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We note that the narrow-band feature of the CPMG filter essentially defines the
effectiveness of this sequence for dynamical decoupling.

The filter function F,,C (t) associated with the CPMG pulse sequence
deviates from a 8-function by the finite width of the main spectral peak and by the
presence of higher harmonics (Supplementary Fig. 1). In addition, the central fre-
quency of the filter function changes with the duration of the experiment and with
the number of pulses. Therefore, reconstructing the spin-bath spectral function
S(w) from the decoherence data requires a solution of the Fredholm type equation
to extract S(w) equation (1):

F ()
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o

2=~ | dos()

This extraction is accomplished by assuming that the spectral function decays
to zero at high frequency and by noting that the filter function includes high
harmonics but negligible low frequency artefacts. Thus, the procedure starts at the
high frequency values of C(w), and works back to lower frequencies by subtracting
the effect of higher harmonics using the reconstructed high frequency values of
S(w) and the analytical form of the filter function.

Owing to the high frequency components of the filter function and the monot-
onically decreasing nature of the spectral function, a naive reconstruction of the
spectral function assuming a d-function form of the filter function produces results
that are biased to lower values by ~15%. This bias is removed using the reconstruc-
tion algorithm presented above.

References

1. Jiang, L. et al. Repetitive readout of a single electronic spin via quantum logic
with nuclear spin ancillae. Science 326, 267-272 (2009).

2. Neumann, P. et al. Single-shot readout of a single nuclear spin. Science 329,
542-544 (2010).

3. McCamey, D. R., Van Tol, J., Morley, G. W. & Boehme, C. Electronic spin
storage in an electrically readable nuclear spin memory with a lifetime >100s.
Science 330, 1652-1656 (2010).

4. Zurek, W. H. Decoherence, einselection, and the quantum origins of the
classical. Rev. Mod. Phys. 75, 715775 (2003).

5. Taylor, J. M. et al. High-sensitivity diamond magnetometer with nanoscale
resolution. Nat. Phys. 4, 810-816 (2008).

6. Maze, J. R. et al. Nanoscale magnetic sensing with an individual electronic spin
in diamond. Nature 455, 644-647 (2008).

7. Balasubramanian, G. ef al. Nanoscale imaging magnetometry with diamond
spins under ambient conditions. Nature 455, 648-651 (2008).

8. Goldstein, G. et al. Environment-assisted precision measurement. Phys. Rev.
Lett. 106, 140502 (2011).

9. Acosta, V. M. et al. Diamonds with a high density of nitrogen-vacancy centers
for magnetometry applications. Phys. Rev. B 80, 115202 (2009).

10. Childress, L. et al. Coherent dynamics of coupled electron and nuclear spin

qubits in diamond. Science 314, 281-285 (2006).

. Tyryshkin, A. M, Lyon, S. A., Astashkin, A. V. & Raitsimring, A. M. Electron
spin relaxation times of phosphorus donors in silicon. Phys. Rev. B 68, 193207
(2003).

12. Hanson, R., Kouwenhoven, L. P, Petta, J. R., Tarucha, S. & Vandersypen, L. M.

K. Spins in few-electron quantum dots. Rev. Mod. Phys. 79, 1217-1265
(2007).

13. Pham, L. M. et al. Magnetic field imaging with nitrogen-vacancy ensembles.
New J. Phys. 13, 045021 (2011).

14. Stanwix, P. L. et al. Coherence of nitrogen-vacancy electronic spin ensembles in
diamond. Phys. Rev. B 82, 201201 (2010).

15. Allred, J. C., Lyman, R. N., Kornack, T. W. & Romalis, M. V. High-sensitivity
atomic magnetometer unaffected by spin-exchange relaxation. Phys. Rev. Lett.
89, 130801 (2002).

16. Dobrovitski, V. V., Feiguin, A. E., Awschalom, D. D. & Hanson, R. Decoherence
dynamics of a single spin versus spin ensemble. Phys. Rev. B 77, 245212
(2008).

17. Barnes, E., Cywinski, L. L. & Das Sarma, S. Master equation approach to
the central spin decoherence problem: Uniform coupling model and role of
projection operators. Phys. Rev. B 84, 155315 (2011).

