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All-electrical semiconductor quantum dots

Artificial atoms
and molecules

Discrete # charges, quantized orbitals

Electrical control and detection
* Tunable # of electrons and tunnel barriers
 Electrical contacts
* All-electrical spin control and detection




Temperature

Fermi-Hubbard physics Spin models

Mott

Strange metal

Doping

Mazurenko et al, Nature 2017 Balents, Nature 2010



Quantum simulation of Fermi-Hubbard
and spin models — examples
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Real fermions in the low-temperture regime
of the Fermi-Hubbard model

H = Z €;MN; — Z tii( cwcjg + h.c.) + Z —nz — 1)+ Z Vijnin;
1,J

) <1,7>,0
0-20 meV 0-0.5 meV 2-10 meV 0-1 meV

\ J
!

gate controllable

kgT= 1-10 peV dilution refrigerator @(10-100 mK)

Dots can reach k;T << t < U, with tuneable t/U and u/U

Proposal papers:

Stafford & Das Sarma, PRL 72, 3590 (1994)

Manousakis, J. Low Temp. Phys. 126, 1501 (2002)

Experimental reviews: Byrnes et al., Physical Review B 78, 075320 (2008)
Hanson et al, RMP 2007 Yang et al., Physical Review B 83, 161301 (2011)
Zwanenburg et al, RMP 2013 Barthelemy et al., Annalen der Physik 525, 808 (2013)



Outline

1) Attempt at large lattices R

2) Collective Coulomb blockade §
Nagaoka ferromagnetism
Other tools and outlook




Large periodic lattices

top gate
grid gate
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Large periodic lattices — disorder

N
b h
"
A
N N
\ \
B 3
- ©TUDelft
\/
,w,_Apn.fL..SpmeagrL-,B-et,Wl}A&py" B L
15.0kV 3.0 65000x TLD 5.1 1
b
c o o o dC_ /dv, . (a.u)
> e C.. (PF) [ — ]

|oT

Probe: capacitance spectroscopy
(density of states)

TR e
grid gate

=, Dack gate

Disorder masks
minibands and
Mott gap

Hensgens et al,
J. Appl. Phys. 2018



Building lattices from the bottom-up

Delft 2012
A Local electrodes allow
- individual tunability

Harvard 2011
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Detailed view of cross-talk and disorder

charge sensor gradient

13 Observations:
1. Initial disorder
2. Gate cross-talk

3. Nonlinearities ! E!g !
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(barriers set to same tunnel rate)



From real gate voltages to virtual gates

AVP, I a1 a13 a4 Qs AP
AVB, o 1 0 0 0 AB;
AVPy | = | a31 aza 1 aszs ass AP,
AVB, O O O 1 0 ABs
AVPj3 Q51 Q52 (53 Qg 1 AP
'
—
Fermi-Hubbard
description set (', 8¢, tu‘)
o check (V;, U)

<@ measure (n,1,0,00. )

i i+l

Nowack et al, Science 2011
Hensgens et al, Nature 2017



Y

Plunger gate voltage P3 (a.u.)

Efficient formation and loading of
quantum dot arrays
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Virtual plunger VP4 (mV)

Real-time tuning of dot arrays
VP 6 = 0.0 (mV)
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and 6 other gates
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Automating Hamiltonian engineering

Example: setting interdot tunnel coupling
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First proof-of-principle experiment

VOLUME 72, NUMBER 22 PHYSICAL REVIEW LETTERS 30 MAY 1994

Collective Coulomb Blockade in an Array of Quantum Dots:
A Mott-Hubbard Approach

C. A. Stafford and S. Das Sarma
Center for Superconductivity Research, Department of Physics, University of Maryland, College Park, Maryland 20742
(Received 26 August 1993)
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Collective Coulomb blockade transition

Finite size analogue of the Mott insulator transition

T. Hensgens et al., Nature 2017
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Collective Coulomb blockade transition
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P, (mV)

Probing the (collective) Coulomb blockade

gap via non-equilibrium transport
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Nagaoka Ferromagnetism

PHYSICAL REVIEW VOLUME 147, NUMBER 1 8 JULY 1966

Ferromagnetism in a Narrow, Almost Half-Filled s Band*

YosukE NAGAOKA?
Department of Physics, University of California, San Diego, La Jolla, California
(Received 17 January 1966)

EIGENVALUES AND MAGNETISM OF ELECTRONS ON
AN ARTIFICIAL MOLECULE

International Journal of Nanoscience D. C. MATTIS
Vol. 2, No. 3 (2003) 165—-170 Department of Physics, University of Utah
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Quantum dot plaquette
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Voltages on gates P,, P;, P,

Experimental procedure

Dehollain, Mukhopadhyay, et. al., unpublished
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Protocol and main observation

Dehollain, Mukho

padhyay, et. al., unpublished

6
S s=1/2 .
S L i
~ triplet + s=1/2 s=3/2 /\
> 0 J{L |
o) B i
cC -2
W inglet + s=1/2 .
a Init/Readout Sliiglist o i Nagaoka
-6-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
N
Xk
)
O _
©
S
[
- 0 |
fogp=
2
= 5us 5ns
o , iabatic
d - 5nS 4 g-/«/f diabatic
A WY
MWM :

Detuning proportion




o
-

Trsle! prosoton P,

Adiabatic to diabatic transition,
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Triplet fraction

Test 1: Change topology

Dehollain, Mukhopadhyay, et. al., unpublished
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Test 2: Introduce Aharonov-Bohm
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Test 3: Offset local potentials
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What can we do in the time domain?

« Time dynamics

* Quenches

« Variational quantum eigensolvers
« Digital quantum simulation



Coherent superexchange between
“distant” spins

Short range exchange Baart, Fujita, et al, Nature Nano 2016
(nearest neighbours)
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Materials impact on coherence time

GaAs

T, ~10ns

T,PP <0.2ms

Petta et al,
Science 2005

Si

) y
.5
*y

T, ~1us

T,PP>0.5ms

Kawakami, Scarlino, et al,

Nature Nano 2014

28Si

s

T," ~ 100 us

T,PP ~ 28 ms

Veldhorst, et al,
Nature Nano 2014



A programmable two-qubit Si/SiGe device
Watson et al., Nature 2018

Bell state fidelity: 85-89% Implemented all instances of the
Concurrence: 73-80% Deutsch-Jdozsa and Grover algorithms
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Sequence time (ns) Sequence time (ns)

See also Zajac et al, Science 2018
Huang et al, arXiv:1805.05027



probe frequency fp (GHz)

Strong spin-photon coupling
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Samkharadze, Zheng, et al., Science 2018

Materials: Scappucci, Theory: A. Blais

See also: X. Mi et al., Nature 2018
Landig, Koski, et al., Nature 2018



Coherent electron spin shuttling

Fujita et al, npj Q Info 2017
See also Flentje et al, Nature Comm 2017
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Si quantum dots made in Intel 300mm cleanroom

/‘7 R. Pillarisetty
intel SUTach etal.,
IEDM 2018

Li et al. Sci. Adv. (2018)



Summary and outlook on
analog quantum simulation

Collective Coulomb blockade transition o Nagaoka ferromagnetism
Hensgens et al, Nature 2017 A ),( ! . Dehollain, Mukhopadhyay, ea, unpublished
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Opening up a new platform :
for simulation
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