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Amplified nanoscale detection of labeled molecules
via surface electrons on diamond
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The detection of individual molecules and their dynamics is a long-standing challenge in the
field of nanotechnology. In this work, we present a method that utilizes a nitrogen vacancy
(NV) center and a dangling bond on the diamond surface to measure the coupling between
two electronic targets tagged on a macromolecule. To achieve this, we design a multi-tone
dynamical decoupling sequence that leverages the strong interaction between the nitrogen
vacancy center and the dangling bond. In addition, this sequence minimizes the impact of
decoherence finally resulting in an increased signal-to-noise ratio. This proposal has the
potential to open up avenues for fundamental research and technological innovation in dis-
tinct areas such as biophysics and biochemistry.
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molecules is central in life sciences. For instance, in biology

or biochemistry, it is of great interest to track the con-
formational changes of proteins to understand biological pro-
cesses and treat protein miss-folding related diseases!. In this
scenario, nuclear magnetic resonance (NMR) techniques provide
a valuable analytical tool for researchers, allowing them to
investigate the conformational characteristics and intermolecular
associations of biomolecules?. However, standard NMR
spectroscopy>*, magnetic resonance imaging’, or electron-spin
resonance®’ are limited by their inherent low sensitivity, making
them applicable primarily to bulky samples. In other words, due
to the low thermal nuclear polarization achievable at room
temperature, a sample with a volume greater than a hundred
microliters® is typically required to generate detectable responses.
As a result, standard NMR-based techniques are unsuitable for
studying nanoscopic- and microscopic-sized samples.

The nitrogen-vacancy (NV) center’, a promising single-spin
quantum sensor, is gaining popularity in this context. It is a spin-
one system that offers long coherence times®10 even at room
temperature!>12, it can be initialized and readout using a green
laser!3-15> while its hyperfine levels can be easily manipulated with
microwave (MW) radiation®1617. Due to its atomic size, the NV
center can be placed in close proximity to the target sample,
thereby increasing their coupling, which results in a large sensi-
tivity and spatial resolution!8-20, Owing to these unique prop-
erties, the NV center is used to perform NMR experiments with
micrometer?l-?2 and nanometer?>-2> resolution, as well as
electron-spin resonance experiments?®27.

A potential use of NV-based sensing is the measurement of the
distance between specific sites in a single protein, which can help
to track its folding process. This could be achieved, e.g., by
attaching a pair of electron-spin labels (in the following called
labels) to key sites of the target protein and measuring the inter-
label coupling constant before and after the folding process?8. To
achieve this, the labeled protein should be placed on the surface of
a diamond close to a shallow NV defect (a few nanometers). It is
worth noting that previous studies have demonstrated NV
detection of single nitroxide labels!8. Additionally, it has even
demonstrated the detection of inter-label coupling in synthetic
peptides!®, highlighting the potential of NV-based sensing for

Finding the structural disposition and dynamics of macro-

structural and dynamic studies. While current methods have
shown promising results in using NVs to detect single labels and
inter-label coupling, there is still ample opportunity for
improvement in terms of sensitivity and signal-to-noise ratio
(SNR). Hence, incorporating hybrid sensors and advanced
quantum control techniques has the potential to significantly
enhance N'V-based sensing capabilities.

In this work, we introduce a detection protocol that leverages a
hybrid sensor consisting of a shallow NV and a dangling bond
(DB); the latter is an unpaired immobilized electron that tends to
appear on the diamond surface. Even though DBs are often
regarded as a noise source in NV sensing, our protocol takes
advantage of their presence as mediators that enhance the
detection of the coupling between two labels attached to a
molecule. To reach this goal we design a multi-tone dynamical
decoupling sequence that encodes the inter-label coupling con-
stant in oscillations of the NV fluorescence through a DB med-
iator, while minimizing the effects of decoherence on both NV
and DB. Through detailed numerical simulations, we demon-
strate the enhanced signal-to-noise ratio achieved by our method
compared to the standard scenario without DB. Overall, our work
has the potential to open up new avenues for fundamental
research and technological innovation by using nanoscale hybrid
Sensors.

