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The nitrogen vacancy (NV) center in diamond is an intriguing electronic spin system with applications in quan-
tum radiometry, sensing, and computation. In those experiments, a bias magnetic field is commonly applied along
the NV symmetry axis to eliminate the triplet ground-state manifold’s degeneracy (S = 1). In this configuration,
the eigenvectors of the NV spin’s projection along its axis are called strong-axial-field states. Conversely, in some
experiments, a weak magnetic field is applied orthogonally to the NV symmetry axis, leading to eigenstates
that are balanced linear superpositions of strong-axial-field states, referred to as dressed states. The latter are
sensitive to environmental magnetic noise at the second order, allowing to perform magnetic field protected
measurements while providing increased coherence times. However, if a small axial magnetic field is added
in this regime, the linear superposition of strong-axial-field states becomes unbalanced. This paper presents
a comprehensive study of free induction decay (FID) measurements performed on an NV center ensemble in
the presence of strain and weak orthogonal magnetic field, as a function of a small magnetic field applied
along the NV symmetry axis. The simultaneous detection of dressed states and unbalanced superpositions of
strong-axial-field states in a single FID measurement is shown, gaining insight into coherence time, nuclear spin,
and the interplay between temperature and magnetic field sensitivity. The discussion concludes by describing
how the simultaneous presence of magnetically sensitive and insensitive states opens up appealing possibilities
for both sensing and quantum computation applications.

DOI: 10.1103/3mIm-jjqq

I. INTRODUCTION

The use of quantum states to sense physical observables,
known as quantum sensing [1,2], has demonstrated to be
of factual advancement in a plethora of diverse applications
(spanning from magnetometry, gravitational wave detection,
and quantum thermodynamics) [3—12]. However, isolating a
sensor from different sources of noise represents a major
challenge in high-precision quantum sensing. Among several
classes of quantum sensors, the nitrogen vacancy (NV) center
in diamond has been extensively studied as a high-sensitivity
nanoscale sensor. More precisely, the NV is an optically
active point defect composed of a single substitutional nitro-
gen and a lattice vacancy in nearest-neighbor configuration;
this structure leads to an electronic spin triplet configuration
S =1, which can be exploited via spin resonance techniques,

“Contact author: e.bernardi @inrim.it

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2025/112(23)/235201(24)

235201-1

allowing for the so-called optically detected magnetic reso-
nance (ODMR) [13] (for an introductory description of NV
levels structure and ODMR principle see [14]). NV-based
sensing is commonly carried out by monitoring the effect of
environmental variables on the dynamics of the NV center;
this scheme is enabled by three main features [15]: (i) the
spin state can be controlled using microwave radiation;
(i1) the initialization and readout can be performed optically;
(iii) the system presents coherence times 75" in the order of
tens of microseconds at room temperature [14,16].

Various techniques have been introduced to make mea-
surements selective on single physical observables, i.e., tem-
perature or magnetic field. For example, thermal echo [17],
D-Ramsey pulse sequences [18], quantum beats magnetome-
try [19], multipulse dynamical decoupling [20], and spectral
hole burning [21] have been explored. Nonetheless, as it will
be detailed, each environmental parameter may act differently
depending on the quantum state of the NV center, thus, a
thorough analysis of the competition of these parameters in
the involved physical process is required. This study will
focus on continuous-wave (CW) ODMR and free induction
decay (FID) sensing protocols; CW-sensing protocols aim to
detect the variation induced by external fields on the res-
onance frequency of the NV center. Free induction decay

Published by the American Physical Society
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sensing protocols measure the phase difference acquired as
a consequence of variation in resonance frequency between
two components of a quantum superposition. Sensors based
on NV centers present a very good sensitivity regarding tem-
perature and magnetic field [22], leading to the possibility
of measuring the temperature inside a cell [23-25], magnetic
NMR signal coming from a single molecule [26,27] as well
as nanoscale imaging of superconducting vortices [28]. Ad-
ditionally, the NV is widely used in computation applications
where paramagnetic '*C nuclei are employed as ¢ bits, the
NV center as a mediator g bit, and the neighboring N nucleus
as auxiliary g bit [29,30]. Moreover, In recent applications,
the possibility of using the network of '3C nuclei for quantum
simulation has been investigated [31].

In most of these applications, a bias magnetic field B
is applied along the NV axis to remove the degeneration of
the S; = =1 manifold. In this case, the eigenstates of the
system are NV’s axial spin eigenstates, namely, |S, = +1)
and |S; = —1), generally indicated as strong-axial-field states.
Conversely, in the presence of a weak magnetic field, electric
field, or strain (or a combination) orthogonal to the NV axis
(with By = 0), the eigenstates are balanced linear superpo-

1

sition of the strong-axial-field states: |[+) = —2(|SZ =+1)+

IS; = —1))and |-) = %(ISZ = +1) — |S: = —1)), typically
called dressed states [13].

Dressed states have proven to be useful for tempera-
ture [32] and electric field measurements [33] since they show
a second-order dependency to the magnetic field due to the
null spin expectation value for each direction: (+|S;|+) =
(—18i|—) =0 for i =x,y,z, leading to longer coherence
times [34] when the dominant source of decoherence is mag-
netic noise [35].

Dressed states have been studied both for single NV cen-
ter [35-37] and NV ensemble [33,34,38—40]. In the last few
years, research has been focusing on the effect of N [38]
and 13C [37] nuclei on the NV center and their exploitation for
electrical field sensing [33,41]. In particular, in the presence of
a weak orthogonal field (B, # 0, By = 0), it has been shown
that two resonances are present for both |—) and |+) [38].
The first is related to the state I:N =0, and the other is
related to the two degenerate states I:N = 41, where I:N is
the component of the '“N nuclear spin along the NV axis.
This result proves that the NV center interacts with the '*N
nucleus despite being almost insensitive to external magnetic
fields. The reason is that, as we will discuss later in the paper,
for B = 0, the state with IZl4N = 0 is a balanced superposi-
tion of strong-axial-field states, therefore, it is a completely
dressed state. The states with IZMN = +1 and IZI4N = —1, in-
stead, are unbalanced superpositions of the strong-axial-field
states with (S;) > O and (S;) < 0, respectively [35], as a result
they are more sensitive to the external magnetic field. In
this work, these unbalanced superpositions of |S, = +1) and
|S, = —1) are named partially dressed states. Finally, it should
be stressed that applying a weak orthogonal field to observe
the interaction between dressed and partially dressed states
in the FID decays is unnecessary. This was demonstrated in
Ref. [42], where it was shown that the total electric field
alone has a similar effect on the eigenenergies of a single
NV coupled to a >N nucleus and is likely to have similar

effects on the FID decays. However, employing a weak or-
thogonal field can enhance the stability of the dressed states
by increasing the energy gap, when properly aligned. Ad-
ditionally, it eliminates the overlap of resonances associated
with different orientations of NV’s when working with NVs
ensembles.

In this paper, via a comprehensive theoretical and exper-
imental investigation of the interplay between dressed and
strong-axial-field states in the presence of both a weak or-
thogonal magnetic field and an electric field (or, equivalently,
a strain), it is demonstrated the possibility of simultaneously
exciting dressed and partially dressed states. Furthermore, we
present an approach consisting of fitting single FID mea-
surements with multiple coherence times, that is of critical
importance when working with different classes of states. This
methodology will lead to the implementation of two-qubit
gates with increased fidelity due to the increased coherence
time 7,* of dressed and partially dressed states, the two qubits
will be the electronic spin of the NV center and the nuclear
spin of the N atom. Moreover, it could enable a decoupled
magnetic field and temperature sensing scheme, operating
with limited microwave bandwidth and with a single mi-
crowave frequency. In the first part of the work, how strain
and weak orthogonal fields compete in forming dressed states
is discussed, providing, as a result, the exact eigenstates of the
system. Then, FID measurements obtained for two different
values of the axial magnetic field are presented, highlighting
the presence of dressed and partially dressed states. The study
is focused on NV ensembles, but it can be straightforwardly
generalized to the single NV center or other solid-state spin
systems.

II. THEORETICAL ANALYSIS

The system considered is constituted of NV center elec-
tronic spin S = 1 and '*N nuclear spin 7 = 1. The complete
Hamiltonian of this system is [13]

1
H = (Dys +dn)[sf - 356+ 1)]

— d [T1,(S? — $2) — T1,(S,Sy + S,5))]
+ 8etBBy Sy + geMBBySv + geMBBIISz

12
+ SAL + SALL + S,ALL + Q(Ig _ §>

+ gupnBy I + gnlanBny + gnﬂnB\\Iz» (1)

where Dg, is the ground-state zero-field splitting, d, and
dy are the components of the ground-state electric dipole
moment, [1=E + & is the total effective electric field that
includes both the effect of static electric fields E and strain &
(strain acts as an effective electric field due to the piezoelectric
effect). g, and g, are electronic and nuclear Landé¢ g factors,
wp and wy are the Bohr and nuclear magneton constants, Bis
the applied magnetic field, A and A, describe the hyperfine
interaction between S and T, , and Q is the nuclear electric
quadrupole term.

In Fig. 1(a), the eigenvalues of Hamiltonian in Eq. (1)
are numerically evaluated [43] in the presence of a weak
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FIG. 1. (a) Exact eigenvalues of Hamiltonian in Eq. (1) as a function of axial magnetic field B (B, fixed). The curves are labeled according
to the value of the spin eigenstates |S,, I.), where S, and I, are the axial components of electronic spin and nuclear spin, respectively. In
particular, the position of the dressed states |+, -) and |—g, -) are depicted as small dots. (b) Trace distance between the density matrix derived
from electronic dressed state (|+),) and the density matrix derived from the eigenvectors of Eq. (1), as a function of the axial magnetic field
B,. (c) Expectation values of S, on the dressed state eigenvectors |—g, -). (d) Resonance frequencies from |0) to the upper branch of excited
states as a function of axial magnetic field B). The energy differences are computed taking into account selection rules (the applied microwave
couples with S, and S,, therefore, AI, =0, AS, £ 1). The circles represent the resonance frequencies derived from cw-ODMR spectra [see
Figs. 2(a) and 3(a)]. The uncertainties in experimental data are the linewidths of the respective ODMR resonances.

fixed orthogonal field B and plotted functions of a varying
axial magnetic field Bj. This orthogonal field has the form
B\ = B,& + B,, with B, = 3.83 mT and B, = 3.33 mT. Ad-
ditionally, an orthogonal total electric field 9l L =TIIx+
I1,9 is considered, with IT, = —124 000 V cm~! and I, =
—94000 V cm™~!. This term is arising from strain components
and static electric field present inside the sample (the values
here reported are estimated in agreement with the experimen-
tal data, see Supplemental Material [44] and Ref. [45] therein
for detailed discussion on the nature and values of this term
of the Hamiltonian). In Fig. 1(d) the resonance frequencies
as function of the applied field are plotted for the transition
|0) = |+). The resonance frequencies are computed consider-
ing the difference in the eigenenergies in Fig. 1(a) and taking
into account the selection rules. In the following, the effect
of each term in Eq. (1) is analyzed to clarify the nature of
the eigenstates, first by describing the effects of electronic
interaction terms, and successively by including the nuclear
interaction terms also.

