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Abstract: Quantum dot arrays are an emerging system to synthesize controlled many-body quantum states for quantum simulation and computation.
When cooled to a low temperature, each quantum dot acts as a site on which the number of half-integer spin particles can be controlled using
voltages applied to gates, not unlike the gates on classical transistors. Moreover, the spin can be controlled and measured with the help of patterns of
gates. It has recently been shown that tunnel couplings between individual sites can be controlled using the same gates to emulate a Hubbard model
(unlike other systems i.e., superconductors, trapped ions, Rydberg atoms, etc), making it possible to program a many-body system using only
voltages applied to gates, and that the spin can be initialized, controlled and read out on arrays of 4 to 6 quantum dots like a conventional quantum
computer (unlike cold atoms in optical lattices). It has also recently been shown that the coherence times of the spin degree of freedom can be as
long as 10 ms in this material system, and that the quantum dots can be proximized to superconductors. In this talk | will describe our efforts
towards synthesis of interesting quantum states using this platform, at our lab in University of British Columbia.
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Spin Qubits in Quantum Dots: Emerging Few-Body Quantum
System

Superconducting Spins Qubits

Coherence Noisey v

Qubit type Anharmonic oscillator Spinful Fermion

Number of Qubits 53 [2] 6 [3]
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Quantum Dots

Key ldea
Confine individual carriers in a material
Accomplished by applying voltages to gates near a reservoir
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Spin based quantum computation in QD SEM raate ofhole vt
Proposal: Loss & DiVincenzo 1998 device from UBC Nanofab
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Quantum Dots

Frozen out orbital excitation
No excitation to higher orbitals
0, ~ 1 to 10 meV (QD size dependent)

Can freeze out electron number fluctuations
E-=e%2Cs + 6, =~ 5 to 50 meV
Can control charge # (1,2,3,...)

Applied magnetic field —<§§

Takes properties of solid host
e.g., band
CB electrons (S=1/2),VB holes (J=3/2)
e.g., bath
Nuclear bath, phonons, etc

THI
UNIVERSITY OF
BRITISH
COLUMBIA

-

(.-4\01 Quantum Matter Inst

will T 4 100% -

Page 4/35



9:41 AM Tue Jan 9 T ol T & 100% -,

Salfi_Pl ~

RS Q& & Q ® @

QD Array as Analog Fermionic Simulator

Fermions
Spin-1/2 particles on a lattice
Experimental knobs

Tunnel couplings 7, energy levels ¢,

i

Tuned by voltages Vy,,, Viup Vg -

device from UBC Nanofab
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Fabrication control
On-site (U;) Coulomb repulsion
Nearest-neighbour (W,) Coulomb

repulsion

Note: control coupling to reservoirs

VHJ’,‘ VBR* VHI,S* Vb’l\’.\'
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QD Array as Analog Fermionic Simulator

Article This paper
Nagaokaferromagnetismobservedina cross-over from ferro
quantumdot plaquette state to anti-ferro state

Controlled by gate!

tiga. Fdol ceg 10 MOMAAISEE-O20 FOSI0 ) P Debailain' """ U Mulhopadiyey ** ¥ P Michal'’, ¥ Wang”, & Wanach’, O Reschi”

Puitar ot [Lo—-— MK Vendervy
Becsbeed 33 kay 30U W Wages L e ¢ ' &L g

Comparison to cold atoms
Pure state initialisation
Fewer sites

Universal control
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QDs as Conventional Qubits

Clean Spin Qubits
Long coherence times > 10 ms
Eliminate nuclear spins I,

H.=Y AS-I,

k

High Fidelity Single Qubit Gates
e.g., Qp = gupB,/h
99.9%+ fidelity, | microsecond

Pla Nature 2013
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QDs as Conventional Qubits

High Fidelity Two-qubit Gates
e.g.,exchange H = J§, - S,
99%+ fidelity, 100 ns

Xue Nature 2022

High fidelity measurement

99% fidelity, | microsecond \
Co-planar waveguide resonator 1 U
Spin-dependent motion S J

-1 ( - - .
Borjans Phys. Rev. Applied 202 | ;j‘l\t\ )
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Hybrid analog/digital with QDs?

Aim
Combine fermionic simulation with measurement & gates
Half-filling: Heisenberg magnet, away from half-filling: Hubbard
Starting with small and interesting systems (3-4 sites)

Quantum matter? ,
Go beyond traditional condensed matter experiments (e.g., measure
correlation functions)
More control over types of states

Quantum computation?
Avoid discretization errors in simulation tasks?

