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High fidelity one- and two-qubit gates ’

Long dephasing and decoherence times

Promise of scalability for error correction codes
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Semiconductor spin qubits




Fast spin control

Simplify the experimental device
(remove oscillating magnetic fields)

New and interesting phenomena

Usually seen as a source of error

Couples spin to electric noise
(charge noise)

Spin-orbit coupling

Dresselhaus SOC I
Y
Ky
H = B(oyky — oyky)
« Bulk inversion asymmetry
 Fixed at device growing
Rashba SOC ky,
H=o(cxk) 2 ?/ iz

N

NI

 Structure inversion asymmetry
« Tunable with electric fields




Spin-orbit coupling + interdot motion

Spin conserving
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- Spin-orbit coupling + intradot motion

Single dot Hamiltonian

H(x,t) = Hy + e2E(t) + o - 6ky + E.6, /2

Quantized Hamiltonian for a harmonic oscillator ‘ ,
Hose = wo(afa + 1) + elo B(t)(a! + &) + Lo - 6(al — a) + E.6./2 v
E(t)
Effective Hamiltonian (Schrieffer-Wolff transformation) at = (ay, —0g,0)
9
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of =0t | R | R
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Time-reversal symmetry
Perpendicular to SOC vector




Model for double quantum dot
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e Current is unidirectional

Open system

I

Source
T

 Unpolarized contacts 4
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* Infinite bias approximation W \//\
D

Master equation in Lindblad form

ip(t) = [H(®),p(t)| +T




Open system

The Liouvillian operator define the system dynamic
L(£)p(t) = ip(t)

The steady state is given by the eigenstate with zero eigenvalue

E(T)ﬁss@: 0
Driving period T = 27 /w

10— : : e
Since the system is periodic in time,
0.8 f|2) we compute the average populations
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Photo-assisted tunneling (PAT)

Two-level system with driving in the detuning

Rotating frame H(t) = % () + 0] 0, + Ty
U—exp[/dte() ] /\
PSP SO §/2 T ex i%sin(wt) \_/ J
H=UHU' —iUU = ( Texp[—z’% sin(wt)} p[—5/2 } ) { \\_‘/

Jacobi-Anger expansion)+ RWA A cos(wt)
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Bessel functions



Landau-Zener-Stuckelberg intertf.

« Coherent destruction of tunneling (CDT): J,,(€ac/w) =0

« Main resonances for spin-conserving processes: § = nw

- Satellite peaks for spin-flip processes: § ~ nw + E,

Spin polarization

P = I’?O - IJC,)O Parameters
1o  IP+Ip w = 107 = 100T
' x =%

Ez = 0.3w ﬁso =0



- Current through the DOD

Direct PAT
(1) (4)

$/\ ______ i

Spin-conserving  e}[ T“’I
v 1/

(2) ®
Spin-flip T/ h J A
iy

Four different processes

- N « Spin polarized current for spin-flip processes
w = 107 = 100" - . 1 . . . . .
€ac = 1.2w x = 0.1 -l > - Highly tunable polarization with detuning

Bso = E./2 5w



Effect of EDSR

When the magnetic field is in resonance, Lo |
EDSR produces spin rotations .
0.75 —
3 :
~~—
Two satellite peaks appear due to é Joat '3‘_5
the renormalization of the magnetic field . %5‘
: 0.00 ——

However, these two peaks are asymmetric, —0.5 0.0

indicating a spin-imbalance process 5w
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Effect of EDSR (Lots of rotations) { = 1

H(t) = Z 6”(t>n""’ T 0%z T TstTyOy To understand the origin of the asymmetry,
;0

7 B(t) . we obtain a simpler effective system

T 0zt 5 s

RWA Remove driving in detuning
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Remove EDSR

spin-flip tunneling = E h
« Spin-flip tunnelin H= 26, — 6. — 74716,
5 0 N, — TstNg O A
- Spin-imbalance tunneling — (L, +62) + 7 (L, — 62)] %:v
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Resonances
E,=w

Effect of EDSR (Lots of rotations) il

H(t) = Z En(t)n""’ T 0%z T TstTyOy To understand the origin of the asymmetry,
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Effective model
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Dark states

A dark state is an eigenstate uncoupled to the right contact
IDS) = cos(¥9/2) |L 1) + sin(19/2)e® |L |)