Results and discussion

The system. A scheme of the considered scenario is in Fig. 1a.
This encompasses a shallow NV, a surface electron spin (i.e., a
DB), and two labels (L; and L,). The system Hamiltonian is:

H/h=D(S"Y + B’y |S" + B'ly,l], + Hy, + H,,
dd dd dd dad
+ Hyy_pg + j:ZI:Z HDB—Lj + HLl—Lz + j:zlzz HNV—Lj (1)

+H,.

Here, D = (2m) x 2.87 GHz is the zero-field splitting of the NV,
lyel = (2m) x 28 - 103 MHz T~! is the electronic gyromagnetic
ratio and B? is the external field, which is aligned with the NV
axis (here the z-axis), leading to the Zeeman splitting BZ|y.|S*
with §? being the NV spin operator. In addition, J, is the spin
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Fig. 1 Scheme of the system and the designed radiation pattern. a Schematic representation of the system. The dipolar coupling g between the labels is
the target parameter of the protocol. Interactions 1 and 2 are used in the protocol involving the dangling bond (DB), whereas connection 3, between the
nitrogen vacancy (NV) and label 1 (L;) is employed in the scheme with no DB. The nonutile interactions in each case are canceled due to the dynamical
decoupling nature of both sequences. b Scheme of the multi-tone dynamical decoupling sequence, where each channel is associated with an element of the
system (NV, DB, and labels). The blue and red boxes represent the different pulses to be delivered, the wider ones indicate = pulses while the others z/2
pulses, and the color encodes the axis of the pulse. Besides, the duration of each spin-echo is (27;, 27, and 2t). Inset: the alternative protocol to be executed
when there is no DB. The NV interacts directly with L; during the time interval 2zs.
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operator of the DB and B*|y,|],, Hy , H; are the free-energy term
of the dangling bond and labels, respectively. Effectively, H; can
be reduced to H; = w,P?, where P; is the spin operator of the i-th

i it

label and w; is its corresponding resonance energy!'®1928, The
terms on the second line hold for the dipole-dipole interaction
between every pair of system constituents, see Fig. 1a, which for
two arbitrary electronic elements i and j, with spin operators §;
and S, reads as H{Y, = %[Si -8 — %ﬁ(s’r’)] The last term
in Eq. (1) is the control Hamiltonian H,, and encompasses the
MW driving fields.

We assume that the system constituents—i.e., NV, DB, and
labels—have different resonance energies. We will now provide a
justification for this assumption. On the one hand, the resonance
energy of the NV naturally differs from that of the other
electronic character members due to zero-field splitting D. On the
other hand, the labels tend to exist in specific molecular
environments which inherently shift their resonance energy up
to hundreds of MHz. In particular, for labels encoded in
nitroxide-based radicals, their different orientations with respect
to (w.r.t.) the magnetic field B? led to energy differences which
have been utilized to selectively address individual labels!®.
Alternatively, one could employ a magnetic tip to ensure different
resonance energies, this generates a magnetic field gradient that
causes varying Zeeman energy splittings. In this respect, gradients
of =60 Gnm~! have been already reported using FeCo tips?.
Then, owing to the differences among the resonance energies, Eq.
(1) greatly simplifies by dropping all the transversal terms (i.e.,
those that do not contain the z component of spin operators)
leading to only ZZ-type interactions as Eq. (2) depicts (from now
on, we will refer to the interaction between the z components of
two spins as ZZ interactions). For that, one needs to move to a
rotating frame w.r.t. the free-energy terms of NV, DB and labels,
and invoke the rotating wave approximation (RWA) to eliminate
fast rotating terms, which results in

H/h=A{y_ppSJ, + ,212 AZDBfLi]szZ + ,212 AilvaJ SszZ
=1, k =1

. ()
+ A, PP+ H

where Al :’i‘ﬁf’ [1 —3cos2(9i_j)] is the amplitude of the
ij

remaining ZZ dipole contribution between the i-th and j-th
elements after the RWA has been applied. Here, 0;_; is the angle
between the joining vector of the i-th and j-th elements and the
direction of the magnetic field (B = B*Z) (for more details, see
Supplementary Note 1). From this point on, to facilitate the
notation, we use g to refer to the inter-label dipolar coupling
constant (i.e, g = AirLz)'