A. Electronic interaction terms

We start by considering the case where the nuclear spin
interaction terms are neglected. This choice allows to limit
the analysis to electron-related terms of the Hamiltonian only,
as in Ref. [13]. There, the unperturbed Hamiltonian depends
on the ground-state crystal-field splitting Dy, while the con-
tributions from the orthogonal total electrical field M, and
the orthogonal field B, are considered as perturbations, de-
veloping the perturbative solution up to the second order in
eigenenergies (the effect of parallel strain ITj is negligible
because d; < d). In the present analysis, instead, the exact
eigenstates are computed by diagonalization of the partial
Hamiltonian containing only the electronic spin terms (zero
field, magnetic field, electric field). Then, the newly obtained
eigenstates and eigenenergies are expressed as a truncated
power series of the parameter ¢ = ‘%( for detailed calcu-
lations see Appendix A). )

The effect of Dy is to create a large gap between the
eigenenergy Ejs.—q), relative to the eigenstate |S; = 0), and
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the eigenenergies E|_y = E|,, relative to the two degenerate
states |—) and |+). The combined contribution of the total
orthogonal electric field IT, and weak orthogonal field B, can
be summarized in four effects:

(i) Rotate the original dressed states |0), |—), |+) of an an-
gle 0 along the z axis, giving the eigenstates [0),, |—)q, |+)g,
with

0 = 1 arg(e¥”. —2Re ). 2)

(ii) Create an energy gap between |—), and |+),, where

B\ | o B :
Egp =2 (2Dgs> 1+ £ —5D—gscos(2¢3l+¢n) NG

(iii) Create a small mixing, proportional to , between
[4+)6, |=)g, and 0). )
(iv) Decrease the energy of the |0) state to Ey = — g—f < 0.
The following quantities are introduced: )
EDy
By =gupBL, E=d 1., R=-—"F 4)

2
BJ_

I, By
¢n = arctan ) ¢p, = arctan 3 ) (®)]

The explicit expression of the rotated eigenstates is (for the
detailed theoretical model, see Appendix A)

and

10)p = 10),
1 —if i

=)o = ﬁ(e IS; =+1) =e7|S; ==1)),  (6)
1 —if i0

e = 5 IS = +1) + €IS = —1)).

It is significant to study the dependency between 6 and
R, which are the rotation angle of dressed states and the
relative magnitude of IT; and B, respectively, since the latter
is defining how dressed states are aligned with respect to
bias electric and magnetic fields. First, we consider the two
limit cases for R. On the one hand, when the contribution
of the orthogonal magnetic field B, is dominant (R ~ 0),
the eigenstates are rotated by ¢, , i.e., are aligned along the
direction of B;. On the other hand, when the contribution
from the total orthogonal electric field IT is dominant (R > 1),
the original eigenstates |0), |—), |[+) are rotated by 5 — ¢ /2.
For intermediate values of R, the competition between the
orthogonal magnetic field B, and the orthogonal total electric
field I, results in a intermediate rotation between ¢p, and
% — ¢n/2, determined by the relative magnitude of B, and
IT, . The general expression of 8 shown in Eq. (2) represents
the first result of this paper.

Figure 1(b) shows the trace distances [46,47] between the
state |[4+), and the numerically evaluated eigenstates of the
Hamiltonian in Eq. (1) as a function of the axial field By.
For the moment, we consider only the data regarding nuclear
spin I, = 0 (red curve) because we are neglecting the effect of
the nuclear spin. The data indicate that the two states are at
zero distance for B = 0. This means that the eigenvectors in
Egs. (6) are still dressed states, i.e., a balanced superposition

of strong-axial-field states, and the small mixing between |+),
and |0) is negligible, for our experimental conditions. Being
the eigenstates balanced superposition of strong-axial-field
states, they are sensitive to the field B only at second order
since

9{S; = 08;|S; = 0)o =¢ (—|Sil=)o =¢ (+ISi|+)e =0
fori=x,y,z. N

Figure 1(c) shows (S;) in function of the axial field B and
it can be noticed that (S;) =0 for By =0, as predicted by
Eq. (7).

By introducing a small axial magnetic field Bﬁ < (Eqp/2)?
and neglecting the minor mixing of |+),, |—), with |0), the
calculated eigenvectors become

Y Y P Y i
|_)9~BH =Sll’1<2> 6|S = +1) —cos (E) 9|Sz=_1)e
I+)o.5, = cos (%)e""lSz +1) + sin <%) #15. = —1),
®)
while the corresponding eigenergies are
g Bl
0o - D ’
gs

() —
EZyp = Dgs+

— JEep/2)? + B,

2
E® (Egap/2)? + B )

BL
0,5 _Dgs+@+

with B = g.upB) and tany = 2?" (see Appendix A for a
derivation of these equations).

For B = 0, one has % = %, therefore, the eigenstates are
balanced superpositions of strong-axial-field states. As B
increases, £ decreases, therefore, the states become partially
dressed states and acquire a nonzero value of (S;). For larger
axial magnetic fields [Bﬁ > (%)2] the eigenergies become
linear in B resulting in strong-axial-field states. This behavior
can be seen in Fig. 1(a). Moreover, as B increases, the trace
distance between the states also increases in Fig. 1(b). Addi-
tionally, with increasing B the eigenstates acquire a nonzero
value of (S;) [Fig. 1(c)], as predicted by Egs. (8).

B. Complete Hamiltonian

The interaction between NV electronic spin and '“N nu-
clear spin I comprises two terms, quadrupolar and hyperfine
interactions. The effect of the quadrupolar term is to turn
I, into a good quantum number and to increase the energy
of states with I, = +1. The effect of the hyperfine term
is well known; it shifts the position of the dressed state
from Bydressed — () to By dressed = T A” — for I, = £1. This phe-

nomenon enables the 51multane0us presence of dressed and
partially dressed for the same applied field B).

The analysis of the complete Hamiltonian eigenenergies
will focus on two values of By:

(1) By = 0 (point A in Fig. 1). At this point, the eigenstates
with I, = 0 are dressed states, the eigenstates with I, = +1
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are degenerate partially dressed states, with opposite values
of (S;) [48].

(i) By = geA_PHLB (point B in Fig. 1). At this point, the eigen-
state with I, = —1 is completely dressed, and the two other
eigenstates are partially dressed.

As it will be discussed later, working in point A is promis-
ing for quantum computation applications, and working in
point B is promising for quantum sensing applications.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Our experimental investigation was performed on an en-
semble of N ~ 6 x 10* independent NV centers distributed
in a volume V ~1x 107" m? (see Supplemental Mate-
rial [44]). Each NV is subjected to inhomogeneous magnetic
and total effective electric fields, described by the distributions
fs(B) and fr(IT). By reasonably neglecting the interaction
between NV centers, the experimental results can be inter-
preted by solving Eq. (1) for each value of B and II. The
eigenstate of the ensemble is the tensor product of the sin-
gle NV density matrices, with each density matrix weighted
according to fp(B) and fr(IT1). The eigenenergies of the
ensemble are the weighted sum of a single NV eigenergies
according to fg(B) and frj(IT). The resonant frequency v,
which is computed from the differences in the eigenergies,
also follows a distribution f,,  (vres). In the following, two sets
of results are presented: the first is related to CW microwave
excitation, and the second to pulsed measurements (i.e., FID).
In both cases we consider only the upper branch of Fig. 1(a),
i.e., the transition from |0) to |+),.

A. Cw excitation

In a cW-ODMR measurement [see Figs. 2(a) and 3(a)],
an oscillating magnetic field with frequency vyw and a
532-nm laser are applied simultaneously, exploiting a con-
ventional single-photon confocal microscope with the light
detected by a single-photon detector (see [49] and Supple-
mental Material [44] and Refs. [50,51] therein for details on
the experimental setup). The laser excitation has two effects:
(i) inducing red photoluminescence (PL), whose intensity de-
pends on the spin state of the NV, with |0) being brighter
than |—), and |4)4; and (ii) polarizing the NV in spin state
|0). To explain the technique, let us focus on states |0) and
[4+)g. If vmw is far from the resonant frequency vies = (Ejoy —
E4y,)/h, the oscillating magnetic field is not effective in
driving transitions between |0) and |+),, moreover, the green
light polarizes the NV state to |0), resulting in brighter PL
emission. Conversely, when vmw = vies = (Ejoy — Ej4y,)/ i,
the oscillating field is very effective in driving transitions be-
tween |0) and |4),, therefore, the dark state |4), is populated
and the collected PL presents a minimum [52].

In Fig. 1 (point A), two resonances are observable for B =
0, one related to a dressed state, V4 dres, and the other, v4 p-dresi»
related to two degenerate partially dressed states with opposite
values of (S;), as predicted numerically [see Figs. 1(c)
and 1(d)]. The two transitions are visible in the ODMR spec-
trum in Fig. 2(a), the difference Agcw = Va,dres — VA, p-dresl
between the two resonance frequencies is indicated. By
fitting the two resonances we note that the resonance

corresponding to I, = =1 presents a double contrast with
respect to the one corresponding to I, = 0, due to the presence

of the two degenerate populations. In point B, for B = gilﬂ,
there are three resonant frequencies: one corresponding
to a dressed state, vpgrs, and two corresponding to
partially dressed states with different nonzero values of
(S2), VB, p-dres2 (I; =0) and VB, p-dres3 (I, = +1). The three
resonances are visible in the ODMR spectrum in Fig. 3(a).
In this case, the fitting results suggest that resonances
present similar contrasts, as expected since each resonance
corresponds to a single state. Actually, the resonance
belonging to the partially dressed state with I, = 41 presents
a slightly lower contrast since we use a linearly polarized
oscillating field that is less effective to drive strongly
unbalanced partially dressed states (see discussion below).
The three frequency differences Ajcw = VB dres — VB,p-dres2s
A2,cw = VB,p-dres2 — VB,p-dres3> and A3,cw = VB,dres — VB,p-dres3
are indicated. It is important to underline that v4 gres = VB, dres
because in point B the axial field compensates the hyperfine
term, while the contribution of the nuclear quadrupolar term
is equivalent both for |0, 1) and |+, 1). Therefore, it does not
enter into the derivation of Vg gres.