18. de Lange, G., Wang, Z. H., Rist, D., Dobrovitski, V. V. & Hanson, R. Universal
dynamical decoupling of a single solid-state spin from a spin bath. Science 330,
60-63 (2010).

19. Naydenov, B. et al. Dynamical decoupling of a single-electron spin at room
temperature. Phys. Rev. B 83, 081201 (2011).

20. Ryan, C. A., Hodges, J. S. & Cory, D. G. Robust decoupling techniques
to extend quantum coherence in diamond. Phys. Rev. Lett. 105, 200402
(2010).

1

—

2

—

. Almog, I. et al. Direct measurement of the system environment coupling as
a tool for understanding decoherence and dynamical decoupling. J. Phys. B:
Atomic, Mol Opt. Phys. 44, 154006 (2011).

22. Bylander, J. et al. Noise spectroscopy through dynamical decoupling with a

superconducting flux qubit. Nat. Phys. 7, 565-570 (2011).

23. Alvarez, G. A. & Suter, D. Measuring the spectrum of colored noise by
dynamical decoupling. Phys. Rev. Lett. 107, 230501 (2011).

24. Du, J. et al. Preserving electron spin coherence in solids by optimal dynamical
decoupling. Nature 461, 1265-1268 (2009).

25. Klauder, J. R. & Anderson, P. W. Spectral diffusion decay in spin resonance
experiments. Phys. Rev. 125, 912-932 (1962).

26. Gordon, G, Erez, N. & Kurizki, G. Universal dynamical decoherence control of
noisy single- and multi-qubit systems. J. Phys. B 40, S75 (2007).

27. Meiboom, S. & Gill, D. Modified spin-echo method for measuring nuclear
relaxation times. Rev. Sci. Instr. 29, 688-691 (1958).

28. Hahn, E. L. Spin echoes. Phys. Rev. 80, 580-594 (1950).

29. Slichter, C. P. Principles of Magnetic Resonance (Springer-Verlag, 1990).

30. de Sousa, R. Electron spin as a spectrometer of nuclear spin noise and other
fluctuations. In: Electron Spin Resonance and Related Phenomena in Low-
Dimensional Structures, of Topics in Applied Physics (ed. Fanciulli, M.) 115,
183-220 (2009).

. de Lange, G., Riste, D., Dobrovitski, V. V. & Hanson, R. Single-spin magneto-
metry with multipulse sensing sequences. Phys. Rev. Lett. 106, 080802 (2011).

32. Medford, J. et al. Scaling of dynamical decoupling for spin qubits. Phys. Rev.
Lett. 108, 086802 (2012).

33. Bloembergen, N. On the interaction of nuclear spins in a crystalline lattice.
Physica 15, 386-426 (1949).

34. Portis, A. M. Spectral diffusion in magnetic resonance. Phys. Rev. 104, 584-588
(1956).

35. de Sousa, R. & Das Sarma, S. Electron spin coherence in semiconductors:
considerations for a spin-based solid-state quantum computer architecture.
Phys. Rev. B 67, 033301 (2003).

36. Witzel, W. M., Carroll, M. S., Morello, A., Cywinski, L. L. & Das Sarma, S.
Electron spin decoherence in isotope-enriched silicon. Phys. Rev. Lett. 105,
187602 (2010).

37. Cox, A., Newton, M. E. & Baker, J. M. 13C, 14N and 1N endor measurements
on the single substitutional nitrogen centre (p1) in diamond. J. Phys.: Condens.
Matter 6, 551 (1994).

38. Barklie, R. C. & Guven, J. 13C hyperfine structure and relaxation times of the p1
center in diamond. J. Phys. C 14, 3621 (1981).

39. Grinolds, M. S. et al. Quantum control of proximal spins using nanoscale
magnetic resonance imaging. Nat. Phys. 7, 687-692 (2011).

40. Arcizet, O. et al. A single nitrogen-vacancy defect coupled to a nanomechanical

oscillator. Nat. Phys. 7, 879-883 (2011).

. Maletinsky, P. et al. A robust scanning diamond sensor for nanoscale imaging
with single nitrogen-vacancy centres. Nat. Nano. doi:10.1038/nnano.2012.50
(2012).

