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Semiconductor quantum dots as a platform for the quantum computer

Loss and Divicenzo, PRA 1998 Embracing the quantum limit
' in silicon computing

John]J. L. Morton"?, Dane R. McCamey®, Mark A. Eriksson* & Stephen A. Lyon®

b Quantum dots Quantum dot architecture

GaAs: strong hyperfine
interaction: source of spin
decoherence and relaxation

J. Morton et al., Nature, 2011

The germanium quantum information route

Spin Exchange: two qubits operations

Coherent spin rotations: one qubit
operations
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Quantum Links: Communication between distant sites in a quantum chip

A key challenge: maintain gate fidelity as the system scales:
Modular architectures connecting small, high-coherence units
through quantum links

| Fast and High-fidelity transfer protocol: robust against different
' - noise sources

s F ‘
Sahers 3 R Experimentally feasible driving pulses: few control pulses

avoiding fan-out problem

Zajac et al., Phys Rev App (2016)



Long Range Quantum Transfer in QD arrays

M. Busl et al., Nature Nanotech, 8, 262 (2013)

R. Sanchez et al., PRL 112, 176803 (2014)
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Long range quantum transfer in QD arrays

Coherent Transfer by Adiabatic Passage (CTAP)
Q1a(t) = Q™ exp [ (t - tmax2+ U) /(202)]

Qaa(t) = O™ ex -— (t - t‘““”;_ ”)2 /(202)]
lesl?

Qa3 .
B
[2) [3)
lcal? ley?

occupation

STE T T T TS

Dark State QpalQpp
£=0

)=[.)=cosl)-sinel
0= arctan(le /923)

Spin conserving tunneling

A. Greentree et al., PRB, 70, 235317 (2004)

Coherent Trapping of Atomic Populations in Optics

E. Arimondo et al., Lettere al
Nuovo Cimento, 1976

C. Beenakker, EPL 2006

Coherent transport of spin by adiabatic passage in quantum dot
arrays, MJ Gullans, J. Petta, PRB 2020



Long range quantum transfer in QD arrays

Coherent Transfer by Adiabatic Passage (CTAP)
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D. Fernandez-Fernandez et al., Quantum (2024)



Quantum transfer in QD arrays

Shortcuts to Adiabaticity (STA)
versatil ways to speed up adiabatic passages
D. Guéry-Odelin et al., RMP., 91, 045001, 2019

Y. Ban, et al.,
Nanotech., 29,
505201 (2018)

Y. Ban et al.,, Adwv.
Quantum Tech.,
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* C Flying spin qubits in quantum dot arrays driven by spin-orbit interaction,
- D. Fernandez-Fernandez, Y. Ban and G. Platero, Quantum 8, 1533 (2024)
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Energy
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Charge Sensor

Xiao-Fei Liu, Phys Rev. Lett., 132, 027002 (2024)
D. Fernandez-Fernandez et al., Phys Rev Appl., 18,054090 (2022)
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Mi et al., Nature 555, 599 (2018)
Samkharadze et al., Science, 359, 1123 (2018) Borjans et al., Nature 577, 195 (2020) Cecile Yu et al., Nature Nanotech., 18, 741 (2023)



Quantum transfer in QD arrays

single-electron Conveyor-Mode QuBus in Si/SiGe Propagating sinusoidal

potential
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R. Xue, et al., Nat. Commun., 2024
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Quantum state transfer by topological edge states

cavity 1 (detector cavity 2 Mesoscopic One-Way Channels for Quantum State Transfer via the Quantum Hall Effect
I aw’ (1) Ao (?) Ir)s Stace et al., PRL, 2004
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Quantum state transfer by topological edge states

cavity 1 \derecter cavity 2 Mesoscopic One-Way Channels for Quantum State Transfer via the Quantum Hall Effect
I aw (1) Ao (?) Ir)s Stace et al., PRL, 2004
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o Do - —I;Q Long-distance entanglement of spin qubits via quantum Hall edge states, G. Yang
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J. I. Cirac et al., PRL97 . . . .
Long-range entanglement generation between electronic spins, M. Benito et al.,
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Is it posible to simulate a 1D Topological Insulator in a semiconductor QD array?
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QDs as Quantum Simulators