The different states are excited by different polarizations of
the oscillating field. Considering Rabi and FID measurements,
the dressed state |+) (|—p)) is excited by an oscillating mag-
netic field which is linearly polarized in the x-y plane and
aligned along the direction defined by the angle 6 (6 + %) in
Eq. (2). The strong-axial-field state | + 1) (| — 1)) is excited
by an oscillating magnetic field that is circularly counterclok-
wise (clockwise) polarized in the x-y plane, and that can be
viewed as the balanced sum of two oscillating fields linearly
polarized along orthogonal directions. Partially dressed states
I+)o.8,> |=)o,5,. for the same By, are excited by oscillating
magnetic fields elliptically polarized in the x-y plane with
reciprocal ellipticity and opposite rotation direction. See Ap-
pendix C for further details.

An oscillating magnetic field linearly polarized in the x-y
plane along an angle different from 6 is used. This allows us
to excite dressed states, strong-axial-field states, and partially
dressed states: This oscillating magnetic field can be viewed
as the sum of two linearly polarized fields, one polarized
along 6 and the other in a direction orthogonal to 6. In this
way we can excite both |[+4) and |—y). The linearly polarized
oscillating magnetic field can also be viewed as the sum of a
countercolockwise and a clockwise circularly polarized fields.
In this way we can excite both | + 1) and | — 1). Furthermore,
the linearly polarized oscillating magnetic field can also be
viewed as the sum of elliptically polarized fields of reciprocal
ellipticity and opposite rotation directions [53]. In this way we
can excite both |+)y 5, and |—)g z . In the experimental condi-
tions of this work, the linear oscillating magnetic field is along
an angle intermediate between 6 and 6 + %, and all the tran-
sitions are driven with similar strength. We underline that, in
general, the strength of the driving is different for the dressed
states, partially dressed states, and strong-axial-field states.

CW-ODMR spectra hint at the different behaviors of
dressed and partially dressed states. Notably, the former ones
exhibit narrower transition linewidths with respect to the latter
ones. This is because the dressed states are sensitive only at
the second order to noise coming from coupling with the spin
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FIG. 2. Experimental results for B = 0, corresponding to point A of Fig. 1(a) upper branch: (a) optically detected magnetic resonance
spectra. Two resonances are present. The blue solid line fits the one related to the two degenerate partially dressed states (I, = %1), following
a Lorentzian distribution. The red solid line fits the one related to the dressed state (I, = 0). The black curve corresponds to the sum of
the two Lorentzians. (b) Free induction decay relaxation for a microwave of frequency vvw = Vv ares ON resonance with the dressed state
I, = 0. The decay is fitted as the contribution of a pure stretched exponential, red dashed curve, relative to the dressed state I, = 0, and an
oscillating stretched exponential, blue dashed curve, related to the partially dressed states with I, = £1. (c) Free induction decay relaxation
for a microwave of frequency vmw = V4 p-arest ON Tesonance with the degenerate partially dressed states I, = 1. The decay is fitted as the
contribution of a pure stretched exponential, blue dashed curve, related to the partially dressed states with I, = =1, and an oscillating stretched
exponential, red dashed curve, related to the dressed state with I, = 0. In all curves, the value of the stretched exponential is fixed to p = 1.28,
derived from the fit of the decaying of strong-axial-field states (see Supplemental Material [44]).

baths and spatial inhomogeneities and temporal fluctuations
in the external magnetic field B. When these are the two
main sources of decoherence, dressed states are expected to
show longer coherence times 7,* (see Appendixes D and E).
CW-ODMR measurements are not ideal for discriminating
between dressed and partially dressed states due to the effect
of power broadening: to clearly resolve peaks linked to the dif-
ferent states, it is necessary to decrease the microwave (MW)
power. However, this decreases the contrast and reduces the
overall S/N ratio. Hence, FID measurements are selected to
characterize the different types of states since these are not
affected by MW-power broadening and can give a direct eval-
uation of 75"

B. Pulsed measurements

In general, FID measurement procedures consist in an
initialization optical pulse, two 7 MW pulses separated by
a free precession interval of duration T and a final readout
optical pulse (see Supplemental Material [44] and Ref. [54]
therein). The system is initialized in the state |0), the first 5
pulse brings the state in a superposition of |0) and |S, # 0).
During the free evolution time, the two components of the
superposition acquire a phase difference ¢ depending on the
detuning A = vyw — Vs between MW excitation frequency
vmw and the resonant frequency vis. The second 7 encodes ¢
in the population of the |0) state (pjy) [54]. The final read-out
optical pulse excites a PL proportional to pjp). The general
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FIG. 3. Experimental results for B = 0.8 mT, corresponding to point B of Fig. 1(a) upper branch: (a) optically detected magnetic
resonance spectrum. Three resonances are present. The blue solid line fits the resonance related to a partially dressed state (I, = +1). The
red solid line fits the resonance related to another partially dressed state (I, = 0). The one at the larger frequency vp 4 is related to the
dressed state (I, = —1). The green solid line fits this resonance following a Lorentzian distribution. (b) Free induction decay relaxation for
a microwave of frequency vmw = Vg ares ON resonance with the dressed state I, = —1. The decay is fitted as the contribution of a very slow
oscillating stretched exponential, green dashed curve, and two faster oscillating stretched exponentials, red dashed curve and blue dashed
curve. The very slow stretched exponential is related to the dressed state with I, = —1. The intermediate oscillating exponential is related
to the partially dressed state with I, = 0. The faster oscillating exponential is related to the partially dressed state with I, = +1. (c) Free
induction decay relaxation for a microwave of frequency vmw = Vg p.ares2 ON resonance with the dressed state I, = 0. The decay is fitted as
the contribution of a pure stretched exponential, red dashed curve, and two oscillating stretched exponentials, green dashed curve and blue
dashed curve. The pure stretched exponential is related to the partially dressed state with I, = 0. The slower oscillating exponential is related
to the dressed state with I, = —1, and the faster oscillating exponential is related to the partially dressed state with I, = 41. The value of the
stretched exponential is fixed to p = 1.28, derived from the fit of the decaying of strong-axial-field states.

form of pjgy for a FID measurement where a single resonance
is driven is

poy(@) = 1= T cosrAT)] (10)

with 1 < p < 2, where we neglect the effect of the detun-
ing during the 7 pulses. The coherence time 7," defines
the timescale at which the system loses quantum coher-
ence, and pjo decays to %, corresponding to a completely
mixed state [55]. For an ensemble of NVs, the decay is

caused by different sources of decoherence: coupling with

surrounding spins, temporal fluctuations, and spatial gradi-
ents in the external fields B; and I1; [56,57]. The value of p
provides information on the relative weight of the different
sources of decoherence: if p ~ 1 the main source of decoher-
ence is coupling with surrounding spins, while an increase in
p corresponds to a greater influence of temporal fluctuations
and spatial gradients of the external fields [56-58].

To fit the experimental FID’s, the expression in Eq. (10) has
to be modified taking into account a FID contrast A < 1 and
the effect of the detuning during the 7 pulses. Furthermore, if
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TABLE I. Values of coherence time 7", derived from the fit of the free induction decays for different experimental conditions. Each row
corresponds to a value of axial field B and of microwave frequency vyw.

T dressed T, part-dressed-1

T, part-dressed-2 T, part-dressed-3 T, Strong axial

(us) (us] (us) (us) field (ps)
B = 0(A), Viw = Va_dres 2.08+0.10 0.98 +0.05
Bj = 0(A), Vw = Vapdrest 2.00£0.12 0.79 £ 0.03
B = gf}[B (B), VMw = Vp.dres 2.1+£02 1.06 + 0.095 0.75+0.18
BuzgﬂB&n,vazlgpmﬁ 2.27+0.15 1.33+0.13 0.84 £0.11
Strong axial field 0.66. £0.09

the microwave pulse 7 has enough spectral width [59] to drive
more than one resonance, the PL signal is the sum of multiple
terms with different A; = vmw — Vres,;- The final expression
for each transition in the FID is

oo A Q2
=3 T ety Al

AN Gy
X cos | A;t + 2 arcsin o e i , (11D

where A is the FID contrast for the transition with A =0,
yo is the normalization factor, and €2 is the Rabi frequency
(see Supplemental Material [44] for complete derivation of
the analytical function). We underline that in Eq. (11) the

2

presence of the initial phase and a factor ﬁ contribute both

to the reduction of the measured contrast when A; # 0.

The first set of pulsed measurements (Fig. 2) was collected
with B| = 0, corresponding to point A in Fig. 1. The spectral
width is sufficient to excite both resonances. First, we consider
a FID measurement on resonance with the dressed state with
I, = 0, vmw = V4 dres, Shown in Fig. 2(b). The experimental
curve is as the sum of a pure stretched exponential and an
oscillating stretched exponential

YAl = YAL,L=0 + VAL L%1,

(=1t
1 [1 _ ﬂe (T;dressed,lz:f)) :|,

yarL=0() = =
2 Y0,41

Ay Q?

2 2
Yo.a1 £+ AG 41 pip

1
yarr+1(t) = §|:1 -

A
X COS |:A0,A1,FIDI + 2 arcsin <%)i|

SR ,,]' (12)

The pure stretched exponential is associated with no de-
tuning, corresponding to the resonance of the dressed state.
The oscillating exponential is associated with a detuning
Ao.a1.rp = 565 kHz, corresponding to the resonance of the
degenerate partially dressed states. The factor 2 in the expres-
sion of y;+1(¢) is due to the degeneration of the resonance.
The estimated coherence time of dressed states is two times
longer than that of the partially dressed state, as listed in
Table I.

A similar improvement in T," is observed when the FID
measurement is performed on resonance with the degener-
ate partially dressed states with I, = &1, vmw = V4 p-dresi» aS

shown in Fig. 2(c). Also in this case the experimental curve
is the sum of a pure stretched exponential and an oscillating
stretched exponential. But now the oscillating exponential is
related to the dressed state, and the pure exponential to the
partially dressed states:

YA2 = YA2,1,=0 + VA2, 1,+1,

A Q?

o 2 2
yo.42 7 + AG 42 pip

1
yaz2,=0(t) = > |:1

A
X COS [AO,A;FIDI + 2 arcsin <%):|

,(% 4
73 dressed, 1,=0
X e =0 |

1 A « p
yAZ,Iz:tl(t) — — |:1 — ﬁef(Tz pun—dressed—l.lzi])] ]
2 Yo,A2

(13)

Moreover, the values of 7,* for dressed states are com-
patible among measurements performed on resonance with
different transitions. This behavior can also be observed for
the values of T,* for partially dressed states. A quick ob-
servation of the experimental decays in Fig. 2 confirms the
previous finding: oscillations last longer when the detuned
state is the dressed state. The detunings Ag 41 rip, Ao.A2,FID are
quite close to each other and are compatible with Ag .y (see
Supplemental Material [44] for the complete discussion of
the fit parameters) previously derived from continuous-wave
measurements. The contrast coefficients A4; and A, have
almost the same value; this means that the difference in the
driving strength due to polarization for dressed and partially
dressed states can be considered negligible (see Supplemental
Material [44]).