The protocol. Figure 1b illustrates our sequence, which involves 7
and 71/2 pulses along distinct axes applied to the NV, DB, and
labels. These pulses are arranged in a castle-shaped scheme of
spin echoes that encodes the coupling between the labels (g) into
the final quantum state of the NV. Our protocol, inspired by
correlation spectroscopy methods®?, minimizes the effect of
decoherence by reducing the time in which the elements are
exposed to dephasing. In particular, the dephasing that suffers the
system constituents only comes into play inevitably during the
short double electron-electron resonance (DEER) blocks of length
Ty, Tp, and t (see Fig. 1b) that communicate NV with DB, DB with
the first label, and the first label with the second label, respec-
tively; and even during these periods, the DEER structure cancels
the undesired interactions with the other elements. Other effects
of dephasing, such as the ones induced by random phases on the
NV and DB (ie., #nv and #pp) accumulated during the long

periods indicated in Fig. 1b, can be suppressed. More specifically,
our protocol confines the additional contribution of these random
phases in terms (second line of Eq. (3)) distinct to that we intend
to evaluate (first line of Eq. (3)), which includes the target
parameter g.

For the sake of simplicity in the analytical calculation, we
assume that H . (see Eq. (2)) delivers individual controls in the
form of 7 and 7/2 pulses to each system constituent (however,
our numerical simulations include finite-width pulses and cross-
talk effects among NV, DB, and labels). Besides, we consider the
DB and labels in a thermal state while the NV is initialized to the
ground state. In this case, applying the sequence pictured in
Fig. 1b leads to the following outcome for the NV population:

P, :% [1 — sin®(¢,)sin’(¢,) cos(gt)
+cos?(¢,) sin(1yy,) — sin®(¢,)cos*(¢,) sin(rp)],
where Py = Tr(p |0)(0yy) is the probability of finding the NV in
the ground state and ¢, = (A%y_pg)7; and ¢, = (A%B_Ll) T, are

the accumulated phases during the intervals 27; and 27,
respectively. Thus, the noise due to nyy and #pg can be set to
zero by suitably fixing 7; and 7, such that ¢; = ¢, = 71/2 leading
to

(€)

1—
p, = =eole). @)

In an experimental setup, where a priori the coupling
amplitudes are unknown, to meet this condition for optimal
performance (i.e, ¢;=¢,=m/2), one could simply conduct
different experiments with varying 7, and 7,, while tracking the
amplitude of the harvested signal in order to find a better
estimation of g. Furthermore, in the event of an incorrect
attainment of the phases ¢; = ¢, = 7/2, the stochastic nature of
the noise tends to average out their effect when the NV is
interrogated several times. This is, JI\L  sin(ay) — 0, with N
being the number of experimental acquisitions, and «; the
accumulated phase over the NV (or DB) owing to random
dephasing at the j-th interrogation, leading, also this way, to Eq.
(4), where the term containing g is untouched.

In summary: our approach directly encodes the coupling
between the labels in the oscillation frequency of the NV
population and diminishes considerably the effect of the
dephasings. In addition, it eliminates the undesired interactions
among system constituents during the communication periods 7;
due to the DEER structure. This allows capturing a finite number
of oscillations under realistic conditions, as shown in the next
section.

If we consider a scenario without the DB our scheme simplifies
to that in Fig. 1b inset leading to

Py=3 [1 — sin*(¢,) cos (gt) + cos*(¢,) sin(r]NV)], (5)

where ¢, = (A%y_g.;)73- This alternative scheme, which does not
involve a DB, is two spin-echo periods shorter. However, due to
the large distance between the NV and the labels, their coupling is
significantly reduced (it is important to note the - scaling of the

)
NV-labels interaction in this regard). Hence, in order to have
¢; = (Afy_g11)T3 = /2, T3 needs to be much longer than in the
protocol with DB.

Numerical results. We conducted simulations on two scenarios:
(i) Utilizing a dangling bond as a signal amplifier with the
sequence depicted in Fig. 1b, and (ii) In the absence of a dangling
bond, employing the pulses shown in the inset of Fig. 1b. In this
section, we compare the results obtained from these simulations.
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The influence of decoherence channels (dephasing and therma-
lization) is accounted for through the implementation of a master
equation in Lindblad form. In particular we use TNy =5 ys,
Topp=1ps, Tynv =20 ps and T pp=29.4 us’!, while for the
labels we take T); =T, =4us and T,; =T,; =lpus's.
Refer to the “Implementation of decoherence” subsection in
Methods for further details.

