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We demonstrate significant improvements of the spin coherence time of a dense ensemble of
nitrogen-vacancy (NV) centers in diamond through optimized dynamical decoupling (DD). Cooling
the sample down to 77 K suppresses longitudinal spin relaxation T effects and DD microwave
pulses are used to increase the transverse coherence time 7> from ~ 0.7 ms up to ~ 30 ms. We
extend previous work of single-axis (CPMG) DD towards the preservation of arbitrary spin states.
Following a theoretical and experimental characterization of pulse and detuning errors, we compare
the performance of various DD protocols. We identify that the optimal control scheme for preserving
an arbitrary spin state is a recursive protocol, the concatenated version of the XY8 pulse sequence.
The improved spin coherence might have an immediate impact on improvements of the sensitivities
of AC magnetometry. Moreover, the protocol can be used on denser diamond samples to increase
coherence times up to NV-NV interaction time scales, a major step towards the creation of quantum

collective NV spin states.

In recent years, atomic defects in diamond have
been the subject of a rapidly growing area of research.
The most well-studied of these diamond defects is the
nitrogen-vacancy (NV) color center, whose unique spin
and optical properties make it a leading candidate plat-
form for implementing magnetic sensors''° as well as
qubits, the building blocks for applications in quantum
information. In particular, NV spin coherence times
longer than a millisecond have been achieved in sin-
gle NV centers at room temperature, either through
careful engineering of a low spin impurity environment
during diamond synthesis'! or through application of
pulsed'?'® and continuous'®!” dynamical decoupling
(DD) protocols. These long single NV spin coherence
times have been instrumental in demonstrating very sen-
sitive magnetic' 1, electric'®, and thermal'® measure-
ments as well as high-fidelity quantum operations'®2°,

Achieving similarly long spin coherence times in en-
sembles of NV centers can further improve magnetic
sensitivity®® and, moreover, may open up new avenues
for studying many-body quantum entanglement. For
example, achieving NV ensemble spin coherence times
longer than the NV-NV interaction timescales within the
ensemble could allow for the creation of non-classical
spin states?’ 23, Recently, NV ensemble spin coher-
ence times up to ~ 600 ms have been demonstrated by
performing Carr-Purcell-Meiboom-Gill (CPMG) DD se-
quences at lower temperatures to reduce phonon-induced
decoherence?*.  The CPMG sequence preserves only
a single spin component efficiently, however; experi-
mentally, in the presence of pulse imperfections, the

CPMG DD protocol cannot protect a general quantum
state?® 27, as is necessary for applications in quantum
information and sensing. To date, the preservation of
arbitrary NV spin states has been considered only in
a limited fashion, mostly at room temperatures and for
single NV centers'2 14, However, no fundamental study
yet considered the robustness of various DD protocols on
NV ensembles. In this work, we perform a theoretical
and experimental analysis of the performance of several
DD protocols, including standard CPMG and XY-based
pulse sequences as well as modifications thereon, and ex-
tract an optimized protocol for preserving a general NV
ensemble state at 77 K. We observe an extension of the
arbitrary NV ensemble state from a coherence time ~ 0.7
ms of an Hahn-Echo measurement up to a coherence time
~ 30 ms, which is more than an order of magnitude im-
provement. Although higher coherence times were de-
mostrated for preserving a specific spin state?*, in this
work we fundamentally study and optimize a DD proto-
col for preserving an arbitrary state.

The NV center is composed of a substitutional nitrogen
atom (N) and a vacancy (V) on adjacent lattice sites in
the diamond crystal. The electronic structure of the neg-
atively charged NV center has a spin-triplet ground state,
where the mg = £1 sublevels experience a zero-field split-
ting (~ 2.87 GHz) from the ms = 0 sublevel due to spin-
spin interactions [Fig. 1(a)]. Application of an external
static magnetic field along the NV symmetry axis Zee-
man shifts the mys = £1 levels and allows one to treat the
ms = 0,41 spin manifold (for example) as an effective
two-level system. The NV spin state can be initialized
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FIG. 1. (a) Energy levels of the negatively charged NV cen-
ter, including the N hyperfine splitting, A is the zero-field
splitting. (b) Bloch sphere diagram illustrating the two main
types of pulse imperfection: ¢; represents the deviation from
an ideal rotation angle 7, and # = (ns, ny,n.) is the actual
rotation axis, which can deviate from k = (kz, ky,0). (c) Opti-
cally detected magnetic resonance measurement of |0) <> [+1)
transition in an NV ensemble. Hyperfine interactions between
the NV electronic and the N nuclear spins form three NV
resonances, and a strong static field ~ 300 G polarizes the
N nuclear spins into the | — 1) spin state.

