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1. INTRODUCTION

« WHY BUILD A QC ¢ EFFICCIENCY

* INFORMATION SECURITY. SHOR ALGORITHM FOR PRIME FACTORIZATION.
QUANTUM CRYPTOGRAPHY.

e DATABASE SEARCH. GROVER ALGORITHM.
e QUANTUM SIMULATIONS.

e FOR THE FUN OF IT



INTRODUCTION

From Chatterjee et al., Nature Reviews
Physics, 3, 157-177 (2021)
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From Chatterjee et al., Nature Reviews
Physics, 3, 157-177 (2021)
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From Petit et al.,

Prospects of scalability (small unit cell)
Nature 580, 355-359
(2020)

High-temperature operation (4K)



BASIC OPERATION OF QD QUBITS
mmimias
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Electrons/holes are confined in @
quantum well

The electron/hole is pushed
against the interface

Gates are used to manipulate the
qubits

Readout: spin-to-charge
conversion

Original implementations in
GaAs/AIGaAs heterostructures



STATUS

-High single-qubit gate fidelities have been demonstrated. See
Nature Nanotechnology 13, 102-106 (2018)
Nature volume 569, pages 532-536 (2019)

Nature Communications volume 11, Article number: 4144 (2020) * Scrsening gate (EDSA) ]

Micromagnet

-Two-qubit gates beyond QEC threshold. See
Nature 601, 343-347 (2022)

-Working six-qubit processor with electrons
Nature 609, 919-924 (2022)
Nature 5§91, 580-585 (2021)

-4K operation demonstrated
Nature 580, 355-359 (2020)



HOLE SPIN-ORBIT QUBITS

Hole spins in Si/Ge inherit the spin-orbit interaction
from the valence band

Spin degree of freedom is coupled to the
movement of the hole: allows all-electrical
manipulation of the hole

Qubit properties are highly tfunable through gate
voltages

0 200 400 600 800 0 200 400 600 800 1,000
t, (ns) t, (ns)

Cool physics: anisotropic g-matrices, Rashba Hendrickx et al., Nature 591, 580-585
SOC, sweet spofs (2021)



QUICK GROWTH

e Demonstrations of hole qubit in Si and Ge
Maurand et al., Nat. Comms. 7, 13575 (201 6)
Hendrickx et al., Nat. Commes. 11, 3478 (2020)

e 4-qubit processor: single-qubit gates
above 99.9% and two-qubit above 99%
Hendrickx et al., Nature 577, 487-491 (2020)

Hendrickx et al., Nature 591, 580-585 (2021) O 200 400 ©90 00 O 200 400 600 800 1,000

e [arge coherence T,*~90 us
Piot et al., Nat. Nano (2022)

e ‘“Hot"-qubit operation ~ 4K

Carmenzind et al., Nat. Electronics 5, 178-183
(2022)




2. HOLE SPIN MANIPULATION

-Hole spin is coupled to its motion
-Rashba SOC

-gTMR = modulate the g-tensor by changing the hole
shape

em [*

Hy =—B:-gpo+ (_hl_bso - 0'> 0cEgc(t) + (_B - Oggno ) Ech_c(t)
so




RASHBA SOC

-Lack of inversion symmeiry. Determined by geometry and gates

-Planar isotropic dots (cubic Rashba)
P+ = Dx T ipy
Y+ = (raxv2)/2
Hso = aip20, + azp,p_pi0y + h.c.
a; < y4(HH|p,|LH) a, < y_(HH|p,|LH)

-Nanowire or anisotropic dots (linear Rashba). See Golovach et al.
(2006) PRB 74

h
Hso = mie, Px0y Michal et al., Phys. Rev. B 103, 045305 (2021)
. Bosco et al., Phys. Rev. B 104, 115425 (2021)
I % ¥+ (HH|p_|LH)



G-TMR

-g-factor is anisotropic. By driving g-tensor the hole feels
a time-dependent magnetic field

-Pure heavy-hole have large vertical g-factors vs weak
in-plane g-factors

-Pure light-holes have large in-plane g-factors and
weak vertical g-factors

-HH-LH admixture is gate tunable

_ upBVgc p
fo =2 g By X (g' )

Crippa et al. (2018) PRL 120
Kato et al. (2003) Science 229




SOME MECHANISMS MAY STILL BE
MISSING

-The experiments in Delft use in-plane magnetic field
with planar Ge: cubic Rashba

Hso = ay1p204 + ayp p_pi04 + h.c.