The performance of both protocols highly depends on the
relative position of the elements. The dipolar coupling is inversely
proportional to the cube of the distance; besides, the interaction
between every two elements is strongly dependent on the angle
between their joining vector and the direction of the applied
magnetic field. Indeed, at the so-called magic angle
(Omagic = 54.7°), the spin-spin interaction is nullified, resulting
in a strong reduction of dipole coupling as the angle approaches
BOmagic (see expression for the ZZ interaction in Eq. (2)). Hence,
this must be taken into account to perform the comparison. In
this case, we consider that an appropriate scenario is that in
which the angles of all the interactions are similar. In particular,
we choose a configuration of NV, DB, and labels such that:
d=5.6nm (NV-DB), d; =11.3nm (NV-L,), d, = 14.8 nm (NV-
L,), dDB_L1 = 5.7 nm (DB-L,), dDB_L2 =9.3nm (DB-L,) and
di,=38nm (L;-L,). As the Onv_pB =
13.8°, Oyy_y, = 13.4°,0pp_;, = 13.5° (see Supplementary Note 1
for further details). This gives rise to the following coupling
constants: AYy_pp = (27)x 0.550 MHz, AIZW_L1 = (2m)x 66 kHz,
ALy o, = (2m)x 32 kHz, AIZ)B_Ll = (2m)x 0.511 MHz, A%B_Lz =
(2m)x 0.130 MHz, g = Aisz = (2m)x 1.734 MHz. Using this
setting, the protocol involving the hybrid NV-DB sensor has a
duration of 10 us, whereas the protocol without a DB lasts 21 ps.

We take into account the occurrence of cross-talk effects
resulting from imperfect individual addressing when the system is
subjected to MW radiation (see the “Cross-talk” subsection in
Methods). In this context, it is important to note that the
resonance frequency of the NV is protected by the zero-field
splitting D, while the presence of a magnetic field gradient
of =30 Gnm™~! (note this gradient is half the value reported in
experimental studies??) separates the transition frequencies of the
DB and labels thus improving single addressability. The external
static magnetic field can be chosen in a wide range (values on the
order of 150 G are common in NV-based setups'® and3?) as long
as one reaches Eq. (2) where fast rotating terms cancel, while the
introduced gradient enables addressing of the distinct system
constituents. In these conditions, the transition frequencies
corresponding to the free terms of Eq. (1) are
Wy = D + [yel B (rny) = (27) X 3.29 GHz, wpg = [y|B“(rps) =
(2m) x 0.826 GHz, wg;; = (2m) x 1.24 GHz and wg;, = (2m) 1.55
1.55 GHz. With this choice and a driving amplitude of
Q= (2m) x 10 MHz leading to 7 (7/2) pulses of 50 ns (25 ns),
cross-talk effects are visible but do not disturb the estimation of g.
As explained in the “Implementation of Decoherence” subsection
in Methods, our numerical simulations are conducted taking the
Eq. (6) as the starting point.

In Fig. 2a, we present the results obtained under the previously
mentioned conditions. The blue circles are the numerically
simulated signal acquired using the hybrid NV-DB sensor with
our sequence in Fig. 1b. Conversely, the red triangles depict the
signal acquired using an NV without a proximal DB subjected to
the sequence shown in the inset of Fig. 1b. The solid blue and red
curves correspond to a standard maximum-likelihood fit to each
signal (see subsection “Maximum-likelihood estimation” in
Methods for details). The curves show that the hybrid sensor
combined with the sequence in Fig. 1b gives rise to significantly
higher contrast compared to the case without DB.

for angles:

As it is shown in Fig. 2b this superior contrast leads to an
accurate estimate of g. In particular, with our method, we find
Zest = 1.6(8) MHz, which is close to the true value g =1.734 MHz.
Yet, for the single NV sensor (without DB), a maximum-
likelihood estimate provides a poorer estimation gese = 2(5) MHz.
On the other hand, Fig. 2c shows the SNR of both protocols for a
growing number of experimental realizations N. To compute the
SNR we divide the amplitude of the peak in the power spectrum
(S(f)) obtained from a signal with no projection noise (see
Supplementary Fig. S2) by the standard deviation of the noise.
The latter is calculated by subtracting the S(f) computed from the
signal without projection noise from the S(f) from the signal with
a finite number of measurements. Figure 2c shows that the SNR
obtained for the hybrid sensor is = 5-6 times higher for a large
range of N.