FID measurements were also conducted for another
subensemble with a different NV-axis orientation, as detailed
in the Appendix F, that exhibited a component along the
z axis B ~ 3 mT. The FID data were recorded by tuning the
MW frequency on resonance with the central hyperfine peak,
thus, only a single detuning (v = 2.16 MHz) is observed (see
Fig. 5). As described in the previous section, strong-axial-field
states couple with the spin bath and fluctuations of exter-
nal magnetic fields, leading to shorter coherence times than
dressed states. In this case, the axial field is much larger than
the orthogonal field, therefore, the eigenstates are pure strong-
axial-field states, resulting in 7" that is more than two times
shorter than the one obtained for dressed states, as shown in
Table I.
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Dressed states, partially dressed states, and strong-axial-
field states present different coherence times as they are
affected differently by the various sources of decoherence.
Dressed states are more sensitive to temporal fluctuation and
inhomogeneities of the total electric field TT because (S? —
Sg) #0, (S:Sy +S5,5:) #0 which are the coupling terms
for Il and TII, in the Hamiltonian presented in Eq. (1),
while (S;) = 0. Strong-axial-field states are more sensitive
to dipolar coupling with the surrounding spin bath, temporal
fluctuation, and spatial gradients of the axial magnetic field
B because (S;) # 0 while (S)% — Si), (SxSy +8,8x) = 0. On
the other hand, for partially dressed state, (S,) # 0 and (S? —
Sﬁ), (SxSy + 8,8y) # 0, therefore, the different sources of
decoherence compete. For more details on this topic, see [35]
and Appendix E. The decrease in coherence time 7," observed
when passing from dressed states to partially dressed states
then to strong-axial-field states indicates that dipolar coupling
with surrounding spin baths and temporal fluctuations and
spatial inhomogeneities of the axial magnetic field are the
major sources of decoherence in the sample being studied.
This can be explained by the high concentration of '“N spin
centers that couple to NVs as a consequence of the large
implantation fluence employed (F =1 x 10'* cm~2). The
stretched exponential parameter p should differ for dressed,
partially dressed, and strong-axial-field states. Dressed states
are more influenced by inhomogeneities and temporal fluctu-
ations of lzl; therefore, a value of p close to 2 is expected.
For strong-axial-field states, instead, a value of p close to 1
is expected due to the effect of the spin bath. In general, the
value of p is set by the competition between these decoherence
sources and the values of field gradients. For simplicity, the
value p = 1.28 obtained from the single decay of strong-axial
field states is used as a fixed parameter for decays of both
dressed and partially dressed states, taking into account that a
considerable uncertainty is associated with the estimation of
p (see Supplemental Materials [44]).

The main result of this work is described by the experimen-
tal data shown in Fig. 2, which clearly indicate the ability to
coherently drive two resonance states associated with different
values of the nuclear spin I, while extending the coherence
time 7, with respect to the typically used strong-axial-field
state. This opens up the potential for leveraging the weak or-
thogonal field regime to achieve high-fidelity C,NOT, gates,

J

YBl = YB1,I,=—1 + YB1,.=0 + YB1,1,=1,

17 Api Q2
yBLL=—1() = |1 = £
2
[ Ap Q2
yaiL=0(t) = =| 1 —
& L om0+ AT g1 Fip
[ A Q2
yBi=1)=z|1~—
| Yol Q2+ A3 g1 pp

The first component is a very slow oscillating exponen-
tial, associated with the on-resonance dressed state with
I, = —1. This slow oscillation of frequency §; = 81 kHz is

Ccos |:A1,Bl,FlDt + 2 arcsin <

Cos |:A3’31’]:[Dt + 2 arcsin <

which are essential for quantum computation and have also
been recently employed to enhance the sensitivity of magnetic
measurements [60]. A basic C,NOT, gate can be realized by
employing the FID sequence on resonance with the dressed
state with I, = 0, and adjusting the free evolution time to
T = %, which corresponds to the half-period of the decaying
oscillations.

In more detail, if we start from the state |S, =0) ®
|I; = 0), at the end of the FID sequence, we will have the
state |S, = —) ® |I, = 0). We are on resonance, and so the su-
perposition (|S; = 0) + |S, = —)) ® |I, = 0), created by the
first 7, does not precede, but it is only subjected to de-
phasing. The second 7 pulse creates the state |S; = —) ®
|I, = 0), if we neglect the dephasing. The FID sequence
acts as a m pulse. Instead, if we start from the state
IS; = 0) ® (|I; = +1) + |I, = —1)), the first 7 pulse creates
the superposition (|S; =0) +|S; = —¢.3,)) ® (|, = +1) +
|I, = —1)). This superposition precedes because we are not in
resonance. After a time T = % we have the state (|S, = 0) —
IS; = —0.5,)) ® (|, = +1) + |I, = —1)). The second 7 pulse
recovers the initial state |S, = 0) ® (|[I, = +1) + |I, = —1)).
The FID sequence acts as an identity.

We remind that dressed states are sensitive to the magnetic
field only at the second order, while the partially dressed states
are sensitive to the magnetic field at the first order, being
characterized by a nonzero expectation value of the axial spin
(S,) # 0. This paves the way for applications in magnetic field
sensing. For this kind of application, working in point A in
Fig. 1 is not ideal since the degenerate partially dressed states
correspond to two opposite values of (S.), and a magnetic
field B|™ will cause two opposite detunings [61]. The effect
of these detunings will tend to cancel each other in a typical
magnetic field measurement.

For these reasons, we apply a small bias magnetic field
B = gj% = 0.08 mT, corresponding to point B of Fig. 1,
where there are three resonances, one v, belonging to a
dressed state, and two v, and vs belonging to two partially
dressed states with two different values of (S;). The results of
FID measurement performed under this regime are shown in
Figs. 3(b) and 3(c). Figure 3(b) shows a measurement taken
on resonance with the I, = —1 state (Vwmw = VB, dres), Where
a combination of three resonance contributions properly de-
scribes the experimental data:

1) ()
— 5 €os | 817 + 2 arcsin L) e Fomsetrm ,
yo.81 2% + 87 Q

A (et P
Q

m ei( T part-dressed-3, I =1 ¥ (14)
Q
[

due to nonoptimal experimental conditions. Then, there are
two faster-oscillating exponentials corresponding to detun-
ings A1 B1,FID = VB.dres — VB.p-dres2 aNd A3 1 FID = VB dres —
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UB,p-dres3» Which belong to two partially dressed states. The
different components exhibit different 7, values. Similarly to
point A, the dressed states exhibit a longer 7" than partially
dressed states. Moreover, T,* decreases moving from partially
dressed state 2 to partially dressed state 3 because of an
associated increase in (S,) (see Table I).

YB2 = Y¥YB2.1.=—1 + YB2,1.=0 + YB2.I.=1,

A similar behavior in 75" is observed when FID measure-
ments are performed on resonance with the partially dressed
state having I, = 0 (Umw = VB p-dres2) [See Fig. 3(c)]. In this
case, the three components describing the experimental data
are

1 Am Q? . (AupFp )| (g
Yo r=1() = =1 — cos | Aq gy Fipt + 2arcsin [ ———— ) |e Zdesedl=1" |
) 21 yom Q2+ A% o pp Q
I[. Ap @ S\ ety
—0(t) = |1 — ————-5cos |8t +2arcsin [ < | |e Zpandesed2r=0" |
yB2,r.=0(t) T em 2 S
1. A Q2 A gy
Vi) = 5|1 - =2 2 L A2 cos [Az,Bz,FlDt + 2 arcsin (w)}e Zprdeners= " (15)
21 Yom P+ A pp 2

There is one very slow oscillating exponential associ-
ated with the on-resonance partially dressed state I, = 0,
at a frequency §, = 156 kHz. Again, this slow oscilla-
tion is due to nonoptimal experimental conditions. Then
there are two faster-oscillating exponentials corresponding to
the detunings Aj gy FID = VB p-dres2 — VB.dres and Az 2 FIp =
UB,p-dres2 — VB,p-dres3- Under these experimental conditions as
well, the value of 7," depends on the degree to which a
state is dressed and not on the value of the driving mi-
crowave frequency vyw. The detunings A g1 b, A1B2.FID
are quite close to each other and are compatible with Aj cy.
The detunings A3 g1 pip and Aj gy pip are compatible, respec-
tively, with A3 ¢, and A; o (see Supplemental Material [44]).
The contrast coefficients Ag; and Ap, are compatible. As in
point A, we decided to use the same contrast coefficient and
Rabi frequency for dressed and partially dressed states. This
means that we consider negligible the difference in the driving
strength due to the polarizations.