in the ms = 0 state with off-resonant laser excitation,
coherently manipulated with resonant microwave (MW)
pulses, and read out optically via spin-state-dependent
fluorescence intensity of the phonon sideband!.

The NV spin bath environment is typically dominated
by 3C nuclear and N paramagnetic spin impurities, ran-
domly distributed in the diamond crystal. These spin
impurities create different time-varying local magnetic
fields at each NV spin, which can be approximated as a
random local magnetic field that fluctuates on a timescale
set by the mean interaction between spins in the bath.
This random field induces dephasing of freely precessing
NV spins on a timescale T5%72%2% Dynamical decou-
pling pulse sequences can suppress the effect of the spin
bath noise and thus preserve the NV spin coherence up
to a characteristic time 75242, In the ideal case of per-
fect pulses, various DD protocols (e.g., CPMG, XY, etc.)
are equally effective at preserving an arbitrary NV en-
semble spin state. Experimentally, however, off-resonant
driving due to the NV hyperfine structure3® and other
pulse imperfections significantly affect the performance
of individual DD protocols. In order to overcome these
pulse imperfections, we optimize a DD protocol for an
ensemble of NV spins.

Figure 2(a) illustrates the general structure of the DD
protocols explored in this work. In each protocol, (7)-
pulses about a rotation axis determined by the specific
DD protocol are applied, with a free evolution interval
of time 27 between them. In the regime where the pulse
durations are short compared to the free evolution inter-
val between adjacent pulses, each pulse can be expressed

in terms of a spin rotation operator262”

U = exp {—im(1+¢;)[S - 7]} (1)

Equation (1) incorporates the two main types of pulse
imperfection: ¢ represents the deviation from an ideal
rotation angle m, and 2 = (ng,ny,n,) is the actual ro-

tation axis, which can deviate from k = (k,, k,,0) [Fig.
1(b)]. Generally, imperfections in the rotation angle (¢;)
may be caused by limitations in pulse timing resolution
and amplitude stability of the MW field source, as well as
static and MW field inhomogeneities over the measure-
ment volume (which are much more significant in spin
ensembles compared to single spins). Imperfections in
the rotation axis may be caused by phase instability in
the MW field source. In addition to general experimen-
tal pulse errors, the specific physical system of the NV
spin ensemble introduces additional pulse imperfections.
Most notably, hyperfine interactions between the 4N nu-
clear spin (I = 1) of the NV center and the NV electronic
spin result in three transitions each separated by ~ 2.2
MHz in the, e.g., NV mg = 0 > +1 resonance®' [Fig.
1(c)].

The total evolution operator of a general DD sequence
containing n (7)-pulses can then be expressed as

UDD = Ud(T)'U];n'Ud(QT)'Ui%7

(2)
where Uy is the free evolution operator. It is clear that
without compensation for pulse imperfections in the spin
rotation operators, accumulating errors will result in a se-
vere loss of coherence even in the limit of free evolution
time 7 — 0. First, we study the robustness of conven-
tional CPMG and XY-based DD protocols, summarized
in Figure 2 (b) (c), in order to determine which protocol
is the most robust against pulse imperfections caused by
general experimental limitations as well as those specific
to NV ensembles. Realizing that enhanced robustness
is necessary, we reduce the effects of the imperfections
by optimizing experimental parameters (see detailed ex-
perimental setup description below) and modify the ba-
sic XY sequences by introducing pulses with additional
phases [Fig. 2(d)] and concatenated cycles [Fig. 2(e)].
Similar DD protocol optimization has been performed in
the past for phosphorus donors in silicon?% and single NV
centers!2:25:27,32_