-g-tmr in planar dots with in-plane field is also inefficient

_ upBVyc ;
fo =2 g By x (g' )
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In fotal:

Up Up
Hy = 7ngax + Hgp + 7B5gx(t)ax



REALISTIC SIMULATIONS

_ UpBVq,

fa =519 b) X (g’ - b)

See arXiv:2209.10231



NUMERICAL EXPERIMENT IS CONSISTENT
WITH THE OBSERVATION

-Prominent peak of Rabi frequencies when the

magnetic field is aligned along the in-plane
direction parallel to the drive

=S

R

-Cubic Rashba should lead to a growing s
background in the vertical direction

-A peculiarity: at zero vertical field, the feature
Is maximized (opposite to Rashba)




KEY INGREDIENT IS THE REALISTIC ELECTROSTATICS

-Potential is usually modelled as harmonic
separable

1
Ao nses s e Emeffa)z(xz +vy2) + eF,z

-We noticed that the minimal ingredient for the
in-plane feature was non-separability

) e e r ety
5 Meff



WE CAN CAPTURE THE PHYSICS WITH A NON
SEPARABLE POTENTIAL

(2):Zeeman, magnetic.contribution

(4): Coupling in-plane
and vertical motion

P+@Q -8 R 0 {
SRR 0 R : S e 2 2
e e Jo 0 P_0Q g —|—2,uB(/s;B.J+qB-J)—|—§mow0(x —I—y)C(z) —(‘l/—l—l)bvanz,
0 R* oo P+Q !
Y : (5): Strain

(1): Luttinger-Kohn Hamiltonian, kinetic part

The effective Hamiltonian for GS heavy-hole subspace can be obtained through Schrieffer-Wolff
transformation. The subbands couple through
1

)RS —— 0,h| H.|0,1)(0,1| H |0, h'
Hhh ALH;<’ ‘ ‘ >< ‘ c’ >

1 el e
H = ’LL7BO- .gB + §,LLB5V(75) ()\xBx o )\yBy) o, When the potential is separable 4, ,, = 0

Physically, it is similar to a gTMR mechanism



TAKE HOME MESSAGES

Non-separability mechanism can explain the experimental
results in planar dofts

Neither Rashba nor conventional gTMR explain in-plane
manipulation of 2D isotropic dofts




3. HOLE SPIN COHERENCE

-At the moment we couple the spin to the moftion, charge
noise warms up

-Charge noise is ubiquitous in these nanostructures

Silicon

-Is it possible to mitigate noise at the levels of electron

. Nature Nanotechnology 17, 1072-1077 (2022
qubitse 2 ( )



COHERENCE EXPERIMENT

Bias tee

| 0 :
[ -Natural silicon nanowire

G1 G J"
1 = Inductor
—
é' f‘\ - -Spin under G2 is qubit

z. Source Drain
BOX

-Elzerman readout

Silicon

Nature Nanotechnology 17, 1072-1077 (2022)



MODELING THE EXPERIMENT

Poisson Luttinger- Extract g-

equation Kohn matrix

Same process as before but with the

Nature Nanotechnology 17, 1072-1077 (2022) nanowire experment



MEASURING G-FACTORS

-The g-factor anisotropies are measured as a function of
magnetic field angle

g = hf./ugB

-Model captures very well the anisotropy (HH-LH mixing)

-Rotated g-factors coming from residual shear strain




NOISE SUSCEPTIBILITY

-The Larmor frequency changes for different gate voltages
and the derivative can be measured

gV)=nhf,(V)/ugB

-For G2, sweet spots appear ~40 deg and ~110 deg-

-In G1 there is no real sweet spot in this configuration




SPIN ECHO TIMES
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Coherence time is maximal near 90 deg near one of the
G2 sweet spots and the G1 minimal susceptibility point



