Role of Spin
Quantum Wire Transpc

KJTHOMAS

epartment of Electrical and Electronic Engineeri
Sunkyunkwan University, Suwon, South Kore:

ena in Mesoscopic Transport, Nordita




Outline

transport

ensity quantum wires

oherent transport
igner crystal



plit-gate device

Split gate

depletion

Zone

e Schematic diagram of a split-gate device

efined using electron-beam lithography.
oltage on gates depletes electrons from the 2
devices on GaAs: T. J. Thornton et al.,



-4

Gate Voltage Vg (V)

5

L a1
0 5
1

(1,27 3o syun up) 5

ithin the non-interacti

M

jejiuejod




stru

homas et al., Phys. Rev. Lett. 77, 135 (19¢

F

1.5
= | 3
“w = 1
S .
g £ T 1 1 .
o= r:ag 4
g — E . 7]

= -
= 2 0.5 -
)] 3

BT T S 6.2

Gate Voltage V, (V)



The 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.

— Based on very general mathematical properties of the
Schrodinger equation describing such interacting
electronic systems.

However....

It is now generally accepted that for a realistic guantum
wire structure such as a split-gate device, with finite
dimensions, Lieb & Mattis theorem may not be
applicable.
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agnetic correlations in a Wigner crystal
2000)

PHYSICAL REVIEW B VOLUME 61, NUMBEE. 24 15 IUEE 2000-IT
Ferromagnetic correlations in guasi-one-dimensional conducting channels

Eoris Spivak
FPhysics Deparmient, Univarsity of Washirgron, Seatrle, Washingron 25197
Fat Zhou
FPiyzics Departmend, Frincaron Universify, Frinceron, Now Jarsgy 05544
{Feceived 16 Jamuary 20000
We propose 3 modal fhat explains the expenmenial observation of spontanecus spin polamzation of con-
dwering elecmons in quasi-one-dimsnsional AL Ga, _ As/Gads channels [E T Thomas, I T MNicholls, M. Y.
Siemons, M. Pepper, D. B. Mace, and D. A. Ritchie, Phoys. Rev. Lett. 77, 135 (1596); K T Thomas, T. T.
Michodls, M. 1. Appeyard, M. Y. Simmwons, M. Pepper, DU B Mace, W E. Trbe, and D A Ritchie, Phys. Rav.
B 58, 4326 (198%)). We show thet 2 ferromagmetic order is a generic property of a quasi-one-dimensional
copductng channe embeddad in a Wigner crystal. Wa also discuss zate voltaze, mazeetic fald, and tempera-
fure dependences of the chamnal’s conductance.
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Luttinger Liquid
Spin charge separation

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

If J<<T << E; - 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
repulsion push electrons equidistant along a linear chain: Wigner Crystal.
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Conductance of a Quantum Wire in the Wigner-Crystal Regime

K. A. Matveev™

Department of Physics, Duke University, Box 90305, Durham, North Carolina 27708, USA
(Received 3 July 2003; published 9 March 2004)

We study the effect of Coulomb interactions on the conductance of a single-mode quantum wire
connecting two bulk leads. When the density of electrons in the wire is very low, they arrange in a finite-
length Wigner crystal. In this regime the electron spins form an antiferromagnetic Heisenberg chain
with an exponentially small coupling J. An electric current in the wire perturbs the spin chain and gives
rise to a temperature-dependent contribution of the spin subsystem to the resistance. At low temperature
T << J this effect is small, and the conductance of the wire remains close to 2¢2/h. AtT > J the spin
effect reduces the conductance to e* /h.

Rev. Mod. Phys. 71 801 (2007)

Colloquium: The spin-incoherent Luttinger liquid

Gregory A. Fiete*

Department of Physics, California Institute of Technology, MC 114-36, Pasadena, California 91125, USA
and Kavli Institute for Theoretical Physics. University of California, Santa Barbara, California 93106, USA

(Dated: March 15, 2007)