Quantum Simulation of the Fermi-Hubbard model using QD arrays,
T. Henggens et al., Nature, 2017

A Tunable Kondo Effect in Quantum Dot
S. Cronnenwelt et al., Science 98

Kondo effect and SO coupling in Graphene QDs,
A. Kurzman et al.,, Nat. Comm., 2021

Proposal for Detection of the 0’ and i’ Phases in La!'ge scale analog quantum simulation
using atom dot arrays

Quantum dot Josepshon Junctions M. Lee et al., PRL 2022

M.B. Donnelly et al., Nature 2026
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Dynamical control of correlated Nagaoka ferromagnetism
states in a square quantum dot observed in a QD plaquette,
C. Crefield and GPlatero, PRB 2002 | jp Dehollais et al., Nature 2020
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Engineering topological states in
atom-based
semiconductor quantum dots

[ . . . ] M. Kiczynski et al.

Exciton Transport in a Germanium
Quantum Dot Ladder

. ] Nature, June 2022
Tens T.-K. Hsiao, PRX
(2024)
Trivial: v >w, d, <d,, d,=7.7nm,d, =10.1 nm

Quantum Simulation of Site-resolved magnon and triplon dynamics on a Device
Antiferromagnetic Heisenberg Chain programmable quantum dot spin ladder
with Gate defined QDs . . Lo &

! Pablo Cova Farifia et al., arXiv:2506.08663v1 — e =T
PRX, C.J. van Diepen et al., 2021 Topological: v <w, d, > d,, d,=9.6nm,d, =7.8




Quantum simulation of 1D Topological Insulators

superconducting qubit chains, Topological microlaser array on a hybrid silicon platform

Feng Mei et al., Phys Rev A, 2018
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G. Caceres-Aracena et al, PRR. 4, 013185 (2022) Cold atoms, N. Atala et al., Nature Phys., 2013
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Pan et al.,
PRB, 105, 125418 (2022)
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Topological states in dimerized quantum-dot chains
created by atom manipulation



QD arrays as simulators of a 1D Topological Insulator
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QD arrays as simulators of a 1D Topological Insulator
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Floquet Engineering

Floguet engineering of quantum materials: modify the properties of the system through the interaction with
classical light T 0OkaandS. Kitamura, Ann. Rev. Cond. Matt. Phys. 10, pp 387-408 (2019)

Floquet theory: solve the dynamics of time-periodic systems  a. Eckardt, Rev. Mod. Phys. 89, 011004 (2017)

iO|t0n (8)) = Hiot (t) 105 (£))
[Yn(t)) = |on(t))e "

Light field T
.@. N .O_. Floquet modes: |On(t)) = |on(t+T))
tij Quasienergies: E&n — Enm = Ep + MW
[H () = i0t] |¢pm (1)) = Enm|Pnm (D))
Fw-q,uu\ F = Floguwet operator
Quantum system guasienergies are conserved quantities and take up the role of the

energy in time-independent systems



Floquet Engineering

Floguet engineering of quantum materials: modify the properties of the system through the interaction with
classical light 1 . .04's Kitamura, Ann. Rev. Cond. Matt. Phys. 10, pp 387-408 (2019)

Floquet theory: solve the dynamics of time-periodic systems A Eckardt, Rev. Mod. Phys. 89, 011004 (2017)

high-frequency regime: w > {;;

Reported measurement of dynamical suppression of
the system is governed by an tunneling in optical lattices
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Driving with periodic AC fields

Photoassisted Tunneling (PAT) in quantum dots
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Gate voltage (mV)

Current (pA)

T. H. Oosterkamp et al., Nature 395, 873, 1998

Realization of an anomalous Floquet ) )
Topological Insulator with ultracold atoms ~ ::\/‘\.\
K. Wintersperger et al. Nature Phys., 2020 3 g

A < o > -
Driving protocol for a Floquet topological By - >
phase without static counterpart, A. Quelle et = o = "\,:,1 =
al., NJP, 2017 ‘ '

M. Bello, C.E. Creffield and G. Platero, PRB, 95, 094303 (2017)

Tuning electronic and topological
properties of lattices in driven systems.