In the conventional CPMG DD protocol®?, all (r)-
pulses are applied along the same axis (z) [Fig. 2(b)];
consequently, only coherence along one spin component
is well-preserved. The XY family of DD protocols®* ap-
plies pulses along two perpendicular axes (z,y) in or-
der to better preserve spin components along both axes
equally [Fig. 2(c)]. We also explored two DD proto-
cols which introduce additional modifications on the ba-
sic XY pulse sequences in order to improve its robust-
ness against pulse errors. The first modification, the
Knill Dynamical Decoupling (KDD) pulse sequence!?32,
introduces additional phases, thereby symmetrizing the

1 Ud(2T)Ud(2T)U/A€1 'Ud(T)’
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FIG. 2. Dynamical decoupling protocols. The directions of
the arrows in the scheme represent the phases of the pulses.
For each sequence, the free evolution time between pulses 27
was swept to obtain a full coherence curve. (a) General DD
scheme. (b) CPMG. (c) XY8. (d) KDD version of XY8: each
(m)-pulse from an XY8 sequence is replaced by five adjacent
(m)-pulses, with additional phases of (7)goe — (7)o — (7)gg0 —
(m)oe — ()00, keeping a free evolution time of 27 between
them. (e) Concatenated version of XY8: the first applied
cycle (cycle 0) is a single conventional XY8. Each of the
following cycles is constructed recursively from the previous
ones: eight pulses of conventional XY8 are always applied, but
between every two of them, the whole cycle from the previous
iteration is applied.

XY-plane further and reducing the effects of pulse errors
due to off-resonant driving and imperfect m-flips. In the
KDD protocol, each (7)-pulse in a basic XY sequence is
replaced by five pulses with additional phases given by
(7T)600 — (7‘1’)00 — (7‘1’)900 — (7‘1’)00 — (F)GQO, where the 27 free
evolution interval between adjacent (7)-pulses timing is
preserved [Fig. 2(d)]. The second modification employs
concatenation, a recursive process in which every cycle
is constructed from the previous cycles [Fig. 2(e)], and
each level of concatenation corrects higher orders of pulse
errors3®36,

We performed measurements on an isotopically pure
(99.99% '2C) diamond sample with N concentration ~
2 x 10’ cm™3 and NV concentration ~ 4 x 10 em™3
(Element Six), grown via chemical vapor deposition. The
sample was placed in a continuous flow cryostat (Janis
ST-500) and cooled with liquid nitrogen to 77 K, sig-
nificantly reducing phonon-related decoherence to allow
for NV spin coherence times > 1 ms?#37. A 532-nm
laser optically excited an ensemble of ~ 10* NV cen-
ters within a ~ 25 pm® measurement volume, and the
resulting fluorescence was measured with a single pho-
ton counting module. A permanent magnet produced a
static magnetic field By ~ 300 G along the NV symme-

try axis, Zeeman splitting the ms = 41 spin sublevels.
To coherently manipulate the NV ensemble spin state,
we used a 70-pum diameter wire to apply a MW field
resonant with the ms = 0 <> +1 transition. The spin ro-
tation axes of the individual DD pulses were set through
1Q modulation of the MW carrier signal from the signal
generator (SRS SG384). The measured fluorescence sig-
nal originates from NV centers oriented along the static
magnetic field (while other NV classes contribute to the
background).

As discussed previously, one of the sources of pulse im-
perfections for NV centers is the hyperfine structure in
the NV resonance spectrum; specifically, resonant driving
of one of the hyperfine transitions results in detuned driv-
ing of the other two, introducing both spin rotation angle
and spin rotation axis errors. We mitigate these effects
by: (i) applying a strong static magnetic field (~ 300
G) to polarize the N nuclear spins®® into one hyper-
fine state which we drive [Fig. 1(c)] and (ii) applying a
strong MW field to drive the NV transition with Rabi
frequency (~ 15 MHz) much greater than the detuning
due to NV hyperfine splitting (~ 2.2 MHz). Further-
more, we minimize general experimental pulse errors due
to pulse timing and amplitude imperfections, MW car-
rier signal phase imperfections, and static and MW field
inhomogeneities over the measurement volume3?. Due to
technical limitations stemming from the addressing of a
spin ensemble over a ~ 25 pum3 measurement volume, we
are unable to completely polarize the N nuclear spins
and thus overcome field inhomogeneities. We therefore
estimate that the pulse imperfections remaining after this
optimization are characterized by ¢; ~ 0.06, n, ~ 0.06,
and ngy1 ~ 0.0530,