We suggest that a sensing regime working in point B in
Fig. 1 represents an interesting alternative to current meth-
ods [17-19,21] to perform magnetic measurements decoupled
from temperature effects. We consider both continuous-wave
(cw) and pulsed measurements methods. In CW measure-
ments, if the two resonances can be resolved, we can use
the four-point method: i.e., we choose two symmetric points
f1 and f> on the resonance of the dressed state, and two
symmetric points f3 and f; on the resonance of the partially
dressed state. The difference in photoluminesce Apy, on the
dressed peak will depend only temperature variation Ar:

X1 = AprL(f2) — ApL(f1) X kr Ar. (16)

The difference in photoluminescence on the partially dressed
peak will depend on temperature variation Ay and on axial
magnetic field variation Ap,:

Y1 = ApL(f2) — ApL(f1) X kr A7 + cgupAp,,  (17)

where ¢ depends on how much the partially dressed state is
sensitive to the magnetic field, as detailed below. The differ-

(

ence
Y1—X1 o cgeiplp, (18)

depends only on the variation of the axial magnetic field.
Now, let us compare the sensitivity of this measurement
with respect to the one of the strong-axial-field measurement
using an analogous four-points method. Generally, the states
involved in the four-point measurements method are the typ-
ical strong-axial-field states |S, = +1) and |S, = —1). The
sensitivity expression for a continuous-wave measurement is

h Av
8eMB CCW\/E’

where Av is the resonance linewidth, C., is the cw contrast,
and R is the photon detection rate [22]. We compare the
cw-odmr spectrum for dressed (I, = —1) and partially dressed
state (I, = 0) in Fig. 3(a) with the strong-axial-field spectrum
of NV, family in Fig. 6. Let us start considering also for the
strong-axial-field scenario a single hyperfine level. We have to
take into account the following effects: (i) the decrease in Av
for dressed and partially dressed states compared to strong-
axial-field states, (ii) how much the eigenergy of the partially
dressed state is sensitive to a variation of axial magnetic field,
i.e., the factor ¢ in Eqs. (17) and (18), and (iii) the increase in
the CW contrast due to higher mw power in strong-axial-field
states. The linewidth enters as a factor

New X (19)

Wp,=—1 + Wp = 1
2 Wsaf

I = —0.25. (20)

The factor ¢ that quantifies the dependence of the eigenergy
of the partial dressed is related to the derivative of the curve in
Fig. 1(d) at By = A} /g.mp. An analytical expression of ¢ can
be derived from Eq. (9):

2)
G, B
gus  dB By=A/gcitn dB,
1

- 1)
(1 + Egap/24))2

235201-10



INTERPLAY BETWEEN DRESSED AND ...

PHYSICAL REVIEW B 112, 235201 (2025)

That is ¢ = 0.81 for the parameters considered. The increase
in contrast r = R:

. Rpr=—1+Rpi—0 1

=0.41. (22)

2 Rsaf
Taking into account both effects, we have an improvement
of a factor z = % = é = 0.75 in the sensitivity. Hence,

considering a single hyperfine resonance, there is a small
advantage in magnetic sensitivity. But it has to be consid-
ered that in a strong-axial-field magnetometry measurement
(i) all the hyperfine resonances relative to the same strong-
axial-field state will be driven simultaneously, leading to an
improvement of the contrast by a factor of 2 [62], (ii) both
strong-axial-field states are magnetically sensitive leading to
an improvement in sensitivity of a further factor 2. Hence,
the strong-axial-field configuration is advantageous in terms
of magnetic sensitivity by a factor 4. Despite the advantage in
sensitivity of the strong-axial-field configuration, our proposal
still presents an advantage from an experimental point of view.
The dressed and partially dressed states are, at working point
B, closer in frequency compared to the states in strong-axial-
field configuration allowing the simultaneous interrogation
of dressed and partially dressed states using an MW local
oscillator mixed with a tunable RF source. Regarding pulsed
techniques, the idea is to create a superposition of nuclear
states, and then apply a sequence of rectangular pulses that
excite both resonances, similar to the ones used for quantum
beats magnetometry. In detail, the method will consist of the
following steps:

(1) Initialization in the state
I = =1)).

(2) Application of a nonselective electronic 7 pulse
in order to create the superposition |S, = +)|I, = +1) +
|S, = p-dres2)|I, = 0).

(3) Free evolution for a time t. The state vector at
the end of the evolution will be |S, = +)|[, = +1)e"Bd=T 4
|S; = p-dres2)|I, = 0)e"BrdeT,

(4) Application of a selective r, i.e., a C,NOT, to convert
the difference in phase to a difference in population.

(5) Readout of the population.

The key point is that the phase difference, and hence the
population difference, will depend only on the difference
VB,dres — VB,p-dres2, Which depends only on the variation Ap,
of the axial field.

Generally, with quantum beats magnetometry, the states
being simultaneously affected are the typical strong-axial-
field states |S, = +1) and |S, = —1), while in this case,
the dressed and partially dressed states would be used. The
primary advantage of our proposal is that the dressed and
partially dressed states are, at working point B, closer in
frequency compared to the |S, = +1) and |S, = —1) states in
strong-axial-field configuration. This allows for lower power
pulses, providing an advantage, for instance, in sensing bio-
logical systems.

It is difficult to quantify the possible improvement in
sensitivity of this experiment compared to strong-axial-field
configuration. The appropriate expression of sensitivity is the
one for Ramsey measurements for double quantum magne-

1S; = 0) (I, = 0) +

tometry [22]:

h 1 M+ T R
Amsgeiip C};;W)p\/ﬁ T

where Ami is the difference in spin quantum number between
the two interferometry states, Cgp is the FID contrast, #; is
the initialization time, t is the measurement time, fz is the
read-out time, 7>, DQ* is the coherence time in a double
magnetometry experiment. The measured coherence times
presented in this paper are all single quantum coherence times.
Double quantum coherence times are generally quite different
because they are not sensitive to common mode source of de-
coherence [22]. The experimental realization of the proposed
protocol and the study of its sensitivity are the objects for
future investigations.

NRamsey X s (23)

IV. CONCLUSIONS

Free induction decay (FID) measurements have been car-
ried on in the presence of a weak orthogonal field and a total
electric field for an ensemble of nitrogen vacancy centers.
First, the competition between the weak orthogonal field and
the total electric field was considered, showing that the re-
sulting eigenstates are dressed states, balanced superposition
of strong-axial-field states, rotated in the orthogonal plane.
The explicit formula for the rotation angle was obtained
from the expression of the exact eigenstates (up to now in
literature only calculations in the perturbative approach were
available). Then, the role of axial magnetic fields in creating
unbalanced superposition of strong-axial-field states, which
we call partially dressed states, was described. Two working
points were studied experimentally: one with a null axial
magnetic field applied and a second with an axial magnetic
field matching the hyperfine field caused by the '*N nucleus.
In both working points, we observed the presence of dressed
and partially dressed states in the FID measurements. Dressed
and partially dressed states can be distinguished by different
coherence time T7,°, which shows a decrease when transi-
tioning from dressed to partially dressed states. Compared
to the widely studied strong-axial-field states, the coherence
time 7," is enhanced in dressed and partially dressed states.
The possibility to simultaneously drive dressed and partially
dressed states using a single microwave opens up interesting
applications in quantum computation and quantum sensing,
see, e.g., Ref. [60] where a repetitive readout protocol on NV
ensemble is exploited. We can use the findings of this paper
for the selective magnetic field sensing part and the C,NOT,
previously described to write the state on the N nucleus.
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APPENDIX A: COMPETITION BETWEEN ORTHOGONAL TOTAL ELECTRIC FIELD
AND ORTHOGONAL MAGNETIC FIELD (EXACT SOLUTION)

1. Problem setup

We consider the Hamiltonian

Helec—orth == DgSS;? - dl—[nx (SJ% - S)%) -

Hy(SxSy + Sny)] + geMBBxSx + geMBByS s (Al)

where B is the magnetic field and I1 = E + & is the total electric field that encompasses both the effect of the static electric field

and of the strain. This Hamiltonian in the basis |S, = +1), |S; = 0), |S; = —1) can be rewritten as
Dy Bleo@n tm@nl  —glcos(¢n) + i sin(dn)]

Heteoorth = BL[COS((ingiSin(q}B)] 0 B, [COS(tmi)[;i sin(¢p)] ’ (A2)
—Elcos(¢n) — isin(¢p)]  BLl@uiiintn] Dy,

where we used the quantities defined in Egs. (4) and (5).

2. Computation of eigenvalues

The eigenvalues of the Hamiltonian in Eq. (A1) are obtained by solving

det(Helec—orth - )L]I) =0 (A?’)
that leads to a cubic equation in 1. The three exact solutions correspond to the three exact eigenvalues Eg exact> E1 exacts E2 exact- We
have rewritten each eigenvalue as a series expansion of { = =+ - < 1 where we exploited the ancillary parameter R = B% =z D

s

ngs

to describe the competing effect between B, and & in the physms of the NV center. Then, only the terms till the second order in

¢ were kept. The resulting approximated eigenvalues are

B

Ey = —Dy* = —
gs Dgs

)

1 1 2
E) = Dy + EDgS;Z - [RZ + 7~ Reos(2es, + ¢n):| Dy ?

1

1 1 2
Ey = Dy + EDgsc2 + [R2 + 7~ Reos(2ep, + ¢>n)i| Dgi¢?

B2 2\ 2 B2
= Dy + —= — [( B ) - _5D_L cos(2ps, +¢n)} ,

o=

2DgS 2Dgs gs
B2 B> \* B? :
=D, L — £ — &=L cos(2 .
g T 2D, + |:<2Dgs> + D, cos(2¢p, + ¢n)

(A4)

These eigenvalues are the same as the one presented in Ref. [13], a part a factor % in first eigenvalue Ey.
We underline that the parameter R quantifies the relative strength of 5, and £. The choice of R expression was inspired by
the fact that the term out of diagonal, like 3, , appears at second order in standard perturbation theory.
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3. Computation of eigenstates

Starting from the exact eigenvalues of energy, obtained by solving Eq. (A3), we obtained the exact eigenvectors. Here we
present their first order in ¢:

B ; g, B
0) = ( =, —ﬁel%,e’z“’”—l),

gs gs
_ i(2¢5, +¢n) _ —i(2¢5, +¢n)

1y = | 1, gitn = 2R T Bi _gom, 1= 2Re - ’ A5)
ﬁ 11— 7 Rel( ¢BJ_+¢H)|2 Dy 11— 2 Re i ¢BJ_+¢1'I)|2

1 — 2 Re!@¢5, +¢m)

i B . 1 — 2 Re—i¢s, +ém)
12) = | 1, =€ [ 1+ - L oi20n, © - ‘
ﬁ |1 _ ZRel( ¢13L+¢n)|2 Dgs |1 _ ZReft( ¢BL+¢H)|2

It is interesting to discuss the limit case R < 1, i.e., when 3 is predominant. In this case, the eigenstates are, after collecting a
global phase factor e*%2.

) Bl ; BL BL

0) = l(bBL_’_ 2, s, = ) — —_\/2(1S5. = 0) — — ,

10) (e D, V2,e Dgg) V2 (| =0 - |+>¢BL>

1) = (77,0, =) = v/2|=),, (A6)
‘ B . B

2) = <e“”'u, \/ED—l, +e’¢"i> = ﬁ('“% + D—ﬂsz = 0>>,

gs gs
where we introduced the vectors

| ; 1, i
(b, = (70, =) = (e IS, = +1) — IS, = —1)),

V2
I+)g, = L(e*"% 0, +¢'%1) = i(e*i% IS, = +1) + €18, = —1)). (A7)
¢BL ﬁ s Uy ﬁ 4 Z

Considering Eqs. (A6), it is clear that for R < 1 the effect of the orthogonal magnetic field is

(i) to rotate the original dressed states |—) and |4) of angle ¢, equal to field orientation and

(ii) create a small mixing between |+) o5, and |S,; = 0) state.