!

Floquet-Bloch Theory for Hamiltonians
periodic in both time and space

A. Gdmez Ledn and G.Platero, PRL,110, 200403 (2013)

P. Delplace, A.
Gomez Leon,

G.Platero PRB 88,
245, 2013



v
ao bo
A B < «—
® ¢ @® o ® o @ o
v\T/v\T__'J
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Driving with periodic AC fields

Photoassisted Tunneling (PAT) in quantum dots

sl e _ Tuning electronic and topological
P " / properties in driven systems
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Quantum Floquet Engineering Floquet topological insulators
wq " Quantum Light +Quantum SyStem M. Rudner and N. Lindner, Nature Rev. Phys., 2020
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B. Pérez-Gonzalez et al., Quantum, 9, 1633 (2025)
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Simulation of the extended SSH Hamiltonian by an ac field

Floquet Engineering m i
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Simulation of the extended SSH Hamiltonian by an ac field

Z szczcj + ZA f@) c Ci - e };‘4‘:
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Simulation of the extended SSH Hamiltonian by an ac field

B. Pérez-Gonzdlez et al.,
PRL,123,126401 (2019)

Topological properties
controlled through the
tuning of the

driving parameters

dynamics of two particles with opposite spin loaded into the system | 1,]3)
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The transfer time depends on the edge states hybridization: slow dynamics



Control of the transfer

Transfer time
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Problem: Transfer time scales exponentially with L

Can we add amplifiers?
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Topological domain walls as quantum amplifiers

_|L) S) IR)
Y| i g J. Zurita et al.,
T 7 R e Quantum 7, 1043 (2023)
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one, two and four-domains transfer time
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Topological domain walls as quantum amplifiers

Two-domain transfer: still exponential

One domain Two domains
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Transfer time depends exponentially L
on domain length £ only
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Topological domain walls as quantum amplifiers

Transfer time (L = 26):
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Aharonov-Bohm caging

When ¢ = 7, interference cancels the tunneling

Interaction-driven breakdown of
Aharonov-Bohm caging in flat-band

Occupation of central site
v

Rydberg lattices, T. Chen et al., Nature Phys. 2024
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Vidal et al., PRL (1998) C.E. Creffield and G.Platero, PRL (2010)

AB-caging does not occur on every lattice —

square, triangular, honeycomb — no caging SN KNS
Penrose, octagonal, 7; — caging possible "NV AN A

The diamond-necklace chain
(DNC)

S. Mukherjee et al. PRL (2018)

10 kim ki

Aharonov-Bohm Caging and Inverse Anderson
Transition in Ultracold Atoms, H. Li et al.,
PRL (2022)

AB caging has been observed in a variety of systems
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Aharonov-Bohm cage in a superconducting wire network

AB caging in a photonic lattice (rhombus chain)
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The Creutz Ladder
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Aharonov-Bohm caging in the Creutz Ladder
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in the Creutz Ladder
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The Creutz Ladder: The two Chiral operators

X A non-local chiral symmetry ~ X¢; =0, if ¢=+m, winding numberv=+1
Xc;is not diagonal: it does not protect against a general off-diagonal disorder
Xc; eigenstates: |A) +i|B)

Xeo Ov v v v vO Hidden chiral symmetry | | | |
N A X, = diag(1, 1, -1, -1) ¢ # 0 mod 2nt  Eigenstates: single-site states | j, a),
O with their chirality being (-1) i*1
X, explains the protection against off-diagonal disorder of the nt- flux CL end
Hidden: they do not have the periodicity of modes, which cannot be explained using standard symmetries.
the lattice

Hidden Symmetries are symmetries of H that do not conmute with the
lattice translations



The Creutz Ladder: The two Chiral operators

X A non-local chiral symmetry ~ X¢; =0, if ¢=+m, winding numberv=+1

Xc;is not diagonal: it does not protect against a general off-diagonal disorder
Xc; eigenstates: |A) +i|B)

Hidden chiral symmetry

Xc, = diag(1, 1, -1, -1) ¢ # 0mod 2t Eigenstates: single-site states | j, a),
with their chirality being (-1) i*!

