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Quantum computers

Conventional computers: information in bits,

Oor1l, +1 or -1, T or §

Quantum computers: information in Qubits, 1 . 0
W =C0Sa| |+e’sina

]

Complex numbers

Electron described by spinor:

Spinor is an eigenvector of X1 * O | the spin component along Il




Static qubits:

back gates magnetized or heterostructure
high-g layer quantum well

Here we discuss mobile (or flying) qubits, in
mesoscopic semiconductor devices


http://qt.tn.tudelft.nl/research/spinqubits/

The Aharonov-Bohm (AB) Effect

Classical Physics, e.g. Lorentz force

A —
n{d—;‘] = —E:|:E-|- hd }{E}
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Quantum Physics, Schrodinger equation

(HD+V}P:%

pﬂ . L eA
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2m ¢
with E electric field, D electrode’s separation

Aharonov and Bohm (AB), Phys.Rev. 115, 485 (1959)
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Quantum mechanics:

Particle-wave duality

Schrodinger’s wave equation

z’ﬁ%lﬂ(r, t) =
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Spin-orbit interactions

h

=———— VI (r)(oXp).
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Entin-Wohlman, Gefen, Meir,

Oreg (1989, 1992) 2

A spinor i entering from the left
and travelling a distance L along the x-axis

will be multiplied by the 2x2 unitary
matrix

Aharonov-Casher Rotation of spin direction around p~axis



Rashba Spin-orbit interactions

| h
HSO——VT (r)( (r><p).
{_._J-[DL }H

Rashba: 2DEG, confined to a plane by
an asymmetric potential along z:

>  Strength of Rashba term can be tuned by gate voltage!

A spinor iy entering from the left
and travelling a distance L along the x-axis
will be multiplied by the 2x2 unitary matrix

Rotation of spin direction around p~axis
8



Dresselhaus Spin-orbit interactions

Dresselhaus: originates from
bulk inversion asymmetry of the
crystal structure:

[p (D202 — PyTy) + PePy(P20y — Pyo)|.

Linear Dresselhaus:
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Spin field effect transistor

Electronic analog of the electro-optic modulater
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FIG. 1. (a) Electro-optic modulator; (b) proposed electron wave analog of
the electro-cotic modulator.
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Das and Datta (1990): The Spin field effect transistor

Tunable with gate voltage
Hgy = A(px 2)-s

EJECT"'DH Clipp
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Can use at low gate voltages!




‘Writing’ on spinor:  Spin filtering

Work with mobile electrons,
Generate spin-polarized current out of an unpolarized source




Spin filtering:
Generate spin-polarized current
out of an unpolarized source A ) e IR

P Earlier work: usually calculate
spin-dependent conductance,
and generate partial polarization,
which varies with parameters.

Our aim: obtain full polarization,
in a tunable direction 2> quantum
networks
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Quantum networks
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Experimental realization of a ballistic spin interferometer based on the Rashba effect
using a nanolithographically defined square loop array
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Rashba-Effect-Induced Localization in |Q uantum Networks
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Spin filtering by a periodic spintronic device
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For a linear chain of diamondlike elements, we show that the Rashba spin-orbit interaction {(which can be
tuned by a perpendicular gate voltage) and the Aharonov-Bohm Tux Tdue To a perpendicular magnetic field)
can combine to select only one propagating ballistic mode, for which the electronic spins are fully polarized
along a direction that can be controlled by the electric and magnetic fields and by the electron energy. All the
other modes are evanescent. For a wide range of parameters, this chain can serve as a spin filter.



http://prb.aps.org/edannounce/PhysRevB.77.130001

Earlier work concentrated on spin-dependent conductance,
averaged over electron energies, did not concentrate on spin filtering

Our aim: use simplest quasi-1D model to generate spin filtering

Our main conclusion: can achieve full filtering provided we use
both spin-orbit and Aharonov-Bohm

We use tight-binding quantum networks,

2x2 unitary matrix, representing hopping from v to v

Continuum versus tight-binding networks:
AA + Ora Entin-Wohlman, J. Phys. Chem. 113, 3676 (2009); ArXiv: 0807.4088
18



4 o
General solution: IEAVEDN.CRar ACH)
=1

4 solutions, which appear in pairs, *(Q,

Real @: 'running’ solution.
Complex @. evanescent solution.

Ballistic conductance = (¢*/h)g(E;)
g=number of solutions which
run from left to right: g=0, 1 or 2

For a broad range of parameters,
there is only one running solution, and
then the electrons are fully polarized! 19
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To obtain full filtering —
Must break both
Time reversal symmetry

(magnetic field)
And reflection symmetry
(electric field)

21



Problems:

How to realize long chain?

How to read information from spinor?

PHYSICAL REVIEW B 84, 035323 (2011)

Filtering and analyzing mobile qubit information via Rashba—Dresselhaus—
Aharonov-Bohm Interferometers

Amnon Aharony.” Yasuhiro Tokora,? Guy 7. Cohen.?* Ora Entin-Wohlman.™* and Shingo Katsumoto?




