Coherent spin control of s-, p-, d- and f-electrons in a silicon quantum dot
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Once the periodic properties of elements were unveiled, chemical bonds could be
understood in terms of the valence of atoms. Ideally, this rationale would extend
to quantum dots, often termed artificial atoms, and quantum computation could be
performed by merely controlling the outer-shell electrons of dot-based qubits. Im-
perfections in the semiconductor material, including at the atomic scale, disrupt this
analogy between atoms and quantum dots, so that real devices seldom display such
a systematic many-electron arrangement. We demonstrate here an electrostatically-
defined quantum dot that is robust to disorder, revealing a well defined shell structure.
We observe four shells (31 electrons) with multiplicities given by spin and valley degrees
of freedom. We explore various fillings consisting of a single valence electron — namely
1, 5, 13 and 25 electrons — as potential qubits, and we identify fillings that yield a total 8 / 11 /2019
spin-1 on the dot. An integrated micromagnet allows us to perform electrically-driven
spin resonance (EDSR). Higher shell states are shown to be more susceptible to the
driving field, leading to faster Rabi rotations of the qubit. We investigate the impact FAM
of orbital excitations of the p- and d-shell electrons on single qubits as a function of
the dot deformation. This allows us to tune the dot excitation spectrum and exploit it .
for faster qubit control. Furthermore, hotspots arising from this tunable energy level Leon CamenZInd
structure provide a pathway towards fast spin initialisation. The observation of spin-1
states may be exploited in the future to study symmetry-protected topological states
in antiferromagnetic spin chains and their application to quantum computing.



Motivation

Orbitals play major role in performance & operation of semiconductor spin qubits
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Qubit drive (Rabi oscillations)
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Device & charge stability
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Shell filling: «Magic numbers»
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Magic numbers with valley degeneracy
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Magnetospectroscopy
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Driving and read-out of the qubit
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Coherent spin control

Larmor frequency: fo = 41.829 GHz fo = 41.879 GHz o = 41.827 GHz
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Quality factor for different shells
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Sequence fidelity, P
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Idea: obtain gate fidelities by removing read-out infidelities out of the sequence
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e Create random sequence of Clifford gates {I, +X, +X2 +Y, in} of
length m
* at the end: refocus pulse
* Apply sequence to either |T) and [{) — Py resp. P'jy)
P’y = Py = ap™

 Average Clifford-gate fidelities: Fr=1—-(1-p)/2
S 1 98.5
P 5 99.7
d 13 99.5

similar T, but much faster gates = higher fidelity
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Confinement dependence
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But what about T2 and Q7
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Conclusions

* Qubit operation hotspot in p-shell:
» faster driving (orbital energy / size)
e same T, as for s-shell
- increase in quality factor and gate fidelities

e Electrical tunability of Qubit parameters...
e Stark shift (weak)
° T1
° T2
¢ fRabi

... due to orbital and valley effects..
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Coherent control of other electron occupancies =

4 4
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Extended Figure 2 |Coherent control at various electron occupancies. Rabi oscillations at different electron numbers
N inside the a single quantum dot. (a) N =3 (b) N =9 (¢) N =10 (d) N = 14 (e) N =27. Note that from Fig. 1f, N =10
and 14 electrons have total spin states S = 1, while N =27 electrons has S = %.
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Rabi frequency (MHz)
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Liles et al., Nat. Commun.
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Spin relaxation due to SOl mediated coupling to phonons

Piezoelectric electron-phonon interaction:
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First order spin flip transition matrix element:
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Using Fermis golden Rule:
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Presentation Notes
For Uph -> Ew we use the dipole approximation?
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