These results are usually derived using second-order degenerate perturbation theory. Now, let us turn our attention to the
general case R # 0. If we introduce the angle

o= L gy, LZ2RTCINTIV N 1 i, o Re-itn A8
- 5 arg| e + |1 _ 2Re—i(2¢BL+¢n)|2 - E arg(e T € ) ( )

and we collect a phase factor e in Egs. (A5) we obtain

. B
10) = —ﬁe“%-”[wz =0)— —

[cos(pp, — O)I+)g + isin(¢p, — 9)|—)a]],
gs

) = ﬁ(|—>9 + %isin«m —0)ls. = 0>>, (A9)
gs

12) = «/§<|+>9 + % cos(¢p, —0)IS; = 0))-

gs
Equation (A9) tells us that the effect of orthogonal magnetic and electric field is to rotate the original dressed states |—) and
|+) of an angle 6. Thus, we can rename the eigenergies as

E_g=E, E;s=E. (A10)
The detailed calculations leading to Egs. (A7) and (A9) can be found in the Supplemental Material [44].

APPENDIX B: EFFECT OF AN AXTAL MAGNETIC FIELD

We have shown in the previous sections that the combined contribution of a total electric field and a weak orthogonal field
can be summarized in three effects:

(i) Rotation of the original dressed states |S; = 0), |—), |+) of an angle 6 along the z axis, giving the eigenstates
IS, = 0), |=)g, |4+)y- This is valid if we neglegt the small mixing between |—),, |+)g and |S; = 0),.

l—

(ii) Creation of an energy gap between |+), and | =)y, Egap = 2[(%2;)2 + &% — Eg—i cos(2¢p, )]>.
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(iii)) Decrease in energy of the |0) state to Ey = ZL <0
Considering negligible the mixing between |—),, |+)9, and |S; = 0), we can rewrite the Hamiltonian of the system as
Ey— E, 0 0
Hp,—o = 0 “Im (B1)
0 0 4=
in the basis |0)g, |[—)g, |+)g, Where E, E*";ﬁ = Dg + %igs was chosen as the zero of the energy scale.

Following Ref. [35] if we consider a magnetic field B) aligned along the NV axis, the total Hamiltonian will be

Ey—E, 0

Egy

Hpy 20 = 0 -5 By | (B2)
0 B+
where B = gugB. If we consider only the subspace |—)y, [+), the Hamiltonian becomes

_ Egap B

He=| 2 . (B3)
’ ( B+
If we now change the basis to (IS, = —1), = €[S, = —1), |5, = +1), = e|S, = —1), we have

—-B Egap
Ha=|g, 2| (B4)

> By

This Hamiltonian can be diagonalized exactly, considering the system as one with effective spin s = % The resulting

eigenvectors are
Y B W NP Yoo _
|_)9’Bu = sin ) e S, =+1) —cos ) ev|S, = —1),

I+)o,5, = cos (%)ﬂ'ﬂsz = +1) +sin <%)ei9|Sz =—1) (B3)
with )
E
tany = %P/. (B6)

The corresponding eigenenergies are

E® — _B_i
o ’
Dy
2) 82
EZ b5, = En =/ (Exap/2P? + B} = Do 5 5= 2Dy (Egap/2)* + B, (B7)
@) 2
B, = Enty(Eup/ 2 + B} = Dys + 5\ (Bg/ 2 + B}

We underline that the states |—)g 5, |+)g 5, are in general a -nonbalanced superposition of high-field states
IS, = +1), |S; = +1). The dependence of the coefficients of hlgh field states as function of the axial field is shown in Fig. 4 for
the |[+) 5, where we consider 0 < y < m. For B =0, y = 7 the coefficients are equal in modulus. Increasing By to higher
positive values, we have that y < 7 and the coefficient relative to the state |S; = +1) becomes larger than the one relative to
IS, = 1). Decreasing B to lower positive values, the coefficient relative to the state |S, = —1) becomes larger than the one
relative to |S; = +1). This explains the transition from dressed states to partially dressed states and then to quasi-high-field

states.
) — sin? (

The expectation values of the axial spin are
) — cos? (

235201-14

0.5, (+1S:1+)0.5, = cos’ <

=

> = cos(y),

=
NI =

0.5, (—IS:1=)o,5. = sin’ < ) = —cos(y), (B8)
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@ B=o0 (b) B>o0
y= f Yy < z
2 \ 2
A1y = €1y -1y 1y > -1y
) ] 2
1y 1y
(©)

S
2

SN

FIG. 4. Different balance of coefficients of high field for (a) By = 0, (b) B > 0, (c) B < 0. For B; = 0 the coefficients are equal, and the
superposition is balanced, corresponding to dressed states. For B > 0 the superposition is unbalanced toward |S, = +1) and forB; < 0 the
superposition is unbalanced toward |S, = —1).

From this expression it follows that partially dressed states for opposite values of axial field B have opposite values of (S;)
because cos(5 — y) = —cos(5 — y), where, again, we recall that y = 7 for B = 0.

Let us now consider the mixing between |—),, |[+)4, and |S, = 0), that has not been considered so far, since we intend to
prove that it is negligible. The basis to be considered is the one formed by the eigenvectors |0), [1), |2) of Egs. (A9). On this
basis the total Hamiltonian is

_ BBy H By

Ey—E, 2D, cos(¢pp, —0) +i5p— s1n(¢3L —-0)
Hypo = | =55 - 6) — 5 By . (B9)
l@)& sin(¢p, — 0) B +%
s l;‘DB —0) K Ey— E, = Dg + and we can consider the term l;DBL

as a perturbation of the Hamiltonian in absence of mixing. Wlthout going into detalled calculatlons from perturbation theory,

HL

we know that the effect of the perturbation is of the order of on the eigenergies and can be neglected; that was our initial

g
assumptlon.

APPENDIX C: POLARIZATION

This appendix will study how to excite dressed and partially dressed states using an oscillating magnetic field Bge with
suitable polarization.

1. Dressed states

We consider the effect of an oscillating magnetic field Bog in driving the transition between the state |0) and dressed states
(|4)g, |—)g)- If the magnetic field is aligned along the direction defined by 6 and the corresponding versor ?, its expression is

EOSC = By cos(wyt)0 = By cos(wyt )(cos OX + sin 69), (Cl)
where By is the amplitude of the field along 6, and wy is the angular frequency. The time-dependent Hamiltonian is

Ho dressed = DgsSZ + 2829 cos(wat )(cos S, + sin 6S,), (C2)
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where 22 = gupByg. For simplicity, we have considered only the part due to zero-field splitting D,. In the interaction
description defined by H(gl) = a)dSzz, we have

Hdressed = Uél)(t)THO,dressedUO(l)(t) - l'U()(l)(t)JratUO(l)(t)

Dys — g V2Qe!d! cos(wat )(cos @ — isin6) 0
= | V2Qe " cos(wyt)(cos O + isinH) 0 V287" (cos 6 —i sin 0) cos(wyt)
i 0 V290" cos(wyt)(cos O + isin6) Dys — g
Dy =g G592 0
A %Qew 0 %Qe*"e , (C3)
| 0 \%Qe‘”g Dys — wy

where Uo(l)(t) = exp(—iwdSzz), and we applied the rotating-wave approximation, neglecting the fast terms rotating at 2w,? in the
second row. From the last row, it is clear that when By is aligned with 6, it induces transition between |0) and |[4+)4. Analogously,
if, in Eq. (C1), Boge is aligned orthogonal to 6, it induce transitions between |0) and |—),.

2. Partially dressed states

Let us assume now an elliptically polarized MW excitation with the major axis aligned along 6:

-

Bosc = By cos(wgt)v + Bg+ﬂ/2 sin(wgt )W
= By cos(wgt)[cos OX + sin 8] + By 2 cos(wgt)[— sin OX + cos 0], (C4)

where By is the amplitude of the field along 6, ¥ is the versor defined by 6, By > is the amplitude of the field along 6 + 7 /2,
W is the versor defined by 6 + 7 /2, with By > Bg_z 2. If By = By~ 2, the magnetic field is circularly clockwise polarized. The
total time-dependent Hamiltonian is

Ho p-dressed = DgSSZ2 + 289 cos(wgt )(S, cos @ + Sy sin ) + 2447 /2 sin(wgt)[S,(— sin ) + S, cos )], (C5)

where 2Q¢ = gupBy and 2Q > = gipBoir )2
Also in this case, we have considered only the part due to zero-field splitting Dg;. We move to the interaction description
defined by Hy" = w,S2:

Hl,p—dressed = Uél)(t)THO,P—dressedU(gl)(t) - iU(;l)(t)TE%U(gl)(t)

Dys — wy %5(99 + Qoirpp)e ™ 0
= ﬁ(99 + Qo)™ 0 %(Qe — Qoinpp)e ™ | (C6)
0 \/%(Qe — Qyynp)e™ Dy — wy

From the last row of Eq. (C6), it can be seen that the elliptically polarized MW excitation drive transition between the states |0)

and |+)g., in Eq. (BS), if
1 Q Q I Qy—Q
cos (%) = —M, sin (%) = TM (€7
Q(% + Q§+n/2 2 Qg + Qngn/Z

Increasing B, the angle y goes to O [see Eq. (B6)], we have Q¢ = Q¢,,,> and we recover the well-known results
that transition between |0) and strong-axial-field states are driven by circularly polarized oscillating magnetic field [63].
Similarly, it can be shown that when B, is aligned with the major axis orthogonal to € it induces transition between |0)
and |—)g 5, -

Summahzing, (i) transitions between |0) and dressed states are promoted by the linearly polarized oscillating magnetic field,
aligned along 0, i.e., along the direction determined by the competition between orthogonal magnetic field and total orthogonal
electric field, or orthogonal to this direction, (ii) transitions between |0) and partially dressed states are promoted by elliptically
polarized oscillating magnetic field aligned or orthogonal to 6, and (iii) furthermore, it is well known that transitions between
|0) and strong-axial-field states are promoted by circularly polarized oscillating magnetic field [63].
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APPENDIX D: DECOHERENCE IN A FREE INDUCTION
DECAY MEASUREMENT FOR A SINGLE NV CENTER

‘We use a derivation similar to the one presented in [35,56—
58]. We first consider the case of a single NV, and then discuss
how to generalize the discussion to an ensemble of NV’s.

The sources of decoherence for a single NV center are

(1) coupling with 3¢,

(2) coupling with N or 1N,

(3) coupling with other spins,

(4) temporal fluctuations of external fields.