Problemes:

How to realize long chain?

How to read information from spinor?

> Single or double diamond




Single loop interferometer

30y QOreg and O. Entin-Wohlman, Phys. Rev. B 46,
(1992),

Y. Meir. Y. Gefen and O. Entin-Wohlman, Phys.
Lett. 63, TO8 (1989).

< A. G. Aronov and Y. B. Lyanda-Geller, Phys. Rev. Lett.
70, 343 (1993).
J. Nitta, F. E. Meijer and H. Takanayagi, Appl. Phys. Lett.
75, 695 (1999).

© B. Molndr, F. M. Peeters and P. Vasilopoulos, Phys. Rev.
B69, 155335 (2004).

" D. Frustaglia, and K. Richter, Phys. Rev. B 69, 235310
(2004)
K. Citro, F. Romero and M. Marinaro, Phys. Rev. B 74,
115329 (2006).

T V. Marigliano Ramaglia, V. Cataudella, G. De Filippis,
and C. A. Perroni, Phys. Rev. B 73, 155328 (2006).

® M. J. van Veenhuizen, T. Koga and J. Nitta, Phys. Rev.
B 73, 235315 (2006).

" N. Hatano, R. Shirasaki, and H. Nakamura, Phys. Rev. A
75, 032107 (2007).




PHYSICAL REVIEW B 74, 115329 (2006)

Zero-conductance resonances and spin filtering effects in ring conductors subject
to Rashba coupling
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FIG. 2. The spin-resolved conductance G, as a function of kL.




PHYSICAL REVIEW A 75, 032107 (2007)

Non-Abelian gauge field theory of the spin-orbit interaction and a perfect spin filter
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Scattering theory

Elleefg:tron iy " — 1-1'.-5';?1.(1 ‘Ym> T 1€ _"_'ilknﬂ ‘\ -r>:

— te ik(n—1)a ‘\t> n>1,

tIxe) =7 |Xin)»  7TIXr) = RlXin)

Transmission: T = 2ijsin(ka)W' (Y1 — WWT)_I

Reflection: R =—1—2ijsin(ka)X;(Y1 - WWT)~1
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T = 2ijsin(ka)WH (Y1 - WWT) ™",

Unitary matrix transforming
spinor after a full walk
around the loop

29
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Full filtering if one eigenvalue vanishes!

}‘i s == \B\ — ’n? + "‘*;‘3 + 277, cas(qb + u;)

Y =7, =7 and cos(¢ —

T depends only on ¢




“Reading” spin information

Incoming electrons polarized,

P = (i) 2 = S[1+ g i

i Can measure the projection of the
incoming polarization on that of the filter

33



Rashba spin orbit Hy — hk g R(p o —p o)
- yY %y,

1

TBL .
U —=exp [1. o Yur X z-r, +iksoly,, X - r:r}
0

e

Ugp = expl(iaoy), Uy = exp(—i¢/2 —iaoy) = sin o, — cos fo,

Uoe = exp(—iaay), Uy = exp(io/2 +iaay) — __
= sinfo, + cos o,

cos(6/2) = 52 sin(25)

C = COS, S = SIn «

34



A =0 [> cos(qb/Q) . Sin(26) Independent

of energy!

c = Ccosa, s = sina



To obtain full filtering —
Must break both
Time reversal symmetry

(magnetic field)
And reflection symmetry
(electric field)

36



n = (2cscos3,0,¢% — s 608(2,8))/\/1 — s4sin?(253)

Independent
of energy!

(1)’

0.57
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Experimental
realization

Alg.zsInggsAs
e,
*1In content
graded bufter
GaAs substrate
Be doped

[100]

A . . .
Anodic oxidation
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T = 2ij sin{fﬁ:a}“rg [ZIXDXEI + X.;,“TB“ﬁB + XE“TL“TA] —1“rL

2, XXy + XogAp + XpA ) — (X Bp+ XyB)) - o wi
A

2ij sin(ka)WT, 2 Bt AL
Jemn(ra)Ws (21X Xy + XgAp + X5A,)? — (XoBg + X,B))?

p 4 =Y
A, =Ap and B, = By 2ij sin(ka)A

y s ke s SR P
% % e o AlMvA
P XXy + (X + Xo)hs

Same incoming and outgoing spin, large transmission
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in(ka) J, W X1+ 2 X UW WU 4+ 2, X, WL W+ WL W, UW, Wiot] W,

LU [AX,

—2ijsin(ka).Jy(Ngy N n’, +) A4 +)\ Bt

j> Datta-Das spin FET without ferromagnets!




Are there materials for this device?

Alp o5Ing 75As barrier layer

sl A
krn=m*a/h? =9 x 10°m ™1

quaternary InGaAsP/InGaAs
heterointerface

— 300nm




How to confirm filtering?

elUse double interferometer as a Datta-Das device.

Datta-Das spin FET without ferromagnets!