In order to determine how well each of the four DD
protocols preserves a general NV ensemble spin state, we
measure the NV spin coherence of two orthogonal initial
spin components S, and Sy. The S, spin component is
prepared and measured by applying the initial and final
(7/2)-pulses about the y axis; likewise, the S, spin com-
ponent is prepared and measured by applying the initial
and final (7/2)-pulses about the x axis. We first charac-
terize the robustness of each DD protocol against pulse
imperfections by measuring NV ensemble spin coherence
in the short free evolution (i.e., decoherence-free) limit
2nT < T (while remaining in the regime of infinitely
narrow MW pulses) and normalizing against the NV en-
semble spin coherence of a 1-pulse Hahn-Echo measure-
ment in the same limit. We plot the experimental re-
sults in Figure 3(b) for each of the DD protocols as a
function of number of pulses n, where a relative contrast
of 1 corresponds to perfect preservation of NV ensemble
spin coherence and relative contrast of 0 corresponds to a
mixed state. Incorporating estimated pulse imperfection
values into Equations (1) and (2), we also plot simulated
relative contrast of each DD protocol as a function of
number of pulses [Fig. 3(a)].

The CPMG protocol maintains the highest relative
contrast for the spin component along the spin rotation
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FIG. 3. Relative contrast in the decoherence-free limit (7 <
%) of DD protocols as a function of number of pulses. For
clarity purposes, the simulation is separated from the exper-
imental results. (a) Simulation of the effect of non-ideal (7)-
pulses according to Equation (2). All XY8-based sequences
performed similarly for initialization at S, and Sy. (b) Exper-
imental results. The relative contrast is determined via nor-
malizing with a Hahn-Echo measurement in the decoherence-
free limit. At the perpendicular axis, the contrast of XY-
based sequences is similar, but the CPMG contrast vanishes
completely, as demonstrated in the supplemental material®®

axis of the DD pulses (S;) but the lowest relative con-
trast for the spin component along the perpendicular axis
(S,)3° , as expected. The relative contrast of XY-based
sequences is comparable for both spin components3? but
drops as the number of pulses increases, indicating that
while the XY-based protocol is able to symmetrically
compensate for pulse errors and thus preserve an arbi-
trary NV ensemble spin state, accumulating pulse errors
due to imperfect compensation eventually limit the se-
quence to ~ 500 pulses. Within the XY family, we com-
pared XY4, XY8, and XY16 pulse sequences®* and found
XY8 to show the best performance3’. The KDD proto-
col, which introduces more spin rotation axes to further
symmetrize pulse error compensation, and the concate-
nated protocol, which constructs the pulse sequences re-
cursively in order to correct for higher orders of pulse er-
rors both improve upon the conventional XY8 sequence,
maintaining higher relative contrast for both spin compo-
nents to > 500 pulses. Note that the measurements are
in qualitative agreement with the simulations. Quanti-
tavely, however, there is a disagreement, and the experi-

mental results for the relative contrast are slightly lower
than the simulation suggests. In particular, the contrst
of the concatenated XY8 protocol does not change with
the number of pulses according to the simulation, which
disagrees with the experimental data. This disagreement
is likely caused by the interplay between pulse errors and
decoherence effects, which was not taken into account
in the simulation and will be the subject of a future re-
search.
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FIG. 4. Experimental results of the coherence time of DD
sequences as a function of the number of pulses, after initial-
ization at S;. The results after initialization at S, are shown
in the supplemental material®°

The measured NV ensemble spin coherence time is
plotted as a function the number of pulses for each DD
protocol in Figure 4. The CPMG, XY8, and concate-
nated XY8 protocols all extend the NV spin coherence
time as expected, given the nitrogen-impurity-dominated
spin bath environment?. However, the KDD protocol is
less effective at extending the NV spin coherence time;
this underperformance is probably due to the fact that
the phase difference between adjacent pulses in KDD
(sometimes 60°) is smaller than in other sequences (90°),
making phase errors more significant?°.