Regarding the impact of distinct noises, we observed that the
label L, introduces the most detrimental decoherence channel,
leading to the decay of the signal depicted in Fig. 2a. This
decoherence channel affects both protocols (with and without
DB) in a similar manner. In addition, the dephasing experienced
by the DB (characterized by T,pp =1 us) also has a significant
impact, which comes into play during the period 27, ~1 ps
effectively reducing the signal amplitude obtained from the
hybrid sensor. This effect, however, is counteracted by the
stronger interactions facilitated by the DB’s role in bridging the
coupling between NV and L;, thus enabling a faster execution of
the protocol.

An extension of the DB dephasing time directly leads to a
substantial enhancement in the performance of the hybrid sensor.
This improvement could be achieved by incorporating additional
7 pulses during the echo periods in 7, (see Fig. 1b, to identify 7,
periods), thereby effectively reducing the impact of fast noise.
Another potential approach is to explore the utilization of a pair
of DBs in a noise-protected state, such as a singlet configuration.
Alternatively, surface cleaning techniques could be employed to
reduce the impact of the hydrogen bath on the surface, thereby
potentially mitigating the noise over the DB. These avenues of
research remain open for future investigation, offering promising
possibilities for further enhancing the performance of the system.

To investigate the impact of varying dephasing times of the DB
on the performance of our protocol, we conduct an analysis
similar to the one for finding Fig. 2a but varying T, pp (the rest of
the parameters remain unaltered). The resulting maximum-
likelihood fits of the obtained signals are presented in Fig. 3a for
T, pp values ranging from 0.5 ps to 1.5 us. Larger dephasing times
lead to higher contrasts and more accurate estimates for g. For a
better illustration, the power spectrum of each signal is shown in
Fig. 3b. In particular, we find that a moderate enhancement from
Topp=1us to T,pp=1.5ps, leads to an improvement in the
estimation of g from 1.6(8) MHz to 1.7(5) MHz (cf. “Maximum-
likelihood estimation” subsection of Methods).

To expand upon the obtained results, we investigate a
symmetry-preserving configuration, as shown in Fig. 4a, which
allows us to examine the advantages of employing the dangling
bond at varying distances. We consider a scenario in which all
elements are along the z-axis as illustrated in Fig. 4a, which we
consider to be perpendicular to the diamond surface for
convenience. This results in a system with cylindrical symmetry.
Then, displacing the DB radially yields results independent of the
angle in the xy plane, and we can easily estimate the area in which
employing the hybrid sensor is advantageous. The relevant
parameters are: d=8nm, dy=13 nm and d,=16.5nm,
yielding A%y_pp = (2m)x 0.203 MHz, AfW_Ll = (2m)x 47 kHz,
AfW_LZ = (2m)x 23 kHz, AEB_LI = (2m)x 0.831 MHZ?A%B—LZ =
(2m)x 0.169 MHz, A} _| =g = (2m)x2.423MHz. Figure 4b
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Fig. 2 Simulated signals and corresponding spectra. a Signal obtained with the hybrid NV-DB sensor (in blue) and with the single NV (in red). Each
obtained value (blue circle or red triangle) has been computed with 50000 shots where bars show the corresponding statistical noise, while solid lines
correspond to the maximum-likelihood estimate (see the “Maximume-likelihood estimation” subsection in “Methods"). b Rescaled power spectrum S(f) of
the Fourier transform applied to the data in a. The results corresponding to the hybrid sensor are represented in blue. Specifically, the blue line is the
Fourier transform of the blue fit, while the dotted blue curve corresponds to the blue circles including statistical noise from a. Solid and dotted red lines

depict the equivalent quantities without DB. Note this last case is fully covered by noise. A vertical line is drawn at the true value g= A} | =
1 1

