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We present a protocol for designing appropriately extended & pulses that achieves tunable, thus selective,
electron-nuclear spin interactions with low-driving radiation power. The latter is of great benefit when 7 pulses
are displayed over biological samples as it reduces sample heating. Our method is general since it can be applied
to different quantum sensor devices such as nitrogen vacancy centers or silicon vacancy centers. Furthermore,
it can be directly incorporated in commonly used stroboscopic dynamical decoupling techniques to achieve
enhanced nuclear selectivity and control, which demonstrates its flexibility.

I. INTRODUCTION

Nanoscale nuclear magnetic resonance (NMR) emerged as
a promising research field!, with the priority goal of detect-
ing and controlling magnetic field emitters (as nuclear spins)
with high frequency and spatial resolution®™. This is achieved
with the help of a quantum sensor that appears, e.g., when a
diamond is doped with different impurities resulting in an op-
tically active diamond sample®. Consequently, these impuri-
ties receive the name of color centers”. Among frequent color
centers one can find in diamond, we can mention, e.g., the
nitrogen vacancy (NV) center!*, or the silicon vacancy cen-
ter'?. These carry an electronic spin that allows fast external
control with microwave (MW) radiation, while they can be
initialised and measured with optical fields'?!1#, In particular,
the NV center is a prominent quantum sensor candidate ow-
ing to its long decay time (or longitudinal relaxation time) of
the order of milliseconds at room temperaturel. Furthermore,
at low temperatures of ~ 3.7 K longitudinal relaxation times
approaching to 103 s have been recently reported!>. Another
error source is that affecting the quantum coherence of the
sensor. This mainly appears as a consequence of the interac-
tion among '*C nuclei in the diamond and the NVI®, However,
with the help of dynamical decoupling (DD) techniques'”, one
can efficiently remove this error source and take the coherence
time T to the decay time T;'Z.

From a different perspective, DD techniques are also em-
ployed to couple the NV to a target signal. The latter being
classical electromagnetic radiation'®, or the hyperfine fields
emitted by nuclear spins’>?2% In particular, DD techniques
generate filters that allow the passage of signals with only spe-
cific frequencies?!. It is the accuracy of this filter what deter-
mines the fidelity in detection and control on the target sig-
nal. Continuous and pulsed (or stroboscopic) DD schemes are
typically considered. While the former requires to fulfill the
Hartmann-Hahn condition®?23, the latter uses the time spac-
ing among 7 pulses to induce a rotation frequency in the NV
matching that of the target signal®*. Pulsed DD schemes have
advantages over continuous DD methods such as the achieve-
ment of enhanced frequency selectivity by using large har-
monics of the generated modulation function®*2>. Another
advantage is the demonstrated robustness against control er-
rors of certain pulse sequences such as those of the XY fam-
ily?0*0_ However, the use of large harmonics makes DD se-

quences sensitive to environmental noise, and leads to signal
overlaps which hinders spectral readout®. As we will show,
these issues can be minimised by applying a large static mag-
netic field B,. Unfortunately, the performance of pulsed DD
techniques under large B, gets spoiled unless 7 pulses are fast,
i.e. highly energetic, compared with nuclear Larmor frequen-
cies (note these are proportional to B;). This represents a seri-
ous disadvantage, especially when DD sequences act over bi-
ological samples, since fast 7 pulses require high MW power
causing damage as a result of the induced heating>!".

In this article, we propose a design of amplitude modulated
decoupling pulses that solves these problems and achieves
tunable, hence highly selective, NV-nuclei interactions. This
can be done without fast 7 pulses, i.e. with low MW power,
and involving large magnetic fields. We use an NV center
in diamond to illustrate our method, although this is general
thus applicable to arbitrary hybrid spin systems. Furthermore,
our protocol can be incorporated to standard pulsed DD se-
quences such as the widely used XY-8 sequence, demonstrat-
ing its flexibility. We note that a different approach based on
a specific continuous DD method®¥ has been proposed to op-
erate with NV centers under large B, fields.