In contrast to the well known Fermi liquid theory of three dimensions, interacting one-dimensional
anc quasi one-dimensional systems of fermions are described at low energy by en effective the-
ory known as Luttinger liquid theory. This theory is expressed in terms of ccllective many-body
excitations that show exotic behavior such as spin-charge separation. Luttinger liquid theory is
commaonly applied on the premise that “low energy” describes both the spin and charge sectors.
However, when the interactions in the system are very strong, as they typically are at low particle
demsities, the tatio of spin to charge energy may hecome exponentially small. Tt is then possible
at very low temperatures for the energy to be low compared to the characteristic charge energy,
but still high compared to the characteristic spin energy. 'L'his energy window of near ground-
state charge degrees of freedom, but highly thermally excited spin dagrees of freedom is called
a spin-incoherent Luttinger liquid. The spin-incoherent Luttinger liquid exhibits a higher degree
universality than the Luttinger liquid and its properties are qualitatively distinct. In this collo-
quinm I detail some of the recent theoretical developments in the field and describe experimental
indications of such a regime in gated semiconductor quantum wires.
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PHYSICAL REVIEW B 69, 045324 (2004)

Generic properties of a quasi-one-dimensional classical Wigner crystal

G. Piacente * T V. SC]IWEigEl‘I::_T J. J. Betouras.” and F. M. Peeters®

Department of Physics, University of Antwerp (Campus Drie Eiken), B-2610 Antwerpen, Belgium
{Recetved 24 June 2003; published 30 January 2004)

We studied the structural, dynamucal properties and melting of a quasi-one-dimensional system of charged
particles, interacting through a screened Coulomb potential The ground-state energy was calculated and,
depending on the density and the screening length, the system crystallizes in a oumber of chains. As a function
of the density (or the confining potential), the ground state configurations and the structural transitions between
them were analyzed both by analytical and Monte Carlo calculations. The system exhibits a rich phase diagram
at zero temperature with continnous and discontinuous structural transitions. We calculated the normal modes
of the Wigner crystal and the magnetophonons when an external constant magnetic field B is applied. At finite
temperature the melting of the system was studied via Monte Carlo simmlations using the modified Lindemann
criterion (MLC). The melting temperature as a function of the density was obtained for different screeming
parameters. Reentrant melting as a function of the density was found as well as evidence of directional
dependent melting. The single-chain regime exhibits anomalous melting temperatures according to the MLC
and as a check we study the pair-correlation function at different densities and different temperatures, which
allowed us to formulate a different melting criterion. Possible connection with recent theoretical and experi-
mental results are discussed and experiments are proposed.

DOL 10.1103/PhysRevB.69.045324 PACS nmumber(s): 64.60.Cn, 64.70Dv, 61 46.+w







PHYSICAL REVIEW B 76, 075302 (2007)
Spin coupling in zigzag Wigner crystals

A. D. Klironomos,' J. S. I\-‘lf:yer,2 T. Hikihara,? and K. A. Matveev!
"Waterials Science Division, Argonne National Laboratory, Argonne, Hlinois 60439, USA
2Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA
3Department of Physics, Hokkaido University, Sapporo 060-0810, Japan
(Received 5 April 2007; published 2 August 2007)

‘We consider interacting electrons in a quantum wire in the case of a shallow confining potential and low
electron density. In a certain range of densities, the electrons form a two-row (zigzag) Wigner crystal whose
spin properties are determined by nearest and next-nearest neighbor exchange as well as by three- and four-
particle ring exchange processes. The phase diagram of the resulting zigzag spin chain has regions of complete
spin polarization and partial spin polarization in addition to a number of unpolarized phases, including anti-
ferromagnetism and dimer order as well as a novel phase generated by the four-particle ring exchange.

DOI: 10.1103/PhysRevB.76.075302 PACS number(s): 73.21.Hb, 71.10.Pm
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FHYSICAL REVIEW B 76, 075302 (2007)

Spin coupling in ziczar Wizgner crystals

A, D. Klironomos, M2 1. 8, Meyer.? T. Hikihara.? and K. A, Matvesy!
| Materials Science Division, Argonne Natfona! Laboraory, Argonme, Mincis 60439, USA
‘Department of Plysics, The Ohio Srate University, Columbas, (ks 43210, U4
*Department of Physics, Hokkaids University, Sgpper (60-0518 Japan
[Received 5 Aprl 2007; published 2 August 2007)

Wi consider interacting electrons in a quantum wire in the case of a shallow confining potential and low
electron density. In a certain range of densities, the electrons fonn o two-row (zigzag) Wigner crystal whose
epin properties are determined by nearest and next-nearest neighbor exchange oz well az by three- and four-
patticle ring exchange processes. The phase disgram of the resulting rigzag spin chain has regions of complete
spin palarization and partial spin poladzation in addition to & mumber of wopoladzed phases, including anti-
fermomagnetism and dimer order as well as a novel phase generated by the four-patticle ring exchange.

