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(Spin) Qubit Checklist

make a few qubits today
initialize —
control (1-qubit gate, 2-qubit gate)

read out

understand and reduce information loss

ok~ who~

lecture 3

review papers: Hanson et al., Rev. Mod. Phys. (2007), Zwanenburg et al., Rev. Mod. Phys. (2013)



this is a slide from lecture 2

Spin resonance (linear drive)

1 1
H(t) — 59”33002 + ig:uBBaCO-a; COs wt
Efj} weak driving:

P, Q<<wL

— for weak driving, the qubit dynamics
.' ﬁﬁD-,-, IS approximately the same as with
" _ TN ~—~Y rotating drive

most experiments use linear drive (simpler)



Demonstration of single-electron spin resonance

) ’ ’———-‘
double 4 m’ DQD covered
AC . Y'cps 0 . t
quantum dot 0% y @ wire 10
(DQD) | make ac B-field
Bext 1 um
=P
I
=
Cc Spin Spin
blockade manipulation Projection
S EE— : 4‘} %ﬂ‘*
4 + 4+
0,1) (1,1) (1,1) 0,2) (0,1)
FL > TO ............... > Bnucl ’ S — Fm
l/T »TT ............... » ESR ’lf_ re /
— —>» S ——>
>ll ............... ’ ESR }fl ] l T
I > g I

DC transport through the DQD (Pauli blockade) is used for readout [EENeejtREIRIRNEITIERe0le



Electron spin dynamics is revealed by increased current
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Time-resolved spin dynamics: Rabi oscillations
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Continuous-wave and pulsed experiments
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Quality of control has improved at lot since 2006
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Spin control with an ac electric field

EDSR = “electrically driven spin resonance’ or "electric dipole spin resonance’

Interaction between spin and electric field mediated by:

inhomogeneous magnetic field spin-orbit interaction

(created by micromagnet’; mu-EDSR) (SOI-EDSR)
@ E BSOI x FE X D
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theory: Tokura et al., PRL 2006
experiment: Pioro-Ladriere, Nat. Phys. 2008
Kawakami et al., Nat. Nanotech. 2014
Yoneda et al. Nat. Nanotech. 2018

theory: Golovach et al., PRB 2006
experiment: Nowack et al., Science 2007
Kawakami et al., Nat. Nanotech. 2014
Yoneda et al. Nat. Nanotech. 2018




Semiclassical minimal model of mu-EDSR

H = Hosc + Hhom + Hinh + HE(t)

_pitpy 1o,

2 2
Hosc — 9 | zmwO(x _I_y )
m Electronic potential along x :
1 Vix) = 1mw2 x 2
= — + xo(t))” — ...
Hyom = _g*:LLBBOUZ () 2 o o(t))
2 eFysin wt
| where xq(t) = o
0
Hipzn = =g >l<,UB Bxo Y Electron follows potential minimum.
2
T A
: =
Hg(t) = exE(t) = exEysin(wt) 2
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Excitation resonant with Zeeman splitting: S
hw = AEz = hwr, ~ g*upBo < hwg ks — R

position



Semiclassical minimal model of mu-EDSR

L . L. I ., BeEy
Hinh = 59" ppfroy — 59" upbro(t)oy = 59" 1s ? > sin(wt) oy,
' : dition:
We have seen (resonant rotating drive): o e, on o

h

1 1
H(t) = §g,uBBOUZ + §g,uBBaC (04 coswt + oy, sin wt)

1 with Rabi frequency
\ Pe (t) — Qln ( Qt)

() = g,uBBaC/h

We have seen (resonant linearly polarized weak drive):
1 1
H(t) = zgupBoo. + 9B Bacos coswt 1
() 2 2 - P,(t) = sin” <§Qt>

EDSR Rabi frequency: with Rabi frequency

__ g pBBeEg !
2mhw? () = §g,uBBaC/h

(QEDSR =



Microwave frequency (GHz)

Yoneda et al. Nat. Nanotech. 2018

A very recent mu-EDSR experiment in silicon
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Nowack et al. Science 2007

An EDSR experiment without a micromagnet
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No micromagnet, no microwave antenna
Spin rabi oscillations are seen

Stronger excitation => faster Rabi oscillations
smaller B-field => slower Rabi oscillations

Claim: spin dynamics is caused by spin-orbit interaction



Golovach et al., PRB 2006
Spin-orbit-induced electrically driven spin resonance

H = Hosc + Hhom + HSOI + HE(t)

patp, 1

Hosc — o | zmwo(:cz +y2) E Bgor x E X p
714:?

1

Hyom = ig*NBBOO-Z / ,
AlGaAs
Hgsor = @(O'xpy — prx)

™~ Rashba spin-orbit interaction
Hg(t) = exE(t) = exEysin(wt)

Excitation resonant with Zeeman splitting:
hw = AE7z = hwr, = g*pupBo < hwg



Golovach et al., PRB 2006

Spin-orbit-induced electrically driven spin resonance

Tool #1: creation/annihilation operators

14 h h
r=—(a+a"), p= a —a'), with oscillator length ¢ =
> ( ), P \@g( ) g "
Tool #2: first-order perturbation theory
H = Hy + Hi, and Hy|n) = E°) |n); then |7) ~ |n) + Z 'm) m|Hafn)

5O _ O

m#n



Golovach et al., PRB 2006
Spin-orbit-induced electrically driven spin resonance

Consider perturbative limit: fiw, iw;, h—a, eEol < hwo

14

qubit basis states dressed by SOI:
0,0, T) = 0,0, 1)+ > ...
0,0, ) = (0,0, 1)+ > ...




Golovach et al., PRB 2006
Spin-orbit-induced electrically driven spin resonance

qubit basis states dressed by SOI:
0,0, 1) = [0,0, )+ > ...
0,0, ) = (0,0, 1)+ > ...

Slow drive: w < wy
— no leakage from qubit subspace
— effective qubit Hamiltonian
Hg ((t) = PHg(t)P
with P =050y 1) (0504 T| + [0504 ) (020 J|

b
il Uk & 0 sin(wt), with o, = (|Oaz0y T) <05L’Oy HH h.c.)

HE,q ~

W

( EDSR Rabi frequency }

eEoawr, ~
2 ’

Indeed, QEDSR ~ B.

! Qgppsr =



Summary

1. “Initialization” and readout’ with Pauli-blockade in a double quantum dot
2. Continuous-wave and pulsed detection of ESR and EDSR

3. Electron Spin Resonance with a wire providing ac B-field

4. Electrically Driven Spin Resonance with a micromagnet

5 ectrically Driven Spin Resonance due to spin-orbit interaction

Potential extensions

1. Potential advantages of EDSR over ESR (simpler design, selective
addressing, lower power)

Electrically driven nuclear-spin resonance

Two-qubit gates for the single-electron spin qubit (see Lecture 2)
Single-qubit gates for the S-TO qubit

Two-qubit gates for the S-TO qubit (capacitive, exchange-based)

Ok W