Avoid fermion-to-spin mappings?
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Quantum Dots

Frozen out orbital excitation
No excitation to higher orbitals

0.~ 1 to 10 meV (QD size dependent)

Can freeze out electron number fluctuations

E-=e*/2Cs + 8, =~ 5 to 50 meV
Can control charge # (1,2,3,...)

Applied magnetic field —<§§

Takes properties of solid host
e.g., band
CB electrons (5=1/2),VB holes (J=3/2)
e.g., bath
Nuclear bath, phonons, etc
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The trouble with electron spin in Si

Quantum dot (QD) Single donor

!7 2
3

VB Evo ~ 0.05 to (],4*rneV t——FEyo ~ 10 meV
|

4

& 5

| I X

6 degenerate minima of CB
Issues
|. Extra states in Hilbert space (QD)
2. Randomizes exchange (QD, donor)
“Valley interference”
3. Large CB effective mass m™ ~ my,

JS. Mol, Rahman et al Nature Mat 2014
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The Opportunity of Hole Spin Qubits

Keeping the benefits of electrons
Small, coherent, transistor-like design

Avoiding weaknesses of electrons
Electric drive, no valleys

Can even keep the robustness to electric noise
Electric clock transition (10 ms coherence, 0% improvement)

: ' Tt |
i@ N "

Kobayashi, }§ et al, Nature Materials (2021)
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Outline

Si-integrated Ge quantum well QDs
Basic process: single QD
QD molecules, occupation & tunneling control

High-magnetic field superconducting electronics?
Can superconducting electronics survive high magnetlc fields?
Yes: Phase sensitive and phase-insensitive gain from para-amp

Computer-aided qubit design
Connect QD design to qubit properties (optimization?)
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Si-integrated Ge QD devices

Ge QW features

o1 capping laye

N
(=]

Depth (nm)

o

>
32 meV

200 -100 0
Energy (meV) Hendrickx et al Nature Comms (2018)
Small effective mass (larger devices!) m™* ~ 0.04m,,
Quasi two-dimensional system w strong spin-orbit coupling
Valence band degeneracies lifted by confinement and strain
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Si-integrated Ge QD devices

. BB e | 0

Gate Dielectric Ohrric .-v.._._
Dr. Ebrahim  Mukhlasur
Sajadi Tanvir

Device components (UBC)

Ohmic contacts

Gate Dielectric

Nanoscale top gates

Large gates to bond pads
Simplified architecture

c.f. Hendrickx 2019, 2021

Single gate layer

Accumulated reservoir
Question?

Control down to last hole?

Tunnel coupling control?
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Si-integrated Ge QD devices

2.622 -2.620 -2.618 -2.616

Plunger=Barrier voltage [V]
UBC -
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Si-integrated Ge QD devices

Basic results
Addition energy U ~ 1.5 meV
Coupling QD energy to gate
ap = d(qge;)dVp; ~ 0.3
Coupling QD energy to
barrier agy/ap ~ 1/10

2.28 ¢ 1e=10

Barrier volitage (V)

-1.55
In prep Plunger voltage (V)
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control
-1.16V

-1.3V

In prep
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control
-1.16V

Demonstration

Load QD ey i

-1.3V

In prep
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control
-1.16V

Demonstration

Load QD -|.|8vh

Load right QD 1.3V -1.28V

Ver (V)
In prep
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control

-1.16V

Demonstration

Load QD ey

Load right QD 13V -1.28V
Electrostatic repulsion Ver (V)

In prep
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control
-1.16V

Demonstration
Load QD
Load right QD 13V -1.28V
Electrostatic repulsion Ver (V)
Tunnel coupling In prep
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control

-2.80

Demonstration -0.60V VavdMv)

Current flowing through single-electron transistor QD

In prep
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control

\ - -2.80

Demonstration -0.60V VivdVv)

Current flowing through single-electron transistor QD

In prep
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control

-2.80

-2.84V

Demonstration -0.60V Ve (V)

Current flowing through single-electron transistor QD
Shifts in the lines are loading of left QD

In prep
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Si-integrated Ge double QD

Transport spectroscopy: Two-site occupation control
-2.80

Demonstration Ve (V)

Current flowing through single-electron transistor
Shifts in the lines are loading of left quantum dot
Last shift indicates emptying of QD (log scale of current confirms)

In prep
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Si-integrated Ge double QD

Conclusions: (Sept 2022) Single-layer device functionality
Control of single hole at a time (on-site Coulomb repulsion) by gate
Control of adjacent QDs by adjacent gates (to last hole)
Tunnel coupling (and coupling control) by gates
Nearest-neighbour Coulomb (and charge sensing)

Next steps: Small devices
2-QD + charge sensor

€ U|<F —j”:- U, Fast spin readout
e 3-QD + charge sensor
e Wy N 153, Wss Triplet GS (2 or 4
fermions)
€1, b;