42. Maurer, P. C. et al. Far-field optical imaging and manipulation of individual

spins with nanoscale resolution. Nat. Phys. 6, 912-918 (2010).
43. Cywinski, L. L., Lutchyn, R. M., Nave, C. P. & Das Sarma, S. How to enhance
dephasing time in superconducting qubits. Phys. Rev. B 77, 174509 (2008).

3

—

4

—_

Acknowledgements

We gratefully acknowledge fruitful discussions with Patrick Maletinsky and Shimon
Kolkowitz; and assistance with samples by Daniel Twitchen and Matthew Markham
(Element 6) and Patrick Doering and Robert Linares (Apollo). This work was supported
by NIST, NSE US Army Research Office and DARPA (QuEST and QuASAR programs).
PC was partially funded by NSF under grant no. DMG-1005926.

Author contributions
All authors contributed to all aspects of this work.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Bar-Gill, N. et al. Suppression of spin-bath dynamics
for improved coherence of multi-spin-qubit systems. Nat. Commun. 3:858
doi: 10.1038/ncomms1856 (2012).

6 NATURE COMMUNICATIONS | 3:858 | DOI: 10.1038/ncomms1856 | www.nature.com/naturecommunications
© 2012 Macmillan Publishers Limited. All rights reserved.









a
b 6X 10
anan
&
7000 i_5
§
G000 —
g c4
E smo S
8 T3
§ 0o 2
8 3
'g 3000 g 2
= 2000 5]
o 1t
1000 A =
D 0 L L I}
-A00 -450  -400 -350 300 2500 200 <150 100 -BD 0 5 10 15 20
z [microns) Sample depth [um]

Supplementary Figure S3. Measurements of inhomogeneities in the *C and Apollo samples. (a) Confocal scan of NV
fluorescence and hence concentration (red) as a function of depth in the '*C sample. The green line indicates the surfaces of
the sample as measured by enhanced reflection of the green excitation light. (b) Inhomogeneity of N concentration in the
Apollo sample as measured using secondary ion mass spectroscopy (SIMS).
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Supplementary Figure S4. Monte Carlo simulation of the '*C-induced Overhauser effect. Example results of Monte Carlo
simulation of relative frequency shift between 1000 pairs of N electronic spins induced by hyperfine interactions with 3C
nuclear spin impurities that are randomly distributed in a diamond lattice at the natural abundance concentration of 1.1%.



Supplementary Methods

Details of spectral analysis For each CPMG pulse sequence (and hence value of n) applied to each sample, we
extract the decoherence functional x,(t) = —InC,(t) (see Eq. (1) in the main text) from the relevant NV multi-spin
coherence data C,,(t), such as that shown for the 12C sample in Fig. 2a in the main text. The measured coherence
Cy(t) is well fit by a stretched exponential e~ (t/T2)" where the value of p varies between 1 and 3 related to dynamics
of the spin environment and ensemble inhomogeneous broadening (see section below on multi-spin averaging). This
behavior is consistent with a Lorentzian spin bath spectrum and indicates that N spin impurities are the dominant
source of NV spin decoherence. The effects of '3C nuclear spin impurities are discussed in the main text. The second
most important electronic spin impurities are NVH defects, which are an order of magnitude less abundant than N
impurities [1]. The contribution of instantaneous spin diffusion due to interactions between neighboring NV spins
and MW-induced spin flips [2] is also negligible, as the NV Rabi frequency for typical MW power (~ 10 MHz) is
large compared to the NV electronic spin transition linewidth (~ 3 MHz), and the NV dipolar coupling timescale
(proportional to the inverse of the dipolar coupling energy) is at least an order of magnitude longer than the longest
measured NV spin coherence time.

Using the measured C),(t) data we derive values for the spin bath spectral function S, (w) for each CPMG pulse
sequence by deconvolving y,(w) with the filter function FS"MS (wt) (Supplementary Figure S1). The resulting values
for the spectral functions S, (w) for all CPMG pulse sequences (i.e., all values of n) are plotted together in Fig. 2b
in the main text. Note that the average data (red crosses) in Fig. 2b in the main text are calculated by binning the
full data set for S, (w) into 100 frequency values between 0 and 1 MHz. As a result of this binning procedure, a few
data points exhibited abnormally small coherence at low frequency, perhaps due to technical noise, which at ~ 150
kHz contributes two outliers to the averaged data.