TAKE HOME MESSAGES

Coherence times of holes can be comparable to
electrons with micromagnets

CPMG allowed to extend coherence up 1o 0.4 ms

Hyperfine noise limits free induction decay to ~1
microsecond




4. SPIN-PHOTON COUPLING

~ 50nm

Nearest neighbor
exchange interaction

Intferaction distance

~50nm — 50um

Charge shuttling in a QD array

P, By, P, B, P, By P;B; P, B, P, By

Sensors /

Mills et al., Nat. Comm. 10 (2019)

~1lcm

{ho’ron mediated in’reroc’rm

11 12 13
Magnetic field angle, ¢ (deg)




ELECTRON-PHOTON INTERFACES IN S

Photons couple readily to the
charge of the electron

To couple the spin to the
photon one needs to induce
an arfificial SOC:
micromagnets

Coupling in the tens MHz

Decoherence rates in few B )
MHz Samkharadze et al. e

Science 359, 1123 (2018) Nature 555, 590 (2018)




What it we take advantage of the infrinsic
SOC of holes?

arXiv:2206.14082



CIRCUIT QED WITH HOLE SPINS IN 3l

G3

H 1800 nm
'III?—_-_T r———

— data
e it

it 540 5.42

544 5.46

G2 RF out frequency (GHz)

A/2 NbN CPW resonator Z. = 2 kQ, f, = 5.4 GHz
Co-fabrication with resonator at inferconnect layer (M1), connected by W vias
Si nanowire transistor on SOl with one gate connected to the resonator

w,/21m = 5.43 GHz
k/2m = 13.5 MHz
Kine/2m = 10 MHZz

Koyt/2m = 3.5 MHZz



CIRCUIT QED WITH HOLE SPINS IN Sl
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Cavity response to a probe field

g./2m =513 MHz

t.,/h=9.6 GHz



SPIN TRANSITION IN DQD WITH SOC

B+0

No SOC

With SOC

Sweet spot with
respect
to charge noise

|_; T) aTe: al—, T) s :B



STRONG SPIN-PHOTON COUPLING
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Vacuum Rabi mode splitting B (mT)

- signature of strong coupling Strong spin-photon

coupling with 2g,/2m = 184
MHz > 13 MHz




STRONG SPIN-PHOTON COUPLING:
ANGULAR DEPENDENCE

400 . 0 400 600 800
B (mT) B (mT)

- g heavily depends on the magnetic field orientation




ANGULAR DEPENDENCE
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INTERPLAY BETWEEN ZEEMAN AND SO FIELD

B is the spin-orbit unit vector over which
the spin precesses as it moves in x

h2

Heg= ; ka:Bso g
M| £so V., is the length over which there is a spin flip
B
g(@) - B SO

Tunneling flips the spin

Tunneling preserves the spin

In our case:
lso = d
Bso = 9




STRONG SPIN-PHOTON COUPLING:
ANGULAR DEPENDENCE
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dmax MAximizes spin-photon coupling
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SINGLE-DOT LIMIT

g/h = -116 GHz

— flopping mode
flopping mode + SQD
® data

gs/2r (MHz)

Ge() —Si0 —SiA

Bosco et al. arXiv:2203.17163




| TAKE HOME MESSAGE

Si-MOS hole spins embedded in a high-impedance cavity

Bordering ultra-strong charge-photon coupling with g, =
513 MHz

Unprecedented spin-photon coupling g, = 330 MHz

Extremely strong light-matter inferaction, cooperativity of ~1600

First demonstration of sizeable coupling in single dot limit g5 =
2 MHz

44



CONCLUSIONS

Holes are interesting creatures with cool physics still being unveiled
New mechanisms for manipulation: inhomogeneous electric fields: arXiv:2209.10231

Sweet spofts with large coherence times: Nature Nanotechnology 17, 1072-1077 (2022)

Natural spin-photon coupling: arXiv:2206.14082

Single dot spin-photon architectures are possible: arXiv:2204.00404



CHARACTERIZING THE CHARGE-
PHOTON COUPLING

7 mK 100 mK 150 mK 200 mK Dispersive shiftate = 0

RIS ) 1 2 1
Xc = Yc *\Po — P1 R s
1
P1= hwq/kpgT
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e VS B ~MAPS: MEASUREMENT OF g;, gx AND SO

Data: ¢ =0~ Simulation: ¢ =0~ Data: ¢ = 11.25" Simulation: ¢ = 11.25"
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