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We investigate the photoinduced spin dynamics of single nitrogen-vacancy (N-V) centers in diamond
near the electronic ground-state level anticrossing (GSLAC), which occurs at an axial magnetic field
around 1024 G. Using optically detected magnetic resonance spectroscopy, we first find that the electron-
spin transition frequency can be tuned down to 100 kHz for the '#N-V center, while, for the "’N-V center,
the transition strength vanishes for frequencies below about 2 MHz owing to the GSLAC structure. Using
optical pulses to prepare and read out the spin state, we observe coherent spin oscillations at 1024 G for the
14N-V center which originate from spin mixing induced by residual transverse magnetic fields. This effect
is responsible for limiting the smallest observable transition frequency, which can span 2 orders of
magnitude ranging from 100 kHz to tens of megahertz, depending on the local magnetic noise. A similar
feature is observed for the '>N-V center at 1024 G. As an application of these findings, we demonstrate
all-optical detection and spectroscopy of externally generated fluctuating magnetic fields at frequencies
ranging from 8 MHz down to 500 kHz using a '#N-V center. Since the Larmor frequency of most nuclear-
spin species lies within this frequency range near the GSLAC, these results pave the way towards
all-optical, nanoscale nuclear magnetic resonance spectroscopy, using longitudinal spin cross-relaxation.
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I. INTRODUCTION

Detection and identification of spin species using estab-
lished techniques such as magnetic resonance spectroscopy
proves to have a host of applications in materials science,
chemistry, and biology. However, these techniques are
limited in sensitivity and thus require macroscopic ensem-
bles of spins in order to produce a measurable signal [1].
A variety of techniques have been developed over the
last decade to extend magnetic resonance spectroscopy
to the nanometer scale [2-6]. Notably, methods based on
the nitrogen-vacancy (N-V) center in diamond [7] have
attracted enormous interest owing to their ability to operate
under conditions compatible with biological samples [6,8].
While significant progress has been made with N-V-based
sensing in the last few years [5], spectroscopy at the single
nuclear spin level remains a major challenge [9-11].

The detection of external spins with the N-V center
is generally achieved through measuring the longitudinal-
spin-relaxation rate (7; processes) [12—16] or the trans-
verse-spin-relaxation rate (dephasing, or T, processes)
[15,17-19] of the N-V center’s electron spin, as they are
sensitive to the magnetic field fluctuations produced by the
target spins [20-22]. To obtain spectral information on the
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target spins, most studies to date have focused on using
T,-based techniques, which have been applied to the
spectroscopy of small ensembles of either electronic
[23-26] or nuclear spins [9,11,27-29]. However, spectro-
scopic information can also be obtained from 7' processes,
via cross-relaxation between a probe spin (the N-V center’s
electron spin) and the target spins [30-36]. The T';-based
approach to quantitative spectroscopy introduced in
Ref. [35] allows for nanoscale, all-optical, wideband
magnetic resonance spectroscopy [36]. As such, it repre-
sents a promising alternative to T,-based approaches, as the
latter require radio-frequency (rf) driving of the probe and/
or the target, which poses various technical challenges in
addition to limiting the accessible frequency range.

In cross-relaxation spectroscopy, the 7'y of the N-V spin is
monitored while we vary the strength of an applied axial
magnetic field, B, [Fig. 1(a)]. When the transitional energy
between two of the N-V eigenstates (generally |0,) and
| —1,), where the number refers to the electron spin
projection m,) is equal to that of a target spin [Fig. 1(b)],
cross-relaxation occurs, which results in an increase in the
relaxation rate, 1/7, of the N-V center [35,36]. This
increase can be measured by purely optical means, even
for a single N-V center [13—16]. By scanning across a range
of magnetic field strengths, a resonance spectrum of the
target spins can be obtained, which can be deconvolved to
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FIG. 1. (a) Schematic view of the system under study. The N-V