DOl 101105 PhysRevB 76075302 PACS mumber(s): 7321 Hb, 71.10.Pm
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FIG. 1. {Color online] Wigner crystal of electrons in a quanturn _ . _ _
wire. The structure as determined by the dimensionless distance _H“L-’I_lmif_:‘:“":]“?’ T’:E" dingram “‘:1::“’5 nearest
barwam:{u'niﬂnldﬁpmﬂlmﬂ?ﬁplmmm:ppmputﬂ.:llm.dﬂt— fective couplings J; and Jy are defined in the text. The shaded
tron density [see text). As dendty grows, (a] the one-dimensional gicn between the dimer and fermmagnetic phases commsponds to
crystal gives way o [(b) and ()] o zigzag chadn. exctic phase predicted in Ref. 435,
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Ferromagnetic correlations in quasi-one-dimensional conducting channels

EBoris Spivak
Flyrier Deparonenr, Dniversiny of Washiveton, Seatrle, Washingron 25197
Fal Ehou
Fryricr Departmaew, Princeron Unnersiy, Princeron, Now Jesgy 05544
(Becetved 24 Tamuary 200070
e propose a modal that explains the expenmental observation of spontanecns spin polamzation of con-
ducting elecmons in quasi-ope-dimensional ALGa, _ As'Gals channels [EL T Thomas, I, T. Micholls, M. Y.
Sipmoos, M. Pepper, D B, Mace, and D A, Pirchie, Phys. Bew. Lest 77, 135 (1806); K I Thomas, I. T.
Micholls, ML . Appevard M. Y. Smmors, M Pepper, DB Mace, W B Trbe, and D 4 Rlitchis Phys Fav,
B 58, 4526 (1985)]. We show that 2 feromaznedc order is a peneric propenty of a quasi-one-dimensional
copducdns channsl embeddad in @ Wigner coystal. W also disoass zate voltzge, mazpetic fiald, and tempera-
mre dependences of the chamnsl's conductancs.

PHYSICAL REVIEW B 82, 073307 (2010)

Localization of electrons and formation of two-dimensional Wigner spin lattices in a special
cylindrical semiconductor stripe

E. Welander.® 1. 1. Yakimenko. and K.-F. Berggren
Department af Physics, Chemistry and Biology, Linkdping University, 5-58183 Linkdping, Sweden

{Received 24 March 2010; revised manuscript received 9 June 2010; published 27 August 2010}

We consider a two-dimensional (2D)electron gas residing on the surface of a cylinder of a given radius R in
the presence of a parabolic confinement along the axis of the cylinder. In this way the system of electrons
forms a closed cylindrical stripe (wire). Using the local spin-density technique we first consider localization of
electrons within of a potential barrier embedded in the wire. Barriers with sharp retanguolarlike features are
populated in steps because of Coulomb blockade. The nature of a single bound state in a short soft barrier
(quantum point contacts) at pinch-off is discussed in terms Coulomb blockade., For a shallow barrier-free wire
we retrace the structural transitions at low electron densities from a single chain of localized states to double
and triple chains (Wigner spin lattices). The present system is related to the model of a inhomogeneous
quantum wire introduced recently by GUgld et al. [Fhys. Rev. B 8k, 201302(R) (2009)]. An important aspect
is, however, the present extension into higher electron densities as well as to the low-density regime and the
formation of 2D Wigner microlattices.

DO 10011053/ FPhys RevB 82.073307 PACS mnumberis): 73.21.—b, 73.23.—h, 7T4.78.Na
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Gated Split-Gate

GaAs/AlGaAs heterostructure
n,, ~ 2 x 10*/cm?
e M~2X%x10%°cm?/Vs

it gates
oth 0.4 um
ion 0.7 um
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Conclusions

ature, both classical and quantum, suggest that
antum wire will relax laterally as the transverse confin
aggering into a zigzag before bifurcating into two rows.

ely low densities, it is possible to access the spin-incoherent Lu
t regime. [W. K. Hew, K. J. Thomas et al., Phys. Rev. Lett. 101, 03680C

ddition of a top gate to the standard split-gate device has permitte
ity to explore the régime of weak confinement in quantum wires.

e has been obtained for the transition into double-row transport i
p in conductance to 4e?/h at weak confinements. [W. K. Hew, K. J
ev. Lett. 102, 056804 (2009)]

s between rows could be important in the context of
mith, W. K. Hew, K J Thomas et al., Phys. Rev. B 80, 0/
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