1, W,

Dynamics (driven
system)

In prep
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Qubit readout: First stage amp

First-stage amp: quantum limited amp
Function: amplify readout signal
adding smallest amount of noise
(Caves PRL)

NL: typ. Josephson Junctions Al/AlOx

Mohammad

Khalifa

Our approach
Spin _qubits need B-fields
Kinetic inductance (KI) nanowire

High-Q in B-field is known (e.g., Samkharadze 2016)
Suppresses formation of vortices (maintain Q)

NL of KI device in B-field?: Totally unexplored: we built a para-amp

rHI Khalifa and )8, under review
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Qubit readout: First stage amp

First-stage amp: quantum limited amp
Function: amplify readout signal
adding smallest amount of noise
(Caves PRL)

NL: typ. Josephson Junctions Al/AlOx

Mohammad

Khalifa

Our approach
Spin qubits need B-fields
Kinetic inductance (KI) nanowire

High-Q in B-field is known (e.g., Samkharadze 2016)
Suppresses formation of vortices (maintain Q)

e N

NL of KI device in B-field?: Totally unexplored: we built a para-amp

THI Khalifa and S, under review
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Superconducting Nano-Devices

— Nanowire
(SA Thickness: 10 nm (cal.)
Width: 100 nm (meas.)

Stall cross-sectional area
Kinetic inductance >
magnetic inductance

Concept: Simple resonator based PA

Pump tone and signal 1 Z”“’fr (u : .l)) : Z I: K, (atay)’
Pump tone amplifies signal n - 2

4WM (3WM also possible) t Y AKnn (ahamalan)
Measure this at 8 mK in a dilution fridge """

JBC] TH! Khalifa and S, under review
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Superconducting Nano-Devices

Nanowire
Thickness: 10 nm (cal.)
Width: 100 nm (meas.)

3K
Stall cross-sectional area

40
(i Kinetic inductance >
-, S

magnetic inductance

8 mK

Concept: Simple resonator based PA Ep -
Pump tone and signal H=Y R, (u:,u
Pump tone amplifies signal n
4WM (3WM also possible) F Y hKpn (ahamalan
Measure this at 8 mK in a dilution fridge """

n i

[HI Khalifa and S, under review
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Superconducting Nano-Devices

(b)

w, = 0.1 pm
w,=0.3um
W 1.0 prn

10000 20000 30000
Ny [x10%]

=)

|Kol/2m [Hz]

(c)

o 4
P o o SR

I
»

4611 5000 10000 1 2 3
wi2n [GHz) N [x10°] BT

Power Dependence, Kerr Nonlinearity, B-field dependence Nonlinearity
Resonance shift, change in line-shape
Self-Kerr, Cross-Kerr non-linearity increases as W decreases (lower /)
Magnetic field slightly increases K (lower /)

rHI Khalifa and S, under review
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Superconducting Nano-Devices

Degenerate Parametric Amplification
Feature: Phase-Sensitive Gain
Up to 17 dB of amplification at optimum pump power
Optimized devices (new) have 30 dB amplification
The Kl nonlinearity is highly robust to B-field fog spin qubit devices

No degradation of SNR (not shown)

Q 10

||?]. - . (d)

l‘®

Gain [dB)
4

|
lidu t(‘Jv l

e L
Q

r

Max. Gain [dB)
= S =

-

B=2T
100 0 100
29 [deg)
I Khalifa and S, under review
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Towards Qubit-CAD

Classical transistors, and now superconducting circuits
Simplified models extracted from device-level sim .
Hole spin qubits: And  Mchammad
Realistic description of states, or device, not both Ciocoiu  Khalifa
What is the role of? device on qubit properties? ,

i

wosamer  Key findings

f Rashba spin-orbit
coupling is not the only
physics (this is asymp 2D)
Hole occupation

Qubit drive in real
devices

H=(hw+ x -E)o. + (v-E)o,

Centre Barmier
Al,O
Ge

rHI Ciocoiu, Khalifa, JS, under review

UNIVERSITY O
BRITISIH
COLUMBIA

©)-
CbJ Quantum Matter Institule

Pirsa: 22110071 Page 34/35



9:41 AM Tue Jan 9 see wll T & 100% .

Salfi_Pl ~

RS QLY & QO ® @

Thank you!

UBC Experiments Theory

Dr. Ebrahim Sajadi Dimi Culcer (UNSW)
Mulkhlasur Tanvir Bill Coish (hyperfine) (McGill)
Mohammad Khalifa

Hanieh Rad

Ana Ciocoiu i‘ ‘“ Australiag Government

Australian Research Council

Materials
TU Delft Giordano Scappucci
Menno Veldhorst
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