%[1 — 3cosz(6L],Lz)] = 1.734 MHz, around which the obtained power spectrum is centered. ¢ Depicts the SNR of both methods as a function of the
12

number of experiments N.
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Fig. 3 Simulated results for different decoherence times of the DB. a Maximum-likelihood fits of the obtained signals for equivalent parameters as in
Fig. 2a but varying the dephasing time T, pg of the DB as indicated. b Power spectrum of the fitted signals, using the same color code as in a. Reveals the
enhanced sensitivity to detect the coupling strength g =1.734 MHz, marked with a vertical line, for longer coherence times.

presents the NV population (in blue) for distinct values of the DB
radial deviation after applying our sequence in Fig. 1b. In red it is
shown the case without DB. Recall that the initial configuration
pictured in Fig. 4a is the most favorable for both cases (with and
without DB). Then, the DB is displaced from the z-axis such that
the configuration of the hybrid sensor deviates from the ideal,

while this is compared with the optimal case for the only NV
scenario.

For the initial configuration the hybrid sensor displays much
better sensitivity with a peak on its Fourier transform which is
about 50 times higher than the case without DB, see Fig. 4c.
When the DB is moved away from the ideal configuration, the
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Fig. 4 Simulated results for different spatial configurations. a Schematic representation of the hybrid sensor and target configuration. All the elements
are aligned along the z-axis, while the DB is displaced radially from the center only altering A{y_pg, Aps_, and Apg_ , being A” | = toxch [1—3cos(6,_))].

= 4nd’

Inset: Top view of the considered scenario. b In blue the NV ground state population Pq as a function of the DB radial distance resulting from a maximum-
likelihood fit, while in red it is shown the case with no DB. ¢ Fourier transforms of the signals in b with the same color code. The solid vertical line
corresponds to g = %[1 — 3cosz(9LfL2)] = 2.423 MHz. d The ratio between the maxima of the Fourier transform of the hybrid sensor and that of the
single NV case, as a function of the radial displacement r. The red line is a guide to the eye at 1.

hybrid sensor still exhibits superiority up to a radius above 3 nm.
Figure 4d illustrates how the height ratio of the Fourier transform
changes with respect to the radius for the sequence with and
without DB. It is worth noting that the sequence with DB
consistently exhibits a stronger signal quality compared to the
sequence without DB, until the radius reaches approximately 3
nm. If the DB is located further away, the amplitude of the
couplings involving the DB keeps being greater (the term
amplitude refers to the angle-independent component of the
coupling which, for instance, at r=3.5 nm have a value of

Aly_pp = "5 = (2m)x 78 kHz and A, ; = (2m)x 155 kHz,

whereas the direct NV-L; coupling is AONva‘ = (2m)x 24 kHz.
Thus, in terms of distances the DB could be placed further away
and still achieve a stronger signal with the hybrid sensor.
However, as the DB is moved outwards, the angles Oy _pp and
Opp_, approach the magic angle, nullifying the dipolar
interactions that involve the DB. Then, in this specific symmetric
scenario, these angles limit the area in which using the DB is
favorable up to=30nm2 Note that according to experimental
studies?? it is likely to have a DB in this area. Hence, this leads to

multiple configurations in which the hybrid sensor driven by our
sequence in Fig. 1b outperforms the NV-only sensor.

Conclusions

In summary, our work introduces a detection protocol utilizing a
hybrid sensor and adequately designed MW sequence that
exploits the presence of dangling bonds. With this, we demon-
strate the encoding of an inter-label coupling constant in oscil-
lations of the NV fluorescence oscillations, while decoherence
effects are mitigated. We showed the superior signal-to-noise
ratio achieved by our method compared to the standard scenario
without a DB. This research paves the way for new possibilities in
quantum sensing with solid-state defects through the utilization
of nanoscale hybrid sensors as is the case of several DBs taken to
decoherence-free subspaces.

