OINT

(vaotum lnformation ScT

LABORATORY DIRECTED RESEARCH & DEVELOPMENT

Electron Spin Decoherence in Isotope-
Enriched Silicon

Wayne Witzel, Malcolm Carroll, Andrea Morello,
Lukasz Cywinski, Sankar Das Sarma

arXiv:1008.2382

Silicon Qubit Workshop
Albuguerque, NM

This work was supported by the Laboratory Directed Research and Development program at Sandia National Laboratories.

/. WA | DQ&!{ a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National National
/N A’ &R =4 Nuclear Security Administration under contract DE-AC04-94AL85000. SAND2010-5774C Laboratories

National Nuclear Security Administration

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, @ Sandia



d‘\-l- - Experiments show T,=600 ms.
7 i What limits this?

Quantum Information ScT

Donors: 1.2x10%4/cm3, 29Si: 2.5 x1078/cm3 (~50 ppm)
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Central Spin Decoherence Problem
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Central Spin Decoherence Problem
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Spin Echo: decompressor \8 g J

are needed to see this picture.
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Visualizing Clusters
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Q
m\-l ~ Cluster Expansions Provide a Solution
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A .M. Tyryshkin, J.J.L. Morton, S.C. Benjamin, A. Ardavan, G.A.D. Briggs,
J.W. Ager, S.A. Lyon, J. Phys.: Condens. Matter 18, S783 (2006).
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d\-r + Problem formulation: Hamiltonian and

T
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Hp = ) ~pdR; —R,)[SFS; + S5 —45:57],
127

Hy = Y Axdrn —r)l[T 1, + I 1 — 417,
>
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Spin Echo: U (71) = E_iHTUI:EE_iHT.

p(t) = Up(O)UT,  pe(t) = Trpp(t)
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We find that we must include Ising interaction to spins outside of a cluster
and average over their spin states in the evaluation for a given cluster.

Cluster methods approximating decoherence
from a 5x10"/cm? density of electron spins on a surface 5 nm away
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m\‘l' = Theory: 2°Si spin noise
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Spectral Diffusion
1.2 x 10™/cm? donor concentration, 2.5 x10'%/cm? 29Si
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d\-r Theory: donor diffusion noise
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Spectral Diffusion
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Theory: donor diffusion noise
(with 2°Si)

Spectral Diffusion
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d\-r % Theory: donor diffusion noise
ﬂuantUInltanrnnatinﬁ‘SﬁI and 295i nOise

Spectral Diffusion

1.2 x 10™/cm? donor concentration, 2.5 x10'%/cm? 29Si
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Spectral Diffusion

1.2 x 10™/em? donor concentration, 2.5 x 103%/cm? 29Si
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m“' ~ Benefit of theory: low error behavior

T, is a poor figure of
merit for Q. C. where
the low error regime is
most important.

We introduce Tq and n,
to characterize the low
error regime.
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m\-l ‘Benefit of theory: changing concentration
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In this regime of low
29Si and high B-field,
the effective
Hamiltonian has only
dipolar interactions.
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m\-l “Benefit of theory: changing concentration
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29Gj concentration, Cy (cm™)
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Experiments: E. Abe et al., preprint (2010); A. M. Tyryshkin et al., Silicon Qubit
Workshop, August 2009, Berkeley, CA; A. M. Tyryshkin and
S. A. Lyon, private communications.
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m\-l ‘Benefit of theory: changing concentration
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Benefit of theory: sample-to-sample
variation (?°Si decay)

2Si-induced spectral diffusion
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d\‘l- £ Benefit of theory: sample-to-sample

Quantum Information ScT Va rl a tl O n ( d O n O r d e Ca y)
Donor-induced Spectral Diffusion
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m\‘l % Benefit of theory: low temperature
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Temperature Comparison
& x 10"/cm’ donor concentration, no Si

infinite temp.
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We can thermally polarize the electron spins at high enough B-field

and low enough temperature.
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OISl Benefit of theory: low temperature
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From considerations of spin noise only
T T I

1 Kelvin,
1 Tesla

Short time decay behavior:

exp [—(t/Tq)™]

C=10"%/cm? _

Tq (seconds)

C=10"/cm? _i

In 2-cluster approx:
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T——
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1
kg T/ AE,

pr/, = exp(xE./kBT)/2cosh (L, /kBT)
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mj‘;r Conclusions
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* Cluster expansions successfully solve the central spin
decoherence problem.

* We have adapted the Cluster Correlation Expansion
technique to have the versatility to solve problems of
sparse electron spin baths.

« Coherence may be limited by 2°Si or background donors.

» Having some 2°Si improves T, at low donor
concentrations.

* Behavior is different in the short-time (low-error) regime.

* For low errors, both 2°Si and dopants should be reduced
or polarized.

* There is a large sample-to-sample variation in baths of
sparse spins; yield is more informative than average
decoherence.
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e Dangling bond spins at an interface (preparing manuscript).

» Un-ionized donors from modulation doping.

e Germanium nuclear spins.

* Any other miscellaneous spins that keep Malcolm awake at night.
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Cluster Selection Heuristics

randomly generate spatial configuration of spins
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Cluster Selection Heuristics

choose central spin
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m\-l % Cluster Selection Heuristics

Quantum Information ST

shift to center
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Cluster Selection Heuristics

wrap around
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m\-l' i Cluster Selection Heuristics
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Crop out some “world radius” cutoff
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cluster “seeds” within “inner radius”
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m\-r s Cluster Selection Heuristics
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grow clusters - strongest interactions first

@ Sandia
National
Slide 30 Laboratories



d\-r i Cluster Selection Heuristics

Quantum Information ScT

grow clusters - strongest interactions first
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d\-r i Cluster Selection Heuristics

Quantum Information Sc1

grow clusters - strongest interactions first
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Cluster Selection Heuristics
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13 2-clusters
7 3-clusters
2 4-clusters

grown until we reach quota for each k-cluster
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H Sparse Electron Spin Systems
oraston S Present New Challenges
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