Decoherence due to the bath of surrounding spins, points
1-3 in the previous list, is a pure quantum phenomenon due to
the entanglement of the NV center with the surrounding spin
bath [57,64]. For a limited class of problems, with so-called
“nonbranching” evolution, we can map the original quantum
spin bath onto a classical random magnetic field E’s_dec [56].
We can consider this field as aligned along the z axis, E‘S_dec =
By 1anaZ, since the orthogonal part of this field is due to flip-flop
terms in the spin-spin coupling that are suppressed by the big
zero-field splitting Dy;.

The temporal fluctuations of the external fields (point 4 in
the previous list) can be described by two other stochastic
magnetic Et—dec and total electric fields ﬁt_dec. Finally, we
consider that the effect of the spin-spin coupling and of the
temporal fluctuations adds up, giving a total stochastic mag-
netic field Bdec = Bs dec + Bt dec:

For simplicity, we consider Bdec and Hdec to have a Gaus-
sian distribution with zero mean and standard deviation o,
and oy, , in each Cartesian direction i.

The fluctuations of the stochastic fields Bgee and Tgec
represented by the random variable 81§dec and Sﬁdec induce
fluctuations in the eigenenergies of the NV center and conse-
quently fluctuations §v in the ODMR transition frequencies.
Fluctuations v in the ODMR transition frequencies will in-
duce a decay in FID signal [35]. To fix the idea let us focus
on the |0) — [+)y 5, ODMR transition. In general, the FID
signal is proportional to the probability pjg to be in |0):

[1 —cos(¢ + 6¢)]
2 bl

where 7 is the duration of the free precession interval, §¢ =
for 2m Svdt and ¢ = 2w At are, respectively, the stochastic
and static phases acquired during the free precession interval,
and A =vyw — vy 9,5, is the detuning between the mi-
crowave excitation frequency vyw and the ODMR transition.
If we now consider the average on the different experimental
realizations

poy(t) = (D1)

[1- /2 cos(27 AT)]
2
we see that the FID decay is determined by the variance of the

stochastic phase acquired during the free precession interval
(8¢2), where

Prp(T) = (poy(T)) = (D2)

(8¢%) =4n2ftdt/rdt/(su(t)su(ﬂ)) (D3)
0 0

and (Sv(t)év(t')) is the correlation function. To evaluate
(8v(t)8v(t')) we consider the following:

@))] (Sﬁdec and § Ffdec random variables with correlations
functions decaying exponentially,

(aBdCC l(t )5Bdec t(t ) > - UBdeL ,e‘t_t,‘/rﬂﬁdec'i )

(8 T gee,i(1)8 Taee,i(t)i) = oy, € ™1/ Tenaes, (D4)

where §Bgec,; and 811g4ec ; are the component of fluctuations of
Edec and ﬁdec along the i direction, with i = x, y, z.

(2) 8vres dependence on 8Bgec; and 811g4ec; is set by the
value of the static fields B and 1. Considering op,., =

<5Bczlecz> < Bi and Undec, - <(SH(21€C[> < l_l,-, v i7 (SBdCC
and 8114 act as perturbations on the eigenstates and eigen-
values set by B and T in the Hamiltonian in Eq. (B2).

Now we will study the different scenarios set by the values

of the static fields B and 1.

1. Limit case: Weak axial field
To simplify the discussion, let us consider the quantities
introduced before:

8eB 8eMB

BJ_: A BJ_, 5:dJ_HJ_, BHZ B”. (DS)
When the condition
BZ
a2+ 2L B (D6)

8

is satisfied, the eigenstates are dressed states |0), [4)q, [—)y
[see Egs. (6)]. The eigenenergies are Ey, Ey g, E_p [see
Egs. (A4) and (A10)], with

B )
Egp=Eyg—E_ 4=2 <2D ) +&

gs 8s

) 3
- & g—L cos(2¢)j| .
(D7)

For a given 6, the angle ¢ = —26 + /2 defines a pre-
ferred direction x” for a fluctuation of the total electric field
8 gec.v- Along this direction, the contribution of the fluctu-
ations of the total electric field 6114 enters at first order
in the perturbation. Hence, the fluctuations §Bgec; and §T1gec i
induce the following fluctuations in the eigenenergies, consid-
ering until the second order:

(geﬂB‘SBdec,z)z (dLsndec,y/ )2
Egap Egap

SE, o =—d) 8gec v +

(8emBSBgec,v )2
—‘f_ -_
DgS

3

e aBec 2 d 811 ecx’2
SE_ 5 =+d) 6Tl + (8emBSBaec,.)” | (d18Tgec,x)
Egap Egap
(ge,UngBdec,y’ )2
+ —7
Dy
MBS Bace v )? eB8Bace. v )?
SEy = — (8e1BOBacc.r)”  (8eMBSBaec,y) 7 D8)
Dy Dy
where y' is the direction orthogonal to x’. Considering
the |0) — |—), ODMR transition, we have the following
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expression for the fluctuation of the resonance frequency:

(ge /’LBéBdec,z )2

(3U+ = (SE_;,_’G — (SE() = —dL(SHdec,x’ +
Egap

’

D9)

where we neglected the term proportional to §Bge. » because
Dys > gupdBgec,v» and we neglected the term proportional to
8T gec,y because we consider H:lec isotropic.

We underline that the effect of fluctuations of the axial
magnetic field 6B, is only at the second order, and it is scaled
by the value of the energy gap Eg,p. This is because |—), is a
dressed state with (S;) = 0.

If we now consider a slowly fluctuating bath with 7 <«
T¢,Buee.. Te,Ty,.,» USINg the expression in Egs. (D9) through
(D4) and (D3), we can calculate the resulting variance of the
phase fluctuation as

(8ein)'og,

2
Egap

(5¢2) = 4> [diaﬁdm, + }2 (D10)
and so, from Eq. (D2), the FID decay

[1 — e_(;?)z cos(ZJTAt)]
2 9

PED(T) = (pjoy(r)) = (D11)
with

Ty _ : (D12)
Bdesed T o / (ecnn)iog,

d? o}
i Hdec.x’ Egzap

T," defines the characteristic timescale of the FID decay. In
this scenario, the more effective decoherence source is ITgec v,
i.e., the temporal fluctuations of the electrical fields or of the
strain along y’ (the direction defined by ¢ = —26 + 7 /2).

2. Limit case: Strong axial field

If we now consider the opposite condition, i.e.,

| B
B.» &2+ 2L
> [E 4 5

the eigenstates in this case are strong-axial-field states
|0), |S, = +1),|S; = —1) with corresponding eigenenergies
Ey, E_; = Dgs — 8elpB;, Eqy = Dgs + gemtsB;. The fluctu-
ations 8§dec and § l'fdec induce the fluctuations in the
eigenergies (until the second order):

d? (8113

dec,x

(D13)

+ angec,y’)

SE, | = 0Bgec.; +
+1 8eMBODdec, ; 2ge,U«BBz

L (geMB(SBdec.y/ )2
\/E Dgs - ge//LBBz ’

+ 8H(Ziec,y’)

L (geMBaBdec,x’ )2
\/E Dgs ~+ geiBB;
d? (8113

dec,x

+

SE_| = — geptpdByec ; +

2g.upB;
L (gemBIBgec,x )2 L (gel'LB(SBdec.y/ )2
\/5 Dgs + geisB; \/5 Dgs — 8elpB; '

. (gelva(SBdec,x’)2 . (g«leflvB(SBdec,y’)2
Dys + getpB; Dgs — getBB; '

SEy = (D14)

Considering the |0) — | — 1) ODMR transition, the fluc-
tuations of the resonance frequency are

d? (8113

dec,x’

+ 813, )

dec,y’

ovy =8E ) —8Ey = gotSByec .+

3

(D15)

2g.upB;

where we neglegted the term proportional to Bgec v, dBdec,y
because Dgs > geitpdByec,y's 8eiBOBdec,y. In this scenario,
the effect of fluctuations of the axial magnetic field §B, is at
first order, instead the effects of the fluctuating total electric
fields 811y, 81, are at the second order. This is due to the fact
that, in this scenario, (S,) = +1 for |S, = +1).

Following the same line of thought of the previous subsec-
tion, it can be shown that the FID decay is characterized by a
coherence time

1 1
T} =
2,strong field — .
' g \/57'[ 5 2 dt (al‘-’[dec N +(ff-‘[dec )
(gemn)Po], + e M

(2g.15B:)?

(D16)

In this scenario, the more effective source of decoherence
is related to By, i.€., the coupling with the different spin
baths and the temporal fluctuations of the external magnetic
field.

3. Limit case: Intermediate axial fields

If we consider the condition

82
B” ~ 52 + —+
\ Dgs

the eigenstates are partially dressed states |0), |—)g 5, [+)g,5,
[see (Eq. (8)]. The fluctuations 6Bge, and 8I1g4e.; induce the
fluctuations in the eigenergies (until the first order):

(D17)

8E+,9,BH = geMBaBdec,z cos(y) + dlandec,x’ sin(y),
aEf,G,BH = _geH«BaBdec,z COS(V) - dJ_SHdec,x’ Sil’l()/),

_(ge,U«B(SBdec,x/)2 _ (ge,uBSBdec,y’)2

SEy =
Dgx + gepB; Dgs — &getsB;

. (DI8)

where tan(y) = % [see Eqgs. (B7)].

We underline that in Eq. (D18), the relative weight
of 8Bgec; and 8Ilgec, is set by the expectation value of
(S:) and (S? —S2), (SiSy +S,S,) on the eigenstates, e.g.,
(+18:[+) B, = cos(y).

Considering the |0) — [+)y 5, ODMR transition, the fluc-
tuation of the resonance frequency is

6U+ = 8E+,9!B” — (SEO

= +8.1UB0Bgec,; cOS(y) + dj_andec,y’ sin(y). (D19)

Following the same line of thought of the previous subsec-
tions, it can be shown that the FID decay is characterized by a
coherence time

1 1

V2r \/(geug)zogdec‘zcos(y) +diof, sin(y)
(D20)

T

,part-dressed =

235201-18



INTERPLAY BETWEEN DRESSED AND ...

PHYSICAL REVIEW B 112, 235201 (2025)

So, in this scenario, decoherence is due both to Bye. , and
to ITgec,y. The relative weights of the two different contribu-
tions depend on y.

Summarizing for all three scenarios:

(i) The FID decay is a stretched exponential with p = 2.

(i) The FID decay is characterized by a coherence time
T;.

(iii) The value of the static fields defines the effectiveness
of the different sources of decoherence.

