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A silicon-based nuclear spin

B. E. Kane

Semiconducior Nanefabrication Facility, School of Physics, University of New South Wales, Sydney 2052, Australia

Q t S pr ise to d the P ional efficiency of ordinary cl ical hi b

algorithms allow the execution of certain tasks in fewer steps. But practical |mplemema1|on ofthese machi nes posesa

formidable challenge. Here | present a sch for impl nting a quant h 1 ter. Informationis

P
encoded onto the nuclear spins of donor atoms in doped silicon electromc devices. Logical operations on individual

spins are performed using externally applied electric fields, and spin measurements are made using currents of
spin-polarized electrons. The realization of sucha P isdepend on future refi of con i Isilicon
electronics.

Confinement of spins in semiconductor represents a fruitful platform for
UNIVERSAL QUANTUM COMPUTATION
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QUANTUM DOT-based qubit
Long coherence time
Fast gate operations
Easy manipulation
Potential for scaling

Control gates

Read-out

Group IV seminconductor
Silicon
Nuclear free isotopes DONOR-based qubit
Integrability with CMOS infrastructure
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DOUBLE QD SINGLET-TRIPELETQUBIT

QD SINGLE SPIN QUBIT

SiGe quantum dot
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DOUBLE QD SINGLET-TRIPLET QUBTL
J

QD SINGLE SPIN QUBIT ‘%‘%
e____ AEZ @$'

=1 i 0B
= &% DOUBLEQDHYBRI[\)JQUBIT

'} /N o \‘@ ®, Q (B,) 2
SPIN QUBITS: , ‘
ENERGY PROFILES & J

PHYSICAL CONTROLS
QD SPIN-DONOR QUBIT
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Si conduction band
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Qubit Material [f(MHz) |7y (ns) Ts(ns) =T5/Tx |Ref.
Single spin Si/SiGe |~ 5 ~9x10% |3.7x10* |~9 E. Kawakami et al., Nat. i
Nanotech. 9, 666670 (2014) | —
Single spin 2 8i ~ 0.3 <1.2x10° [1.2 x 10° |< 80 M. Veldhorst et al., Nature o=
526, 410-414 (2015) P
Donor spin (e7) [P in "*Si |~ 3 59 2x10° (<1 J. J. Pla et al., Nature 489, .
541 (2012)
Donor spin (e7) |P in #Si |~ 0.2 ~3x10° |1 x10° |~ 108 J. T. Muhonen et al., Nat.
Nanotech. 9, 986 (2014)
Singlet-Triplet |Si/SiGe |~ 351 >1x10° |n.a. n.a K. Takeda et al.,
arXiv:1910.00771 (2019)
Hybrid Si/SiGe |~ 1x10* |~ 11 ~ 40 ~ 250 D. Kim et al., Nature 511,
70-74 (2014)
Table 1. Comparison of different spin-based qubits.
Superconductor|{Superconductor | Trapped
Flux qubit| Transmon Ton qubit
(DWave like) |qubit (IBM
like)
M gby,, /em? 8 x 1074 10—° 2 x 107°
Achip(mmz 25 x 107 2 x 1010 100
Ref. R. Harris and|J. M. Gam-|B. Lekitsch
et al., Phys.|betta et al., et al., Sci-
Rev. B 82,[Npj Quant.|ence Adv.
024511 (2010) |Inf. 655, 3:2|3, el601540
(2017). (2017)

Table II. Number of physical qubits per unit surface and area covered by 2 billions of physical qubits. The silicon hybrid qubit

footprint refers to the 7 nm technology node.
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Flip-flop qubit ZL

Encoded states: 1 X

0>=|g > 4 S|02
1>=|gt> dI- e >

@31p ‘o> E

Two eigenstates:

A Vi - id de (AEz + E(LCOS(wE t))

_ ~id |g>: e  ground state
H()?“b — T O-lj _ O-Z ] ]
2h le> : e exited state

Applying a large static magnetic field Bo, (i.e. (y-+y.)Bo>>A), the eigenstates of the system are
the four qubit states {| {1>,| LU>,| TU>,| T>}. Electrically modulating the hyperfine
interaction A by E.causes an Electron Dipole Spin Resonance (EDSR) transition between the
states with antiparallel spins {| {f1>, | TU>}, that are in turn chosen to encode the qubit.
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Universal quantum gate set

G={H, A(S)}, where A(S) is a two-qubit gate in which the operation S is applied to the
target qubit if and only if the control qubit is in the logical state |1>, for example the CNOT
gate.

Moreover, a construction of the CNOT gate using only Rz(—n/2), H and sqrt(iISWAP) gates
Is feasible.

G={Rz(—n/2), H, sqrt(iSWAP)}

For each gate operation, we consider the effect of the charge noise using the 1/f model for
the power spectral density, dominant in the low-frequency regime.
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1/f noise model

« The 1/f noise model is based on the definition of the Power Spectral Density that is
inversely proportional to the frequency and is given by S(w)=0/(»t,), where a 1s the
noise amplitude, that does not depend on ® and t; is the time unit.

» \We generated the 1/f noise in the frequency domain as

Il(O)) :m(w)—l/2ei(p(o)),
where m(w) is generated from a standard Gaussian white process and the phase factor
¢o(®) = [0,2x] is chosen uniformly.

« To obtain the noise in the time domain, we calculate the inverse Fourier transform and
then multiply the result by the noise amplitude o

ENTANGLEMENT FIDELITY

F=trip™1p® (U 'Us)sp™ 1 ® (U;'U;)s]

pi = )(| with ) = Z5(]00) + [11))

S
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Two flip-flop qubits: the dipole-dipole interaetion
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The two-qubit Hamiltonian
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ViSWAP @ r = 180 nm
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Transversal gates for Quantum Error Caorrection:
some preliminary results @ r=360 nm
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The infidelity is compared with its ideal value where the qubits does not interact
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Conclusions

Quantum computation by flip-flop qubits, donor based qubits in which the logical states
are encoded in the donor nuclear and its bound electron.

A universal set of quantum gates composed by {Rz(—n/2), H, sqrt(iSWAP)} has been
presented and the noise effect on the entanglement fidelity has been studied.

The noise model adopted shows a 1/f spectrum, typical of qubit sensitive to charge noise.
Results are very promising in correspondance to a realistic noise level around 50 VV/m, we
obtain F>=99.999% for the Rz(-pi/2) and 99.8% for the H gate. The two-qubit gate
sqrt(ISWAP) may be realized with a fidelity above 99.5%.

Study on parallel one and two qubit operations for QEC code.
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