X, explains the protection against off-diagonal disorder of the nt- flux CL end

Hidden: they do not have the periodicity of modes, which cannot be explained using standard symmetries.
the lattice
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Off-diagonal disorder

=31

00 02 04 06 08 1.0

(c.1)3

0.0 02 04 06 08 10
ag

Vertical link disorder

00 02 04 06 08 10
a

The Creutz Ladder: The two chiral operators

The double chiral region
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Topological Domain walls in the Creutz Ladder

Each DW hold two protected states: it is possible
The magnetic Peierls phases ¢; can be WO P 15 oSS! |£> ¢=mn |8> ¢ =-—n |R)
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One of them can be kept isolated J. Zurita et al., Quantum 7, 1043 (2023)
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Topological Domain walls in the Creutz Ladder
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From Topology to Qubits

If we associate:

() 0y = o000 Q|0>R<->%ff«>
Qe | o O e =

...we can entangle distant qubits using |)!

Qubits in an SSH structure Qubits coupled to an SSH chain

0—O0—0—0 ¢ ?

[4] F. Mei et al., Phys. Rev. A 98, 012331 (2018) [2] N. Lang, H. P. Blichler. npj Quantum Inf. 3, 47 (2017)
[5] M. Bello et al., Sci. Adv. 5, eaaw0297 (2019)




Application: entanglement distribution with DWs

Experimental proposal: qubit-cavity couplings

Qubit
(color center)

| @)

Photonic

cavity
Shown experimentally %/

in this platform

[1] Hollenbach et al., Optics Express 28, 26111 (2020)
[2] Baron et al., Appl. Phys. Lett. 121, 084003 (2022)
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[3] J. Zurita, A. Agusti Casado, C. Creffield, G. Platero, Quantum 9, 1625 (2025)



Application: entanglement distribution with DWs

Topological photonic lattice coupled to color center emitters

Hollenbach et al., Optics Express (2020)
Baron et al., Appl. Phys. Lett. (2022)
Redgem et al., Nature Comm., (2023)
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Application: entanglement distribution with DWs

N=4 domains

=4 cavities per domain

The stub-SSH (SSSH) model

N domains : 2N boundary states protected against off-diagonal
disorder if: w>v, u

* u,connect the cavities at the ends and the stubs to the rest
e Alternating winding numbers: 1 and -1.

e Two chiral states: S and P located at each wall
e Sstates interface with the qubit
e P states used for the transfer

Vir < W

Ubar > W stops it.

J. Zurita et al., Quantum, 9, 1625 (2025) P dissappears for vy, >w



Preparing a Bell state between arbitrary pairs of qubits

Photon transfer through the topological lattice

Ground and excited states of the qubit L |0)L and_ll)L The vacuum state of the photonic lattice |®)7

. e .. L
i) Prepare the initial state |1>L®|0>R®|®>7 ii) Execute a (H/Q)g)l) Operation between the qubit L and its cavity

iii) Full transfer T, of the photonic amplitude to the right most cavity iv) Execute a second 7 pulse on gg.
gubit-cavity
coupling pulse
Z] 1 17
‘1>1f1AE_ (H/2)01 ) |(I)>LR = ﬁ “10) +eé' |01>]
1,B . .
0)1 : T [ P) Lk | D) e = (=)™
- |mA :
B T4 total number of domains
|O>R: 11, ) ¢ number of sites per domain
. Zuri .,

Quantum, 9, 1625 (2025)



Application: entanglement distribution with DWs
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Square rooth Topological Insulators

aﬁ @B
* Rhombus chain: L:::L
* The necklace chain: 'M‘

hidden chiral symmetry: X _ — diagg(1,—1,-1,1,-1,1,1,-1)



Conclusions

Topological Edge States can be implemented in different platforms, they allow the
transfer of quantum information with high fidelity

The use of topological domain walls can significatively speed-up the transfer of
guantum information

Domain walls with two states can be used to create quasi-1D networks with full
connectivity

The guantum transfer through a topological lattice can be used to generate
entanglement between distant qubits

J. Zurita et al., Quantum 7, 1043 (2023); Phys. Rev. B, 111, 155406 (2025); Quantum, 9, 1625 (2025)
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