In conclusion, after optimizing experimental parame-
ters to minimize pulse imperfections, we found the most
robust DD protocol for preserving an arbitrary spin state
in an NV ensemble system to be the concatenated XY8
pulse sequence. By compensating for higher order pulse
errors, the concatenated XY8 sequence maintains higher
relative contrast than the conventional XY8 sequence and
is expected to ultimately outperform the KDD sequence
for larger numbers of pulses. Furthermore, the concate-
nated XY8 sequence achieves longer NV ensemble spin
coherence times than the KDD sequence. At 77 K, we
measured an extension of the arbitrary spin state of an
ensemble of ~ 10 NV centers by a factor of ~ 40 and
up to ~ 30 ms. These results shed a new light on the
robustness of DD protocols in a regime of long coherence
times and large numbers of pulses which has not been
previously studied. For example, in earlier work on sin-
gle NV centers!*27, with much shorter coherence times
(~ 1 ms) requiring an order of magnitude less DD pulses,



a contrast drop with the number of pulses was not ob-
served, and concatenation did not improve the robustness
against pulse errors. This is not the case in the regime
of ~ 30 ms coherence times, requiring the application of
thousands of DD pulses, as we demonstrate.

Since the optimized DD protocol determined in this
work achieved similar coherence times as conventional
XY sequences while improving the robustness to pulse
imperfections, this should directly contribute to the sen-
sitivity of NV magnetometry®. Moreover, it may be use-
ful for quantum information applications. The sample in
this work has nitrogen density ~ 2 x 10'7 ecm ™ and NV
density ~ 4 x 10" cm ™3, corresponding to N-to-NV con-
version efficiency ~ 0.2% and typical NV-NV interaction
time ~ 150 ms. Using standard sample processing tech-
niques, such as electron irradiation”, to modestly improve
the N-to-NV conversion efficiency to ~ 1%, the concate-
nated XY8 pulse sequence can increase the NV ensemble
spin coherence time to the NV-NV interaction time. In
such a case, MREV-based techniques® can be applied to

average out the NV-NV interactions and introduce effec-
tive Hamiltonians?' 23, thereby creating self engineered
quantum states (e.g. squeezed states) in NV ensemble
systems.

ACKNOWLEDGMENTS

We thank Gonzalo A. Alvarez for fruitful discus-
sions. This work has been supported in part by the
EU CIG, the Minerva ARCHES award, the Israel Sci-
ence Foundation (grant No. 750/14), the Ministry of Sci-
ence and Technology, Israel, the CAMBR fellowship for
Nanoscience and Nanotechnology, the Binational Science
Foundation Rahamimoff travel grant, the German-Israeli
Project Cooperation (DIP) program, the NSF through
(grant No. ECCS-1202258), and the AFOSR/DARPA
QuASAR program. Work at the Ames Laboratory was
supported by the Department of Energy - Basic Energy
Sciences under Contract No. DE-AC02-07CH11358.

L J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D. Bud-
ker, P. R. Hemmer, A. Yacoby, R. L. Walsworth, and M. D.
Lukin, Nature Physics 4, 810 (2008).

2 J. R. Maze et al., Nature 455, 644 (2008).

% G. Balasubramanian et al., Nature 455, 648 (2008).

4 M. S. Grinolds, P. Malentinsky, S. Hong, M. D. Lukin,
R. L. Walsworth, and A. Yacoby, Nature Physics 7, 687
(2011).

® L. M. Pham et al., New J. Phys. 13, 045021 (2011).

6 L. M. Pham, N. Bar-Gill, C. Belthangady, D. Le Sage,
P. Cappellaro, M. Lukin, A. Yacoby, and R. Walsworth,
Phys. Rev. B 86, 045214 (2012).

T V. M. Acosta et al., Phys. Rev. B 80, 115202 (2009).

8 V. M. Acosta, E. Bauch, A. Jarmola, L. J. Zipp, M. P.
Ledbetter, and D. Budker, Appl. Phys. Lett. 97, 174104
(2010).

% @. de Lange, D. Riste, V. V. Dobrovitski, and R. Hanson,
Phys. Rev. Lett. 106, 080802 (2011).