II. MODEL

We consider an NV center coupled to nuclear spins and un-
der an external MW driving. This is described by

H=DS?-yBS:— Y wli+8. Y A-T+H, (1)
J J

where D = (2m)%2.87 GHz, y, = —(27)x28.024 GHz/T is the
electronic gyromagnetic ratio, and B, is applied in the NV axis
(the z axis). The nuclear Larmor frequency wy, = v, B, with y,
the nuclear gyromagnetic ratio. S, = [1){1|—|—=1){—1| with |I)
and |—1) the hyperfine levels of the NV. The nuclear spin-1/2
operators I}I =1/2 o-‘; (@ = x,y,2) and X j is the hyperfine
vector mediating N'V-nucleus coupling. The control Hamilto-
nian H, = \/EQ(t)S +€os [wt — @] (¢ is the pulse phase) with
S, = %(Il)(OI + |—=1)0| + H.c.), and w is the MW driving
frequency on resonance with the |[1) < |0) NV transition. In



the rotating frame of DS? —v.B.S;, Eq. (1) reads

H= wjo; I+ %Z ”+w(|1><0|e’¢+H.c.). )
J J

The jth nuclear resonance frequency is w; = wy — %Aj, and
&; = @;/1@;] with @; = w2 - 1A} (note that |3, = w)).
20 (11¢0le + H.c.).

Pulsed DD methods rely on the stroboscopic application of
the MW driving (i.e. of H) leading to periodic & rotations
in the NV electronic spin. This is described by the effective
Hamiltonian (in the rotating frame of H)) H = — 3, w; ©; -
fj +F(DF Y, A j fj, with the modulation function F(¢) taking
periodically the values +1 or —1, depending on the number of
7 pulses on the NV.

Furthermore, we call H, =

A common assumption of standard DD techniques is that
pulses are nearly instantaneous, thus highly energetic. How-
ever, in real cases we deal with finite-width pulses such that,
e.g., when caused by a H; with constant Q, a time #; = § is
needed to produce a & pulse. This has adverse consequences
on the NV-nuclei dynamics such as the appearance of spuri-
ous resonances>2=* or the drastic reduction of the NMR sen-
sitivity at large B.*>>. Note that, in Ref*>* a strategy to signal
recovery is also presented, while that approach does not lead
to selective nuclear interactions. However, we will demon-
strate that the introduction of extended pulses with tailored Q
leads to tunable N'V-nuclei interactions with low power MW
radiation.

III. DYNAMICAL DECOUPLING WITH
INSTANTANEOUS PULSES

We consider the widely used XY-8=XYXYYXYX scheme,
with X (Y) a 7 pulse over the x (y) axis. The sequential ap-
plication of XY-8 on the NV leads to a periodic, even, F(f)
that expans in harmonic functions as F(t) = ), f, cos (nwwm?),
where f, = 2/Tf F(s)cos (nwys)ds, and wy = T X with T
the period of F(#). See an example of F' (t) in the inset of Fig. E]
(). In the rotating frame of — 3, w; @; - I}, Eq. (2) is

n Do
) 05 T g7 cos oty A3 s )+ AT

) L
—(Aj'd)j) (Z)J‘,Aj = (I)jXAj,
X AX S AV Ay
Aj/Aj and J; —Aj/Aj.

IAxy|W1thAx—
and 1} —I xJ,I —IJ $; with %; =

where Ax

Now, one selects a harmonic in the expansion of F(¢) and
the period 7', to create a resonant interaction of the NV with a
target nucleus (namely the kth nucleus). To this end, in Eq. (3)
we set n = [, and T such that lwy = wy. After eliminating fast

N
0.5}
O,

~05
N
0.5}

ol

~05
1
0.5}

O,

‘Of 0821 0822 0823 0824 (Miy)
0_5,(d) 1 =33 ¥ H !! E <U$>
07 4

-05 323.4 3238 3240 324.6(kHz)

ww/(2m)