APPENDIX E: DECOHERENCE FOR AN ENSEMBLE
OF NV CENTERS

Let us consider now an ensemble of NV’s. In general,
we have to start from the expression of the FID decay for
a single NV center in Eq. (D2) and average over the NV’s
ensemble. The FID decay depends on variance of the phase
fluctuation (§¢?) and on the detuning A between the mi-
crowave excitation frequency vyw and the ODMR transition
A = vmw — v_ 9,5, In principle, both (8¢%) and V_.5,, and
consequentely A take different values for the different spins
of the ensemble following distributions P({8¢?)) and f(A).
Let us consider two cases:

(i) A does not vary over the ensemble. In this case we
neglect gradients in the static fields B and .

(ii) A varies over the ensemble. In this case we consider
gradients in the static fields B and .

1. A does not vary over the ensemble

In this case we have f(A) = 46(A). The problem is to
develop a suitable expression for P((8¢2)). If we now consider

J

the strong-axial-field scenario, and we neglect the effect due to
fourth-order fluctuations, from Egs. (D3) and (D15) we have
that (§¢2) depends only on the variance of the fluctuating field
OB-dec,z-

<8¢ )strong field = 4 gzﬂBUBdsc 2- (El)

If 0p.gec.; 18 mainly related to dipolar coupling, it can be
shown that it is distributed as [56]

O—Bdecr-ens 2 *02 /20‘2
P(aBdcc,:) = 0—2— ;e Bace,zens ™ Baec,z |
Bdsc.z

where op,. .. isrelated to the average coupling strength of the
NV to the spin bath within the NV ensemble. For a detailed
discussion of P(0p_gec ;) see Ref. [57]. This distribution has a

(E2)

Bdec,z-ens

maximum at og, = and very heavy tails for higher
values of op,,,

C0n51der1ng the FID decay for a single NV center in the
strong axial field case, pyp ™ field 1), from Egs. (D2) and (E1),

we have

—(56%)/2
strong-field _ [1 — e /2 cos 2 A'C]
FID ()= 5

[1 - e_zjrzgzuéa'%dec«zt2 cos 21 Ar]
= 5 . (E3)

To calculate the FID decay of the ensemble, we have to
strong-field .
average P (r) on P(oB,,):

oo
s-sti -field
p;Illst onee (‘E) = / pFID (‘C’ O’Bdcc,z)P(O-Bdcc,z)dO-Bdcc.z
0

o0
:/ pFID(t’ GBdcc,z)P(GBdcc,z)dUBdcc,z
0

2
cos(2m AT)] 0, e

A~ 22,2 2
o [1 —e 2 g"HBUBdcc,:T
0 2

[1 —cos(2m A7) f;°

o 2T T

/2 _ 2 2
R —e aBdec.z-ens /zaBdec.z dO‘Bd B
O’g T ec,z
dec,z

2 2

OB —o0, 20,

M 2 o %Bgec zeens’ boee.s  op ]
T dec,z

Bdec

. [1 —cos(Qm AT)I]
= 5 .

The integral I in the previous equation is

00
] — / —2712g2;4§a§d 72 OBjec z.ens
- 2

GBdcc,:

/ l O-Bdm z-ens ( 27ng2pLBaEd 72—
GBdec

— zrrg"ﬂBo-Bdu z cnsf .

(E4)

[2 _,2 2
—e GRdec,zfens /Zaﬂdec,: dO’B
T dec,z

2 2
aBdec.z-ens /zaBdec.z )dO—Bd
lec

(E5)
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The detailed derivation of the integral is given in the Supplemental Material [44] (see also Ref. [65] therein). From Eqs. (E4)
and (ES), the FID decay of the ensemble results:

T
_ B ——
ens-stong-fied 1y _ [1 — e &M% uccen™ coS(2 AT)) B [1— e Femsoneion cos(2m AT)]

FID ) ) (E6)

with

1
* —_—
TZ,ens,strong—ﬁeld - 27TgeMBUB . (E7)
dec,z-ens

From the previous equations, it is clear that the ensemble-averaged FID decay is a simple exponential, p = 1.

If we now consider the dressed states scenario, and we neglect the effect due to fourth-order fluctuations, (§¢>) depends only
on andec,x’ :

If we consider oyy, , as mainly related to temporal fluctuations, we can consider that it does not vary over the NV’s ensemble,
formally P(op dm/) =é(on,, ., —on dccyx,ﬁm), involving a Dirac § function.

Integrating ppp(t) over the distribution P(Uﬂdec,y/ ), the ensemble-averaged decay results:

~diof T —(———)?
ensdressed« [1— e Y™ cos(2m AT)S (oM., — Oy v )dom,, ] B [1 —e Temaesa” cos(2mAT)]
PFID (1) = ) = ) . (E8)

The ensemble-averaged decay is a stretched exponential (p = 2) with

1
* j—
T2,ens—dressed - d o . (E9)
1 ndec.x’-ens

If we now consider the partially dressed states scenario, (§¢?) depends only both on o71.4ec,y and o, .. If we use P(o3,,. ) and
P(on,, ) defined before, the ensemble-averaged decay takes the form

[—cos(y)@upon,,, . —sin(y)diod —1z?
ens-part-dressed [1 - fe § e ey COS(27TAT)P(O—Bdec.Z)P(O-HdeC,)J)dandec,}./dGBdec.Z]
FID (r)= >

[1 —cos@rAT) [e COS(Y)geME TR, T P(op,..)do,,.. [ e_Si"(y)di“ﬁdec,yT2P(andm‘,,)dondec‘y,]

2

z

—cos(y) ——— —sin(y)(=—"—)*
[1 —e TZ.ens.slmng-ﬁeld e TZ,cnS—drc»Cd COS(Z]‘[ A‘C )]
= 7 . (E10)

The ensemble-averaged decay is a product of a simple exponential with a stretched exponential. The relative weight of the two
exponentials is set by y with tan(y) = %. The details of calculations of Eq. (E10) can be found in Supplemental Material [44].

Summarizing, in the absence of field grhdients, at B, = 0, the decay will be close to a stretched exponential with p = 2; for
high axial field B,, the decay will be close to a simple exponential; for intermediate values of B, the decay is a product of a
simple exponential and a stretched exponential.

2. A varies over the ensemble

Let us start neglecting the decoherence for the single NV. In this case, (§¢?) = 0 for every NV center in the ensemble, i.e.,
P((8¢%)) = 8({8¢?)). Instead, we consider that the static field B and ﬁ( varies over the ensemble, following distributions fg(B)
and fr(IT). This will induce a distribution on the resonant frequencies v_ g, B> Which is computed from the differences in the
eigenergies [see Eq. (B7)] and, consequently, a distribution fA(A) in the detunings A = vmw — v_ 5,

The ensemble-averaged decay takes the form

piasgrdientsfipy — 1 — / cos(R AT) fa(A)d A

=1— 1/2(/ leriA‘[fA(A)dA + /. e—27TiAth(A)dA)
=1—1/2[fa(t) + fa(®)"]. (E11)
The ensemble-averaged decay involves the Fourier transform fa(1) of the distribution of detuning fa(A).
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If we now consider that the single NV is subject to dechoerence in the strong-axial-field scenario, from Eq. (E6), we have

[1-f P cie— cos2m AT) fa(A)dA]
2
L= Besemia [ f(0) + fa(0)]] E12)

- ’

4
where we use the fact that Qfens,stmng_ﬁeld #* Tzfens,strong-ﬁeld(A)- The ensemble-averaged decay involves the product of the pure

exponential with p = 1 and the Fourier transform f, () of the distribution of detuning fa (A).
If we now consider the dressed-state scenario, from Eq. (ES), we have

ens-gradient-dressed _
FID (r) =

_ T 2
[1 = [e Bomans’ cos(2rAT)fa(A)dA]
2

_(m)z ~ ~ %
C[i-e'® [fa(0) + fa(0)]] (E13)

- s

4
where we use the fact that 75 qeced 7 Do rens.dressed (). The ensemble-averaged decay involves the product of the stretched

exponential with p=2 and the Fourier transform f(7) of the distribution of detuning f(A).
If we now consider the partially dressed-states scenario, from Eq. (E10), we have

ens-gradient-dressed _
FID ()=

—cos(y) ——— —sin(y)(zz—"—")"
ensfgradientfpanfdressed [1 — f e Izvcns,slmng—[lcld e TZ,ens,dressed COS(27‘[ AT )fA(A)d A]
FID (r) =
2
—cos(y) ————— —sin(y)(m——)* ~ ~ ¥
1—e 2,ensstrong-field @ T3 ens dressed [fA(T) + fA(T) ]
L ] . (E14)

4

The ensemble-averaged decay involves the product of the simple exponential, the stretched exponential with p = 2, and the
Fourier transform fA~(7,') of the distribution of detuning fa(A).

In summary, gradients in the static field change the time dependence of the decay. In particular, for a strong-axial-field
scenario, it is no longer a simple exponential, and for a dressed-state scenario, it is no longer a stretched exponential with p = 2.

(

APPENDIX F: FREE INDUCTION DECAY The shorter 7,* indicates the high-field character of the
MEASUREMENTS FOR STRONG-AXIAL-FIELD STATES state (the complete list of 7,* values can be found in Table I
In Fig. 5, FID measurements recorded for the NV, family in the main text). The FID data were recorded by tuning
. the MW frequency in resonance with the central hyperfine
are reported (see Fig. 6). The B component can be calculated . . .
R . peak, therefore, only a single detuning (v = 2.16 MHz) is

from the full range CW-ODMR spectrum in Fig. 6 yielding - . . . . .
B ~3mT visible in the graph. As described in the previous section,

=~ :

1.004 1.02
Ramsey n/2 - n/2 1
+ Sum 1.01
i - - - Strong axial field (I, = 0)
1.002 1% e
G . - - - Strong axial field (I, = + 1)
| -
R
> | Fy
=1.000 4 @
e c
[0) Q
s -+
S S ]
0.998 -
: o 0.97 4 NV; -
1 ¢
0.96 s
0.996 ] NV,
0.95+
*
T3 hyperfine=0.66+ 0.09 ps
0994 T T T T T 094 T T T T T T
0 1 2 3 4 5 2750 2800 2850 2900 2950 3000
Precession Time (us) Frequency (MHz)
FIG. 5. FID relaxation for a microwave on resonance with the FIG. 6. CW-ODMR spectrum with identification of the crystal-
central peak of a hyperfine family at high fields. lographic orientation.
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strong-axial-field states couple with the spin bath and fluctua-
tions of external magnetic fields, leading to shorter coherence

times with respect to dressed states, where the largest sources
of decoherence are electric fields and strain fluctuations.
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