10 H. J. Mamin et al., Phys. Rev. Lett. 113, 030803 (2014).

' G. Balasubramanian et al., Nature Materials 8, 383 (2009).

12.C. Ryan, J. Hodges, and D. Cory, Phys. Rev. Lett. 105,
200402 (2010).

13 B. Naydenov, F. Dolde, L. Hall, C. Shin, H. Fedder, L. Hol-
lenberg, F. Jelezko, and J. Wrachtrup, Phys. Rev. B 83,
081201(R) (2011).

143 H. Shim, I. Niemeyer, J. Zhang, and D. Suter, EPL 99,
40004 (2012).

15 D. M. Toyli, C. F. de las Casas, D. J. Christle, V. V. Do-
brovitski, and D. D. Awschalom, PNAS 110, 8417 (2013).

16 M. Hirose, C. D. Aiello, and P. Cappellaro, Phys. Rev. A
86, 062320 (2012).

17°J. Cai, B. Naydenov, R. Pfeiffer, L. McGuinness,
K. Jahnke, F. Jelezko, M. Plenio, and A. Retzker, New J.
Phys. 14, 113023 (2012).

18 F. Dolde et al., Nature Physics 7, 459 (2011).

!9 M. Bernien et al., Nature 497, 86 (2013).

20 A. Tsukanov, Russian Microelectronics 42, 127 (2013).

2L p. Cappellaro and M. D. Lukin, Phys. Rev. A 80, 032311
(2009).

22 §. D. Bennett, N. Y. Yao, J. Otterbach, P. Zoller, P. Rabl,
and M. D. Lukin, Phys. Rev. Lett. 110, 156402 (2013).

23 H. Weimer, N. Y. Yao, and M. D. Lukin, Phys. Rev. Lett.
110, 067601 (2013).

24 N. Bar-Gill, L. M. Pham, A. Jarmola, D. Budker, and
R. L. Walsworth, Nature Communications 4, 1743 (2013).

25 (. de Lange, Z. H. Wang, D. Riste, V. V. Dobrovitski, and
R. Hanson, Science 330, 60 (2010).

26 7. H. Wang, W. Zhang, A. M. Tyryshkin, S. A. Lyon, J. W.
Ager, E. E. Haller, and V. V. Dobrovitski, Phys. Rev. B
85, 085206 (2012).

2T 7. H. Wang, G. De Lange, D. Risté, R. Hanson, and V. V.

Dobrovitski, Phys. Rev. B 85, 155204 (2012).

R. de Sousa, in Electron Spin Resonance and Related Phe-

nomena in Low-Dimensional Structures, Topics in Applied

Physics, Vol. 115, edited by M. Fanciulli (Springer Berlin

Heidelberg, 2009) pp. 183-220.

29 N. Bar-Gill, L. M. Pham, C. Belthangady, D. Le Sage,

P. Cappellaro, J. R. Maze, M. D. Lukin, a. Yacoby, and

R. Walsworth, Nature Communications 3, 858 (2012).

See supplemental material.

31 F. Jelezko and J. Wrachtrup, Phys. Stat. Sol. (a) 203, 3207
(2006).

32 A. M. Souza, G. A. Avarez, and D. Suter, Phys. Rev. Lett.

106 (2011), 10.1103/PhysRevLett.106.240501.

S. Meiboom and D. Gill, Review of Scientific Instruments

29, 688 (1958).

34 T, Gullion, D. B. Baker, and M. S. Conradi, Journal of
Magnetic Resonance 89, 479 (1990).

35 K. Khodjasteh and D. A. Lidar, Phys. Rev. Lett. 95,
180501 (2005).

36 W. M. Witzel and S. Das Sarma, Phys. Rev. B 76, 241303

(2007).

A. Jarmola, V. M. Acosta, K. Jensen, S. Chemerisov, and

D. Budker, Phys. Rev. Lett. 108, 197601 (2012).

28

30

33

37



38 R. Fischer, A. Jarmola, P. Kehayias, and D. Budker, Phys. 39 p. Mansfield, M. J. Orchard, D. C. Stalker, and K. H. B.
Rev. B 87, 125207 (2013). Richards, Phys. Rev. B 7, 90 (1973).