FIG. 1. Signal (black-solid) harvested with instantaneous r pulses,
B, =500 G in (a) (b)and B, = 1 T in (c) (d). Circles and triangles
are the theoretically expected values for (o). In (a) we select [ =
13, 15 and their signals are clearly separated. In (b) we use [ = 33,35
and observe a spectral overlap (green arrow). In (c) (d) the spectral
overlap is removed owing to a large B, while the signal (black-solid)
matches the theoretically expected values. Final sequence time for
(a) (c) is = 0.5 ms, and ~ 1.2 ms for (b) (d).
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By inspecting the first line of (@), one finds that nuclear spin
addressing at the /th harmonic is achieved when

le = 12?71' = Wk- (5)
With this resonance condition, the first line in is the res-
onant term f;A; /4o I}, while detuned contributions (those in
second and third lines) would average out by the rotating wave
approximation (RWA). More specifically, with Eq. (3)) at hand
we can remove the second line in Eq. (4) if

lw;j — wil > flA;/4. (6)

Detuned contributions corresponding to harmonics with n # [
are in the third line of (@). These can be neglected if

lw;j—n/lwy| = w (I -n)/l > ﬁlAj/4 Vn. (7
To strengthen condition @), one can reduce the value of f;
by selecting a large harmonic (see later), while condition
applies better for large values of B, since wy, o B;.

Assuming instantaneous 7 pulses, standard DD sequences

with constant Q%928 lead to |fjl = 2,0 for / odd, even. Thus,



large harmonics (i.e. with large /) reinforce condition (6) as
they lead to a smaller value for f;. In Fig.[l| we compute the
signal corresponding to the NV observable (o) in a sample
that contains 150 '3C nuclei (yic = (27) x 10.708 MHz/T). To
obtain sufficient spectral resolution we use large harmonics.
Figure [1| (a) shows the signal for [ = 13, 15 and the theoreti-
cally expected values for (o) (triangles for / = 13 and circles
for [ = 15) that would appear if perfect single nuclear address-
ing is considered®®. We observe that the computed signal does
not match with the theoretically expected values. In addition
to a flawed accomplishment of conditions @ , this is also
a consequence of using large harmonics since, for large /, the
period T = 2nl/wy and the spacing between & pulses grows,
see inset in Fig. [T(a), spoiling the efficient elimination of the
o A3 terms in Eq. (3) by the RWA. In the inset of Fig.|l] I (a)
there 1s a sketch of the pulse structure we repeatedly apply
(20 times in (a) and (b), while in (c) and (d) that structure is
used 400 times) we to get the signals in Fig. [T} red blocks are
instantaneous 7 pulses, while their associated F(¢) is in blue.
Working with even larger harmonics introduces the problem
of spectral overlaps. These appear when the signal associated
to a certain harmonic contains resonance peaks corresponding
to other harmonics. In Fig. |l| (b) one can see (green arrow)
how a peak of [ = 35 (green circle) is mixed with the signal
of I = 33 (orange triangle). This is an additional disadvantage
since the interpretation of the spectrum gets challenging.

Condition (7)) is strengthened using a large B, as wp « B;.
This also implies a larger resonance frequency (namely wy)
for each nucleus. Addressing large wy is beneficial since the
period T (note that, in resonance T = 2x//wy) and the inter-
pulse spacing get shorter turning into a better cancellation of
O'ZAj.I; terms. In Fig. (1) (c) (d), we use a large B, = 1 T and
the spectral overlap is removed, while the computed signal
matches the theoretically expected values (blue triangles).

Unfortunately, to consider 7 pulses as instantaneous in sit-
vations with large B, is not correct, since nuclei have time
to evolve during 7 pulse execution leading to signal drop?>
Hence, if one cannot deliver a huge MW power to the sample,
the results in Fig.[](c) and (d) are not achievable.

IV. A SOLUTION WITH EXTENDED PULSES

In realistic situations & pulses are finite, thus the value of
fi=2/T fOT F(s) cos (lwy s)ds has to be computed by consid-
ering the intrapulse contribution. This is (for a generic mth
pulse) 2/T f’mﬂ” F(s) cos (lwys) ds, with t; being the 7 pulse
time and t,, the instant we start applying MW radiation, see
Fig.[2|(a). In addition, the F(r) function must hold the follow-
ing conditions: Outside the 7 pulse region F(f) = +1, while
F(t) is bounded as —1 < F(r) < 1 V1, Fig.[2(a).