42



How to confirm filtering?

eUse side quantum dot:

PHYSICAL REVIEW B 79, 195313 (2009)

Detection of spin polarization with a side-coupled quantum dot

Tomohiro Otsuka.® Eisuke Abe. Yasuhiro Iye, and Shingo Katsumoto

(a)
Plunger Gate

L
N

Target Tunnel Coupling
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How to confirm filtering?

eUse rectification by Pauli exclusion:

Current Rectification by Pauli A Forvardbias: >,
Exclusion in a Weakly Coupled
Double Quantum Dot System

K. Ono," D. G. Austing,*® Y. Tokura,* S. Tarucha'-***

SCIENCE VOL 297 23 AUGUST 2002

44



More recent results

45



* Stability against leaking?

PHYSICAL REVIEW B 87, 205438 (2013)

Robustness of spin filtering against current leakage in a Rashba-Dresselhaus-
Aharonov-Bohm interferometer

Shlomi Matitj,rahu Amnon Ah'amm-f 23% Ora Entin-Wohlman,** and Shingo Katsumoto™

"Ii'f-".ul.l'r) - ({TL‘M.::I‘ 1) +U mrl-ll:::r-l )
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A=A B= }af‘ + }—f' + 2y, ¥, cos(@ F w)

Filtering:

Leaking breaks time reversal symmetry!
No need for magnetic field
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New Journal of Physics

The open access journal for physics

Spin filtering in a
Rashba-Dresselhaus—Aharonov—-Bohm
double-dot interferometer

Shlomi Matityahu', Amnon Aharony %3,

Ora Entin-Wohlman'* and Seigo Tarucha*”

— J (uv = ab, ed),

sm(ﬁ. M)

sin k.,

"sin [kwﬁf )

Need to tune only 2 voltages!

(uv = ab, cd),




week ending

PRL 111, 176602 (2013) PHYSICAL REVIEW LETTERS 25 OCTOBER 2013

XXk

Suspended Nanowires as Mechanically Controlled Rashba Spin Splitters

R.I. Shekhter,! O. Entin-Wohlman,>** and A. Al‘mru:m}.rz’3
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Vi = —Jrw expl =it yr) )

‘,f-"_{, — ¢’L o H{:ILG-_}' — Ve ﬂ-_.t:)?

‘!“'R = ¢'R o H{:IRG'_}‘ + }:Rﬂ'_x:)-

Misbalanced spin population in the leads
vields spin-split currents from the wire

vibrations T Y Y7 L i
- sin“(ad)cos~(6,) [ :

exp[—H*/H;], Bow>1.
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%k %k %k %k PHYSICAL REVIEW B 90, 165422 (2014)

Real-time dynamics of spin-dependent transport through a double-quantum-dot
Aharonov-Bohm interferometer with spin-orbit interaction

Matisse Wei-Yuan Tu," Amnon Aharony,”*" Wei-Min Zhang,':" and Ora Entin-Wohlman?>?




Conclusions:

Need both Aharonov-Bohm and spin-orbit to maintain full
filtering.

Spin is sensitive to parameters: small changes in parameters
switch the direction of the filtered spin.

Can work at fixed small magnetic field, with small changes in
electric field or in electron energy.

Double diamond = Datta-Das spin FET.

* Results robust against leaks, ** can use double
dot, *** can use vibrating molecule, **** time

evolution generates spin currents in the leads.
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More to do:

How to measure?

Add Zeeman field — Aharonov-Casher? Berry phase?
Dissipation: stochastic noise? phonons? Dephasing?

Add e-e interactions?

How can we combine beams to perform computing?




Choose parameters so that

WT X,n







Eliminate b, c:

(€ — €0 = = 7e)[¥(0)) = Wp(1)) — gl (1)),
(€ — €1 — 7 — V) [U(1)) = WTi(0)) — j[(2)),

W =%UnUpy +v.Up Uy =d+byo, +b.0_,
d=a,[c* — s°cos(23)],
b, = —2ia cscos 3, b, = ia_ssin(20),

g

aF T

Xin T T€
L fEﬁE“"“ 1__3.—1;{,#?

Electron from left:




Spin-polarized electric currents in quantum transport

0. Entin-Wohlman,"**+* A. Aharonv,"* Y. Tokura,” and Y. Avishail

Generalized Landauer formula
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n — B/|B| — (2(38 cos 3, 0, c? —|s2 cos(23))/4/1 — s*sin®(203)

Depends only on Rashba and on AB flux!
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ing spins

Polarization of outgo




Nin) = CL|IX5) +Fc_|X2)
tlx;) = C+t+‘X1}r>

e 1* = (XTI 1P

Transmitted currrent
Proportional to  |c,|* :
Can measure incoming
spin polarization

Via measurements

of the transmission!
‘READING’.







‘Writing’ on spinor:  Spin filtering:

Work with mobile electrons,
Generate spin-polarized current out of an unpolarized source

Textbook method: Stern-Gerlach splitting

Based on Zeeman splitting,

Requires large fields, separation of beams not easy due to uncertainty
68



Writing and reading spin information

on mobile electronic qubits
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