We use two methods of analysis to characterize the underlying spin bath spectrum S(w) in terms of the coupling
strength A of the bath spins to the probed NV spins and the correlation time 7. of the bath spins with each other
(Supplementary Figure S2): in the first we separately fit each spectral function S, (w) to a Lorentzian, which provides
individual-fit values for A and 7. for each of the CPMG pulse sequences; and in the second we average all the S, (w)
values for each w and then fit the resulting mean spectral function (S, (w))), to a Lorentzian, which provides single,
average-fit values for A and 7.

The oscillations in the HPHT coherence decay data are a result of a nearby spin impurity (most likely a 13C nuclear
spin). The relevant data for the reconstruction of the N-bath spectral function is the envelope of the decay, which
was minimally affected by the oscillations.

The coherence decay data for the Apollo sample exhibited some non-monotonic behavior, which was a result of the
large coupling strength between NV spins and the spin-bath in this sample, producing semi-coherent interaction effects.
These effects were beyond the weak coupling approximation assumed for the spectral decomposition procedure and
indicate that higher-order corrections might be non-negligible in this case. However, it can be seen that the second-
order theory we employed here for spectral analysis still reproduces the main features of the decoherence curves, as
well as the scaling of the NV T with the number of CPMG pulses n.

We note that the frequencies at which the data was taken are dictated by the pulse sequence durations and numbers
of pulses and are therefore not always commensurate between different pulse sequences.

We also note that the frequency range of the HPHT data is small compared to the other samples due to: first the
short NV spin coherence time, which limits measurement of the very low frequency response; and second the reduced
signal-to-noise (as this was a single NV measurement using a confocal apparatus), which limits the measurement of
pulse sequences with a large number of pulses, thus excluding very high frequency data.

Multi-spin averaging For measurements with the 2C and Apollo samples, the coherence decay function (C(t) =
e~/T2)") and the scaling of Ty with the number of CPMG pulses were not fully consistent over all measurement
timescales and pulse numbers. This inconsistency was largely a result of averaging over many NV spins in the field
of view, which modifies the effective bath spectrum from a simple Lorentzian due to inhomogeneities in the local
NV environment and the spin bath. To account for such effects, we used the best average-fit Lorentzian and then
calculated the expected coherence decay C,(t) and scaling of To with CPMG pulse number by averaging over 20
model realizations of the spin-bath spectra, with parameters normally distributed around the values extracted from
the average-fit Lorentzian, and the FWHM of this distribution set at 50% of the central extracted values.

The 2C sample (Element 6) is a high quality, pure sample, with a low concentration of N impurities (~ 1 ppm)
and a very low concentration of other defects. The sample does not show N-induced steps frequently associated with
CVD diamond, due to the low concentration of N in the growth process [3]. The N concentration was calibrated



by Element 6 during growth and then verified to be ~ 1 ppm by bulk EPR measurements. Measurement of N
inhomogeneity using SIMS was not possible due to the relatively high N-detection threshold of this method (> 1
ppm). We performed confocal scans of the sample to measure the spatial distribution of NV centers (Supplementary
Figure 3(a)), which showed less than a factor of two variation in NV concentration throughout the sample. With
the reasonable assumption that N and NV concentrations are proportional to each other, we conclude that the N
concentration in this sample is similarly homogeneous to within about a factor of two.

The Apollo sample contains a high concentration of N impurities (~ 100 ppm), which are the dominant source of
decoherence for the NV spins. To characterize inhomogeneity of the N concentration, we performed SIMS measure-
ments on this sample (see Supplementary Figure 3(b)). Again assuming the N and NV concentrations are locally
proportional to each other, we determined the mean N concentration probed by NV fluorescence measurements, 7y,
from a weighted average over the local N concentration nx(z):

__ foZ dzni(z)

N fOZ dznx(z)

Using the SIMS data we find iy ~ 2.6(1.7) x 10*°[em ™3] ~ 150(100) ppm, which is consistent with the coupling
strength A for this sample extracted using the spectral decomposition technique, with the uncertainties in this value,
and with Monte Carlo simulations we performed of the spin environment (see below). In addition, our measurements
were carried out on a confined lateral region of ~ 10 x 10 um? to suppress the effects of inhomogeneities on a larger
scale. The SIMS measurements also indicate that within the detection limits (1 ppm) there are no other extrinsic
defects present, such as Boron or Si.