Now, we present a design for F(¢) that satisfies the above
conditions, cancels intrapulse contributions, and leads to tun-
able N'V-nuclei interactions. In particular, for the mth pulse

F(t) = cos [n(t — t,)/1:] + Z () sin [glom(t — 1,)]. (8)

q

Here, ,(s) are functions to be adjusted (see later) and , =
tm + t;/2 is the central point of the mth pulse, Fig. |2] (a).
We modulate F (s) in the intrapulse region such that (for the
mth pulse) f’" " F(s)cos (lwms) ds = 0, this is F(¢) can-
cels the 1ntrapulse contribution. Once we have F(t), we find
the associated Rabi frequency Q(#) with the formula Q(7) =

% arccos[F (1) Y. Now, the value of the fi coeflicient obtained
with the modulated F(t) in Eq. @ (from now on denoted f;™)
depends only on the integral out of & pulse regions. This can
be calculated leading to*®

= ::l cos (ﬂ]{_/l) sin (rrl/2), 9
which is our main result. By modifying the ratio between ¢,
(the extended & pulse length) and 7'/ we can select a value for
;™ and achieve tunable NV-nuclei interactions. According to
Eq. @), fi" can be taken to any amount between —% and %,
see solid-black curve in Fig. 2] (b). In addition, owing to the
periodic character of Eq. (9), one can get an arbitrary value
(between —% and %) for fi" even with large ;. This implies
highly extended n pulses, thus a low delivered MW power.
On the contrary, for standard n pulses in the form of top-hat
functions (i.e. generated with constant Q) one finds*®

f‘h _ 4sin(xl/2) cos (nlty/T)
L ml(1 - 4R2/T?)

(10)

Unlike f", the expression for fl‘h shows a decreasing fash-
ion for growing #,. Note that Iflthl o [t:/(T/D]72. This be-
haviour can be observed in Fig. [2] (b), curve over the yellow
area. Hence, standard top-hat pulses cannot operate with a
large 1, as this leads to a strong decrease of f; th thus to signal
loss.

To show the performance of our theory, we select, a gaus-
sian form for a(f) = aje~"/% and set o, () = 0, Vg > 1.
See one example of a modulated F(¢) in Fig. (12]) (a) (solid-
blue) as well as the behavior of F(f) if common top-hat 7
pulses are used (solid-black). Once we choose the #,, [, and
¢ parameters that will define the shape of F(¢), we select the
remaining constant a; such that it cancels the intrapulse con-
tribution, i.e. ftth" F(s)cos (lwys) ds = 0. By inspecting
Eq. (§) one easify finds that a natural fashion for a; is given
by

" cos [a(s = 1) /tx] cos (lwus) ds
¥ . (1D

L S il L ’l”
[ e 3 sin [lww(s - 1p)] cos (lwws) ds

m

ay = —

In Fig. 2| (c) we simulated a sample containing 5 protons=/
at an average distance from the NV of ~ 2.46 nm. Numerical
simulations have been performed starting from Eq. with-
out doing further assumptions. The 5-H target cluster has the
hyperfine vectors (note yg = (271) X 42.577 MHz/T) A | =
(2m)x[—1.84,-3.19,-11.02], A, = (27)x[2.38,5.04, -8.78],
As = (27) X [8.09,2.66, —1.02], Ay = (27) X [4.26,2.46,3.48],
and /f5 = (2m)x[4.07,1.00, —7.09] kHz. We simulate two dif-
ferent sequences, leading to two signals, using our extended
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FIG. 2. (a) Upper panel, one period of F(¢) (solid-blue) including the intrapulse behavior, and the cos (/wwmt) function. Extended 7 pulses span
during 7, (intrapulse regions appear marked in red). In this example, / = 13 and 7, =~ 4.5 X (T'/[). Solid-black, behavior of F(¢) in case standard
top-hat pulses are applied. Bottom panel, train of modulated Q(#) leading to F(z). (b) ™ (black-solid) and f,th (curve on the yellow area) as a
function of the ratio #,/(T/I) for I = 13. (c) (o) (curves over dark and clear areas) for the conditions discussed in the main text. Inset, (o)
computed with top-hat pulses. For all numerical simulations in (c) we assume a 1% of error in Q(¢)*2.

