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Experiments show T2=600 ms.
What limits this?

A. M. Tyryshkin et al, Silicon Qubit Workshop, 
August 2009, Berkeley, CA, USA

Donors: 1.2×1014/cm3, 29Si: 2.5 ×1018/cm3 (~50 ppm)
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Central Spin Decoherence Problem



Central Spin Decoherence Problem
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Central Spin Decoherence Problem

Exponential 
increaseincrease

in difficulty

Spin Echo: decompressor
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Spin Echo: decompressor
are needed to see this picture.



Visualizing Clusters

Slide 6



 Slide 7

Cluster Expansions Provide a SoluGon

with the exclusion of spins
outside of set 

No fitting
Parameters!

Experiment:

Cluster correlation expansion2:

1 W. M. Witzel, Rogerio de Sousa, S. Das Sarma, Phys. Rev.
B 72, 161306(R) (2005); W. M. Witzel, S. Das Sarma, Phys.
Rev. B 74, 035322 (2006).
2 Wen Yang, Ren-bao Liu, Phys. Rev. B 78, 085315 (2008).

Cluster Expansion Method1
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Problem formulaGon: Hamiltonian and
evoluGon operator

Spin Echo:
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Sparse Electron Spin Systems
Present New Challenges

Spin state
Set of spin
states

Figure 2: Revised cluster methods have made it
possible to study problems of sparse electron spins
baths including a layer on a surface (illustrated in
Figure 1).

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.
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Theory: 29Si spin noise
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Theory: donor diffusion noise
(neglecGng 29Si)
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Theory: donor diffusion noise
(with 29Si)
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Theory: donor diffusion noise
and 29Si noise

p

p

p

p

T2 ~ 650 ms vs. 600 ms
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Benefit of theory: low error behavior

T2 is a poor figure of
merit for Q. C. where
the low error regime is
most important.

We introduce Tq and nq
to characterize the low
error regime.
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Benefit of theory: changing concentraGon

In this regime of low
29Si and high B-field,
the effective
Hamiltonian has only
dipolar interactions.

ζ  × × ζ

For ζ < 1

/ζ        /ζ       /ζ      /ζ       /ζ     /ζ        /ζ      /ζ       /ζ       /ζ     /ζ
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Benefit of theory: changing concentraGon

What are the limits of coherence in Si as
we isotopically enrich?

p

p

p

p

Limited by donor-induced
spectral diffusion

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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Benefit of theory: changing concentraGon

What about the short time behavior?
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Benefit of theory: sample‐to‐sample
variaGon (29Si decay)
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Good qubit:

Bad qubit:
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Benefit of theory: sample‐to‐sample
variaGon (donor decay)

Good qubit:

Bad qubit:
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Benefit of theory: low temperature
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We can thermally polarize the electron spins at high enough B-field
and low enough temperature.
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Benefit of theory: low temperature

From considerations of spin noise only

In 2-cluster approx:

Short time decay behavior:
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Conclusions

• 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 29Si or background donors.
• Having some 29Si improves T2 at low donor

concentrations.
• Behavior is different in the short-time (low-error) regime.
• For low errors, both 29Si 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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Cluster SelecGon HeurisGcs

randomly generate spatial configuration of spins



 Slide 25

Cluster SelecGon HeurisGcs

choose central spin



 Slide 26

Cluster SelecGon HeurisGcs

shift to center
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Cluster SelecGon HeurisGcs

wrap around
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Cluster SelecGon HeurisGcs

Crop out some “world radius” cutoff



 Slide 29

Cluster SelecGon HeurisGcs

cluster “seeds” within “inner radius”
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Cluster SelecGon HeurisGcs

grow clusters - strongest interactions first



 Slide 31

Cluster SelecGon HeurisGcs

grow clusters - strongest interactions first
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Cluster SelecGon HeurisGcs

grow clusters - strongest interactions first
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Cluster SelecGon HeurisGcs

grow clusters - strongest interactions first

`
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Cluster SelecGon HeurisGcs

grown until we reach quota for each k-cluster

`

13 2-clusters
7 3-clusters
2 4-clusters
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Sparse Electron Spin Systems
Present New Challenges
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