The HPHT sample also contains a high concentration of N impurities (~ 50 ppm). The low NV density of this
sample allowed us to make single NV measurements using a confocal apparatus. Therefore, possible inhomogeneities
of the N concentration do not affect the measured data. We measured NV centers in the central region of the HPHT
sample, in the 100 growth sector, which was characterized by SIMS to have an N concentration of approximately
50 — 150 ppm, consistent with our spectral decomposition value for the coupling strength A.

In summary, for all three samples the values we find for A using spectral decomposition are consistent with
independent measurements and estimates of the N concentration, which therefore suggests that sample inhomogeneities
are within expected ranges and understood to within a factor of 2-3. As a result, we have confidence that the values
provided by spectral decomposition for the N spin-bath correlation time 7. in the HPHT and Apollo samples are an
order of magnitude longer than the expected values given by a simple model of the N spin-bath that ignores N-13C
interactions, for the estimated values of N concentration for these two samples.

We note that a long spin-bath correlation time was also measured in an HPHT sample in [4] using a different
method than the spectral decomposition technique presented here, further supporting our results. We also note that
the results we obtained via spectral decomposition could not be recreated with any combination of A and 7. that
follow the expected scaling with N concentration, regardless of the actual value of the assumed concentration and
including inhomogeneous effects. Therefore, the combined results from the three samples, along with the independent
measurements and estimates of N concentration and inhomogeneity, and the consistency of the extracted values for A,
strongly support the validity of the unexpectedly long correlation time 7, observed in the HPHT and Apollo samples.

. (S1)

Lorentzian parameters for an N dominated bath For the samples measured in this work, N electronic spins (P1
centers) are the dominant environment coupling to NV spins. Thus, the expected parameters of the Lorentzian bath
spectra can be derived from electronic dipolar interactions. The dipolar interaction energy between electronic spins
is given by Uqip ~ any, where a = 3.3 x 107 s7!em?® and ny is the N concentration [5]. Therefore the parameters
of the Lorentzian spectrum are estimated to be A & Ug;, and 7. ~ 1/Uyg;p.

13 C induced broadening of N spin resonance Inhomogeneous broadening of an ensemble of N electron spin reso-
nances in diamond due to proximal '3C nuclear spin impurities is dominated by the strong N-'3C contact hyperfine
interaction (compared to the weaker dipolar contribution, see [6, 7]). Therefore, the inhomogeneous broadening
energy AFE does not scale simply with the concentration of '*C. To make a realistic estimate of AFE, we carried out
a Monte-Carlo simulation of 1000 pairs of N spin impurities, each with a different random distribution of >C spin
impurities in a diamond lattice at their natural abundance of 1.1%. The calculated relative electronic spin resonance
frequency shift for each N pair is plotted in Supplementary Figure S4. We find the average value of this detuning ~ 9.5
MHz and the standard deviation ~ 30 MHz, with a few rare events in which a '3C occupies the nearest lattice to the
N, producing a frequency shift ~ 300 MHz. We conclude from this simulation that AF ~ 10 MHz, which is consis-
tent with the suppression of N spin bath dynamics revealed by the spectral decomposition measurements and analysis.



Classes of P1 centers in diamond The electronic wavefunction of the P1 center (N impurity in the present case)
is anisotropic and can be directed along each of the nearest C bonds. Therefore, there are generally 4 different classes
of P1 centers. With a static magnetic field aligned along one of the axes, the hyperfine interaction separates the P1
center’s electronic spin resonance into 5 different energies, depending on the class of P1 center (aligned with magnetic
field or not) and the N nuclear spin state. This splitting is expected to suppress electronic spin flip-flops between P1
centers with different resonance energies. However, since this effect should be equally manifest in all samples regardless
of the concentration of '3C impurities, and since it can maximally account for a factor of 5 change, we conclude that
it is not the dominant mechanism underlying the observed order-of-magnitude increase in the correlation time of the
electronic spin bath in the presence of finite nuclear spin impurity concentration, as described in the main text.
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