7 pulses under a large magnetic field B, = 1 T. Vertical pan-
els with yellow squares mark the theoretically expected res-
onance positions and signal contrast. For the first computed
signal, curve over dark area in Fig.[2|(c), we display a X'Y-8 se-
quence where each X (Y) extended pulse has ¢ = 0 (¢ = 7/2).
The modulated Rabi frequency €(7) in H{ is selected such that
it leads to f{3 = 4n/13 = 0.0979 for [ = 13 (note this cor-
responds to the maximum value for f3) with a pulse length
t; = 6 X (T /D). In addition, we take the width of the Gaus-
sian function a;(¢) as ¢ = 0.07¢;. The scanning frequency
wwym spans around yyB,/l for I = 13, see horizontal axis in
Fig.[2] (c). After repeating the XY-8 sequence 400 times, i.e.
3200 extended 7 pulses have been applied leading to a final
sequence time of 7y ~ 0.488 ms, we get the signal over the
dark area. As we observe in Fig. [2](c), this sequence does not
resolve all nuclear resonances of the 5-H cluster.

To overcome this situation, we make use of the tunabil-
ity of our method, and simulate a second sequence with ex-
tended 7 pulses leading to the signal over the clear area in
Fig. 2] (c). This has been computed with a smaller value
for fi3 = 0.0979/3 = 0.0326 which is achieved with 7, ~
6.4 % (T/1), i.e. a slightly longer  pulse than those in the pre-
ceding situation, and ¢ = 0.07#;. As the f}5 coefficient is now
smaller, we have repeated the XY-8 sequence 400 X 3 times
(i.e. 9600 pulses) to get the same contrast than in the previous
case. The final time of the sequence is 1y ~ 1.5 ms. As we
observe in Fig. 2] (¢), our method faithfully resolves all res-
onances in the 5-H cluster, and reproduces the theoretically
expected signal contrast. It is noteworthy to comment that the
tunability offered by our method will be of help for different
quantum algorithms with NV centers54L,

V.  MICROWAVE POWER AND NUCLEAR SIGNAL
COMPARISON

In the inset of Fig.[2](c) we plot the signals one would get
using standard top-hat pulses with the same average power
than our extended pulses in Fig. 2] (c). We use that the en-
ergy of each top-hat and extended 7 pulse, EP~" (1) and
Eestended (g is oo [ Q2(s)ds where the integral extends dur-

ing the 7 pulse duration (top-hat or extended). For an ex-
plicit derivation of the energy relations see®®. The solid-
orange signal in the inset has been computed with a XY-8
sequence containing 3200 top-hat 7 pulses with a constant
Q ~ (2m) x 18.2 MHz. For this value of €, a top-hat & pulse
contains the same average power than each extended m pulse
used to compute the signal over dark area in Fig. [2] (c), i.e.
Efor-hat(q y = Eextended(y ) Unlike our method, the sequence
with standard top-hat 7 pulses produces a signal with almost
no-contrast. Note that the vertical axis of inset in Fig. |Z| (c)
has a maximum depth value of 0.98, and the highest contrast
achieved with top-hat pulses falls below 0.99. The dashed
signal in the inset has been obtained with top-hat 7 pulses
with Q ~ (27) x 4.68 MHz. Again, this is done to assure
we use the same average power than the sequence leading to
the curve over the clear area in Fig. |Z| (c). In this last case,
we observe that the signal harvested with standard top-hat &
pulses does not show any appreciable contrast. These results
indicate that our method using pulses with modulated ampli-
tude is able to achieve tunable electron nuclear interactions,
while regular top-hat pulses with equivalent MW power fail
to resolve these interactions.

VI. CONCLUSION

We presented a general method to design extended 7 pulses
which are energetically efficient, and incorporable to stro-
boscopic DD techniques such as the widely used XY-8 se-
quence. Our method leads to tunable interactions, hence se-
lective, among an NV quantum sensor and nuclear spins at
large static magnetic fields which represents optimal condi-
tions for nanoscale NMR.
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