The presence of dark states (in some cases) can be
attributed to quantum coherence interferences

Dark states have been extensively studied in driven system,
but the presence of high SOC is still to be explored
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TO — T()J()(Gac/W)

Tst — Tsfj—n(eac/w)

Tsf — Tsf*]frb(eac/w)

Direct transfer
Emits n photons

Absorbs n photons

Coherence interferences

)

g(n)
Hyywa =

n =2k — HP({%A X TsfT)y0y — Perpendicular to spin conserving

n=2k+1— I:[]g’,g,A X TN 0, — Parallel to spin conserving

1

cR
T0/Tst + 1

Recall the definition: x =

_TOJO(eac/w) _Tstn(eac/w>
(EaC/W)

> —+
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The dark state is only present
for an odd number of photons

The dark state can be found by
exact diagonalization

(n) JO(eac/w)

XDS ¥ To(€ac/w) £ i1, (e /)
\-wn«z) = (~1)" ()|




’7 /Analytical prediction
1.0 -

" Even-odd effect

10.4
0.3

_ ( n=1]|] n =
=0.5F
0.0 -
0 2 2
Eac/w eac/w
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Close to x ~ 1 the dark state is not
produced due to coherent interferences

The dark state is only present when
time-reversal symmetry is broken

Analytical prediction in agreement with
numerical results

Sharp drop in the total current

Locate the dark state versus driving amplitude to
measure the effective SOC in an experimental device




Dark state out-of-resonance

[ Bso =0 0.0 01 02 03 04

- The presence of a dark state is L0 “
sensitive to the magnetic field '- ; "
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« The presence of a dark state is
sensitive to the magnetic field

« QOut of resonance the only dark
state corresponds to x ~ 1

[ﬁso?ﬁo]

« The dark state survives for all
magnetic field values

« The location of the dark state has
not analytical solution

Dark state out-of-resonance
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Floquet theory

For a time-periodic Hamiltonian, define the operator
H(t) = H(t) — i0,

The Floquet modes and quasienegies are given by

H(t) Do (1) = £a Do (t)

The crossing of quasienergies indicates that
the driving restores some system’s symmetry
(Von Neumann-Wigner theorem)

0.65 |
3
3 L
o -
()]
0351
/\
PaaREEENSS &% 000 T
w = 107 — 100T 0.0 02 04 06 08 10

0 =0 Bso=0.2F, X



Floquet theory

For a time-periodic Hamiltonian, define the operator

H(t) = H(t) — i0,

1.0

The Floquet modes and quasienegies are given by

H(t) Do (1) = £a Do (t)
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Floquet theory

For a time-periodic Hamiltonian, define the operator

H(t) = H(t) — i0,

1.0

The Floquet modes and quasienegies are given by

H(t) Do (1) = £a Do (t)
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The crossing of quasienergies indicates that
the driving restores some system’s symmetry
(Von Neumann-Wigner theorem)
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E,/w Ko Agreement between numerical results from
dynamics and Floquet theory
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Flopping mode qubit

Encode the qubit in the spin of the particle

Use the spatial extension of the wave
function to manipulate the qubit

Due to the large dipole moment, the coupling with a
cavity can be higher than the decoherence rate

Tttf‘.v*‘ll

§ Eac(t)

M. Benito, et al., PRB. 100, 125430 (2019) X. Croot, et al., Phys. Rev. Research 2, 012006(R) (2020) P. M. Mutter, et al.,, Phys. Rev. Research 3, 013194 (2021)




« The Zeeman splitting is in resonance with the
driving (E, = nw)

- Time-dependent Schrieffer-Wolff
transformation

« Effective model for large driving amplitude

v Two-axis control by tuning the driving phase,
and the detuning

er,(t) = €ac cos(wt + )

ER:(S

Effective driven system

T
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\» Virtual second-order PAT
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Parameters

x=02 E,=w

Rabi frequency o

The Rabi frequency is given by

VR = %\/(59))2 + (57(121)2

[ Low amplitude limitJ [ High amplitude limitJ
- 1 1 ~(9 2€acToTst
b,(z2) = ((5+E T 5_F ) bgi = 5 (62 — E7) / Sweet spot (to be studied)
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Conclusions & é g
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« Study of a periodically driven system with high SOC

« Highly polarizable spin current

 Creation of dark states due to quantum coherent interferences

« System as a flopping-mode qubit with sweep-spots



