arbitrary symmetric potential 
is unmagnetised.g

– Based on very general mathematical properties of the 
Schrödinger equation describing such interacting 
electronic systemselectronic systems.

However….
It is now generally accepted that for a realistic quantum 

i t t h lit t d i ith fi itwire structure such as a split‐gate device, with finite 
dimensions, Lieb & Mattis theorem may not be 
applicable.  



Models to explain 0.7 Structure 
l dinclude..

•Spin polarisation:
C. K. Wang and K.‐F. Berggren, Phys. Rev. B 57, 4552 1998.

•Kondo effect:  
Cronenwett (2001), MeirCronenwett (2001), Meir

•Ferromagnetic correlations in a Wigner crystal
Spivak (2000)



Interacting 1D System

Luttinger Liquid

Interacting 1D System

Luttinger Liquid

Spin charge separation

Temperature << typical bandwidths of spin and charge modes, bothTemperature  typical bandwidths of spin and charge modes, both 
transport without scattering: power law behaviour.

If J<<T << EF - Spin modes are mostly reflected, characteristics different 
from a normal Luttinger liquid- Spin-incoherent Luttinger liquid results.  
- Fiete 2008, Matveev 2007

J becomes extremely small at low densities where strong Coloumb
l i h l t idi t t l li h i Wi C t lrepulsion push electrons equidistant along a linear chain: Wigner Crystal. 



Conductance of a 1D Wigner Crystal

Rev. Mod. Phys. 71 801 (2007)



Wigner Crystallisationg y
The possibility that an electron gas might freeze 
out into a crystalline state was suggested byout into a crystalline state was suggested by 
E Wigner in 1934:

• occurs in the low‐density 
limit, where Coulomb energy gy
dominate kinetic energy

• electrons occupy equidistant 
positions to minimise 
Coulomb repulsion



Quasi‐1D Wigner Crystallisationg y



Structural Phase Diagram of a Quasi‐
1D Wi C t l1D Wigner Crystal

Physical Review B 69, 045324 (2004)



A Zigzag Wigner Crystalg g g y







Is Double‐Row Transport Realisable?p

The transition from a 1D Wigner crystal to a zig‐zag chain occurs 
when the Coulomb interaction energy:
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Can We Observe This?

To be in the Wigner‐crystal régime, we need
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Ω, which describes the steepness of the confinement, is the 
l t i thi l ti th t i bl t t i f
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only parameter in this relation that is amenable to tuning for 
any given realisation of a quantum wire.



Top‐Gated Split‐Gate DeviceTop Gated Split Gate Device

GaAs/AlGaAs heterostructureGaAs/AlGaAs heterostructure
• n2D ~ 2 × 1011/cm2

• μ ~ 2 × 106 cm2/Vs

split gates
• length 0.4 μm
• separation 0.7 μm



Typical Device Characteristics

increasing confinement strength higher electron densities

• n2D ~ 1.8 × 1011/cm2

• There are no significant 
deviations from expected 
quantisation of conductance q
plateaux.

• The 0.7 structure is present 
throughout.

• The increasing spacing between 
successive traces with 
strengthening confinement 
corresponds to an increase in 
the sub band spacingthe sub‐band spacing.



Spin‐incoherent Regime
Structure at e2/h at weak confinement strengths

W. K. Hew, K. J. Thomas, M. Pepper et al., Phys. Rev. Lett., 101, 036801 (2008).



Parallel magnetic field dependence of e2/hParallel magnetic field dependence of e /h



G(B||): Spin‐incoherent to coherent transition

Spin‐incoherent regime Spin‐coherent (usual) transport regime



Bi d d b l d b 2/hBias dependence below and above e2/h 



Temperature dependence of spin‐incoherent 
e2/h plateau



Double row Formation

The double‐row régime of 
transport manifests at lowertransport manifests at lower 
electron densities when 
confinement is weakened.

• n2D ~ 1.6 × 1011/cm2

• The quantised plateaux are 
depressed as the 1D 
confinement weakens.

• The first plateau (at 2e2/h) falls• The first plateau (at 2e2/h) falls 
and disappears in the weak‐
confinement régime, leading to 
a jump in conductance directly 
to 4e2/h as the wire isto 4e /h as the wire is 
populated.

• The 2e2/h plateau reappears at
the weakest confinements.



Two QuantumWires Defined in aTwo Quantum Wires Defined in a 
Double Quantum Well



Magnetic‐Field Dependence

grey‐scale plot of the transconductance dG/dVTG as a function of an in‐plane magnetic field at 
five different confinement potentials, weakening from right to left



Lateral Displacement of the Channel

The quantum wire can be 
laterally displaced by applying alaterally displaced by applying a 
differential bias to the split 
gates.

• total displacement of some 350 p
nm across the 2DEG

• The double‐row régime is 
sensitive to lateral channel 
symmetry for a small differentialsymmetry, for a small differential 
bias is sufficient to restore the 
plateau at 2e2/h.

• The higher plateaux are 
remarkably invariantremarkably invariant.

• The high degree of symmetry of 
the traces with respect to the 
bias direction attests to the 
l li f th 2DEGcleanliness of the 2DEG.



Temperature dependence and DC bias 
i h d bl imeasurement in the double row regime



In‐Plane Magnetic Field

B = 16 TB = 7 T



Coupling between rows p g

Split‐gate width = 1 μmSplit gate width   1 μm

L. W. Smith et al., Phys. Rev. B., 80, 041306® (2009).



Coupling of Rows in Zero Magnetic Field
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Source‐Drain Bias Measurements



0.7 Structure at Weak Confinement0.7 Structure at Weak Confinement

B = 0 B = 8 TB   0 B   8 T

Thomas et al., (Unpublished 2012)



Tuning double row transport – Effect 
f f ldof transverse magnetic field

Sanjeev Kumar, KJ Thomas, M Pepper et al., (Unpublished 2012)



Conclusions
• Theoretical literature, both classical and quantum, suggest that the electrons in a

quasi‐1D quantum wire will relax laterally as the transverse confinement potential
weakens, staggering into a zigzag before bifurcating into two rows.

• At extremely low densities, it is possible to access the spin‐incoherent Luttinger liquid
transport regime. [W. K. Hew, K. J. Thomas et al., Phys. Rev. Lett. 101, 036801(2008)]

• The addition of a top gate to the standard split‐gate device has permitted greater
flexibility to explore the régime of weak confinement in quantum wires.

• Evidence has been obtained for the transition into double‐row transport in the form
of a jump in conductance to 4e2/h at weak confinements. [W. K. Hew, K. J. Thomas et
al., Phys. Rev. Lett. 102, 056804 (2009) ]

• Finite coupling between rows could be important in the context of a zig‐zag Wigner
crystal. [L. W. Smith, W. K. Hew, K J Thomas et al., Phys. Rev. B 80, 041306R (2009)]
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