Methods
Implementation of decoherence. We employ a Master equation
to introduce the distinct decoherence channels in our numerical
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models. In particular, we adopt the following expression:
J N
L =—i[H,p| +XL, (6)
1

where p is the density matrix of the system, H is the Hamiltonian
and L, are operators that describe the effect of irreversible pro-
cesses on the i-th spin. More specifically,

— L (aetpot —
L; ~ar,, (2070t — 2p)

+ L[ (m; +1) (207 poy — of o p — poy o)

i

)
gt oot + -
+m; (207 poi” — o7 o p — poio7))]
where ¢* are ladder operators defined as 0" = 0, +i0y and 6~ =
: 1
o, —io,,I'= 22m+ DT,

introduces the effects of dephasing, while the second and third
lines effectively model the relaxation.

and m=exp(—% . The first line

Cross-talk. Deviations to single addressing lead to potential
undesired effects. In particular, a system that comprises a number
N of 1/2 spins under the action of two simultaneous drivings is

described by

kaO'LZ) N (x) ~
H=Zk: 5 +Ql§k:ok cos(@; t + ¢, )

. ®)
(x) ~
+Q, %ok cos(@, 1+ ¢,),

where wy corresponds to the Larmor frequency of the k-th ele-

ment, af(x'y’z) to the Pauli matrices, and ¢, and ¢, are the pulse
phases which can take a value of 0 or 77/2 (corresponding to X and
Y pulses, respectively). o

N W0}

In a rotating frame with respect to Hy, = >, —5

, one finds

N ol
Her =0 Xk: [e’(‘skt+¢1)0{:> + H.C.}
N ©)]
+0,3 [eCitre)o ) ],

with 8} = w, — @, and &} = w, — @, being the detunings of the

k-th element with respect to the first and second driving.
Notice that, if the detunings &} and &} are much greater than

the amplitudes Q; and Q,, the RWA can be invoked, and only the

terms that are intentionally addressed (i.e., those with 8 = 0)

survive. However, in case ) is comparable with the Rabi
frequencies, one cannot remove time-dependent terms as they
introduce pulse deviations.

The numerical simulations shown in the main text are
performed from Eq. (6) where H is the interaction Hamiltonian
(2) during the free evolution periods and, during the pulses, the
latter plus Hcr. Recall that N is the total number of elements
playing a role in the sequence, this is, 4 in the first sequence (NV,
DB, L;, and L,) and 3 in the second (NV, L;, and L,).

Maximum-likelihood estimation. In the following, we explain
the maximum-likelihood estimate employed to fit the noisy sig-
nals, as well as to provide an estimate for the coupling strength g.
Let us consider {y,} to denote a set of observations with uncer-
tainty {Ay,} at their corresponding times {¢t,} for n =0, ..., M. We
propose a model y{t;p) to fit the observations {y,} where p
represents the free parameters of the model. Then, we can
compute the likelihood L(p) that such model y(t; p) explains the
observations {y,}. For that, we assume normally distributed
observations, which is justified in our case given a large amount

of measurements per time instant. Hence, the likelihood reads

L(p) = ™ 1 e_(}"n_)’f(wp))z/(ZA}’i). (10)

n=0 Ay /27
The maximum-likelihood estimate pyyg follows from the para-
meters that maximize the likelihood, i.e., pyyp = max,L(p). This
is similar to the procedure in Bayesian estimation theory given
uniform priors for p. The uncertainty associated with this esti-
. . 1 27 2
mate can be easily obtained from 7= —d"L(p)/dp; |p—p,,, Where

L(pyyg) = 1 is a normalized likelihood. Note that since L(p) is a
differentiable function, dL(p)/ apjlp,,. =0 by construction. In

our case, we consider a phenomenological model
y(t;p) = %—I—plepztcos(27tp3t +Py)s (11)

to account for the noisy signal. See Supplementary Note 2 for
details on the agreement between the exact numerical results and
this phenomenological model. In this manner, there are four free
parameters, p = (py, P2, P3, pa). The expression given in Eq. (11) is
the expected behavior of the signal under decoherence (with a
characteristic time-1/p,) and from where the identification
ps = gis direct (see main text). In addition, the parameters p; and
pa4 are included to account for other imperfections. The solid
curves presented in the main text stem from y(t; pvrg) to each of
the cases considered in the main text.

Data availability

The complete dataset supporting the findings of this work is accessible. On the one hand,
secondary data reused and/or analyzed from other studies is specified along the text, in
case of any doubts or inquiries, please contact the corresponding authors at
jecasanovamar@gmail.com. On the other hand, original data generated in this study (via
numerical simulations) are available upon request, kindly direct any further
correspondence to the aforementioned email address.

Code availability
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corresponding authors at jcasanovamar@gmail.com. We are committed to facilitating
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access as needed.
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