Quanturm mermories based on arrays of
shallow donors in silicon
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Motivations

@ Quantum memories are indispensable in quantum information
applications such as quantum repeaters and hybrid guantum
computing architectures.

@ Shallow single donors in Si are currently used as qubits:
single spin manipulation/readout based on electrical detection
of magnetic resonance

@ Deep levels could also be used to store information Iin
combination with a semiconductor qubit

@ T1land T2

4

@ Arrays of donors (or other impurities) can be used as guantum
memories to be coupled with a superconductor qubit
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Silicon Based QC: 1998->2023

[B.E. Kane, Nature 393, 133 (1998)] [A. Morello et al. Adv. Quantum Technol. 3, 2000005 (2020)]
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Donor electron spinin Si: P

Spin Hamiltonian

Hspin = H; +ZHQUCI (i)+ZHHf (i)+ZHDip (1, ])
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Effect of Electron-
external field nuclei
interaction

v >

Effective Bohr radius ~ 20-25 A
Lattice constant = 5.43 A

In a natural Si crystal the donor electron /A
interacts with ~ 150 nuclei of 29Si -
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Donor electron spin in Si:P

Hyperfine interaction

Contact interaction: Dipole-dipole interaction:
Hc,. = ASI T 3(p.r)(p,r)
Dip r3 r5
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Hyperfine interaction:

Contact interaction only:
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ENDOR
Nat. EZn Zero Field
- Freq. EZ 0,350 T EHI L.
Nucleus EcEq Abun | gN | req @0,350T | ge e@ EHI [eV] Splitting
[meV] d. (%) @0,350 T [eV] [eV] [MHz] [MHz]
P10 [MHz]
P31 45,59 100 2,2632 0,5 | 6,03801 2,50E-08 1,9985 | 4,04883E-05 | 4,86E-07 | 117,53 117,53
As75 53,76 100 0,959647 | 1,5 | 2,56025 1,06E-08 1,99837 | 4,04856E-05 | 8,20E-07 | 198,35 396,7
Sh121 4272 57,21 | 1,34536 2,5 | 3,5893 1,48E-08 1,99858 | 4,04899E-05 | 7,73E-07 | 186,802 | 560,406
Sb123 ’ 42,79 | 0,72851 3,5 | 1,9436 8,04E-09 1,99858 | 4,04899E-05 | 4,20E-07 | 101,516 | 406,064
Bi209 70,98 100 0,9134 4,5 | 2,437 1,01E-08 2,0003 | 4,05248E-05 | 6,10E-06 | 1475,4 7377
Se77(+) | 306,5 7,63 1,070149 (0,5 | 2,855058 1,18E-08 2,0057 |4,06342E-05 | 6,87E-06 | 1660,4 1660,4
Tel25(+) | 196 7,07 |4,740899 | 0,5 | 4,740899 5,23E-08 2,0023 | 4,05653E-05 | 1,44E-05 | 3491,65 | 3491,65
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Current state of the art for silicon donor spin qubit
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Time scales

Quantum Computing

Quantum Sensing

Single qubit gate

Single qubit

T1 T2DD : . [ itivi
time fidelity Quantity | Sensitivity
>1 h (ref.1) | 10 s (ref.3)) :
(ens), 10 s | (ens), ~100 ns (ref.5) 99.94%*(ref.6) ?i/l?dgnit(l:c 1r8 prT/ Lz
Electron | (ref.2) 0.56 s (ref.4) eld (AC) e
3 h (ref.8) 2 nT/ Hz
>days (ens), — o Magnetic (ref.10)
(ref.7) 35.6 s (ref.4) | ~20 kS (ref.7) 99.98%*(ret.9) | toid (AC)
Nuclear
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ESR detection with superconducting microwave
resonator

T T T
ParParYBCO-100; P==1.1mW
ParParYBCO-100; P=0.1mW
———-ParParCu-50; P=1.7mW
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Hybrid device (SU/SE)

R: superonducting resonator
S: ensemble of donors in silicon
Q: Transmon qubit

b MW/ aQdrive .n;”l__ S
Proof of concept MW= Q readout M- M-
of a spin-based quantum T 1 o |
memory for i ,;"-? . ,i’i? .
superconducting 1] | . ;
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implements a quantum me
R. [Y. Kubo et al. Phys. Re
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Research Outline

Materials Science

» Disordered arrays of
donors (P, Bi) in nat Si
and Isotopicaly purified
288i

* Novel technology for
the realisation of %8Si
enriched areas (M.
Fanciulli, HZDR 2022
and 2023)

» Ordered arrays of
donors (BIi) in natSi and
28Si enriched areas:
deterministic doping
(HZDR) and other
techniques (M. Perego,
CNR-Agrate)
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Experimental Set-up

CW-EPR (X-band and
Q band, ENDOR,
DNP). T=3-300 K
Pulse EPR (X-band, Q-
band, ENDOR). T=3-
300 K (upgrade or
collaoration)

Pulse EPR broad
band, 1-10 GHz, T=10
mK
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Conclusions

» For additional information and to discuss a collaboration please contact me:
marco.fanciulli@unimib.it
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