center in diamond comprises a nuclear spin and an electron spin,
which can be initialized and read out optically using a confocal
microscope equipped with an avalanche photodiode (APD); it is
surrounded by target spins located within the diamond or external
to it. A magnetic field of strength B, is applied along the N-V—
quantization axis. (b) Schematic diagram showing the transition
frequencies of the N-V electron spin (the black lines) and of a
target nuclear spin (the orange line) as B, is varied, with the
resonance points shown as dots. The spin states are labeled by
their spin projection, |m, = 0, £1) for the N-V electron, |m, =
1, 1) for the target spin. (c),(d) Calculated hyperfine structure for
the (¢) "N-V and (d) '>N-V centers, plotted near the GSLAC
where the two branches m, = 0 and m, = —1 cross. The different
states are labeled as |m,,m,), where m, (m,) is the electronic-
(nuclear-) spin projection of the unperturbed states (away from
the GSLAC). Owing to hyperfine interaction, some of the energy
levels exhibit an avoided crossing at the GSLAC.

produce the target spin spectrum [35]. This technique was
recently used to measure electronic-spin-resonance spectra
of P1 centers within the diamond at magnetic fields of
460-560 G, corresponding to transition frequencies of
1300-1600 MHz [35,36]. In order to detect nuclear
magnetic resonances (NMRs), the N-V transition frequency
must be matched to the Larmor frequency of the target
nuclear spins [Fig. 1(b)], which is generally on the order
of a few megahertz. This matching occurs when the states
|0.) and | — 1,) approach degeneracy, at a magnetic field
B, =~ 1024 G. However, in this region, the N-V center
experiences a complex ground-state level anticrossing
(GSLAC) [Figs. I(c) and 1(d)] [37] due to a hyperfine
interaction of the N-V electron spin with its own nuclear spin
(spin-1 '*N or spin-} °N; stable spin-free isotopes of

nitrogen do not exist), which also has a coupling strength
of several megahertz. The hyperfine interaction causes
spin mixing, which may prevent the N-V electron spin
from being initialized and readout [38]. Therefore, a
detailed understanding of the spin dynamics at the
GSLAC is required to assess the potential for performing
T,-based spectroscopy of nuclear spins, as was initially
explored in Ref. [36]. While the GSLAC of the N-V
center was previously studied and exploited in various
works [37-44], there is little knowledge about how T,
varies and how the spin dynamics (including optical
initialization) behaves at transition frequencies relevant to
T, NMR, close to the GSLAC.

In this paper, we investigate the spin dynamics at the
GSLAC for both '*N-V and '>N-V spin systems in various
diamond samples. We begin by looking at the computed
energy spectra of both spin systems and compare them to
optically detected magnetic resonance (ODMR) measure-
ments at their respective GSLACs. The short-time spin
dynamics of the '#N-V spin at the GSLAC are probed using
optical pulses, revealing a feature at B, ~ 1024 G which
manifests itself in either coherent spin oscillations or in a
simple polarization drop, depending on the sample. This
feature is explained by spin mixing induced by residual
transverse magnetic fields. The 'N-V center shows a
similar feature at B, ~ 1024 G. Apart from these narrow
features, we find that the spin polarization and the 7'; time
remain essentially constant across the GSLAC, implying
that the N-V center can be used to detect magnetic signals at
low frequencies via 7'; measurements. Finally, we demon-
strate one such application by performing all-optical
spectroscopy of fluctuating magnetic fields generated at
known frequencies, mimicking those of nuclear spins. This
demonstration suggests that it is possible to perform NMR
spectroscopy via longitudinal cross-relaxation near the
GSLAC.

II. ENERGY LEVELS OF THE N-V
CENTER AT THE GSLAC

The N-V spin system consists of a nitrogen atom
adjacent to a vacancy in the carbon lattice of diamond.
It comprises a pair of electrons (forming a spin-1 particle)
and a nuclear spin, which is a spin-1 particle for '*N-V and
a spin-} particle for '’'N-V [Fig. 1(a)]. Owing to spin-spin
interaction, the electronic spin states | & 1,) are split from
|0.) by D/27z ~2.87 GHz. The degeneracy of the | +1,)
doublet can be lifted by the application of an external
magnetic field along the N-V center’s symmetry axis,
defined as the z axis [Fig. 1(b)]. The |—1,) and |0,)
states cross at a field around B, = D/y, ~ 1024 G (where
7. 1s the electron gyromagnetic ratio). However, hyperfine
interaction with the nitrogen nuclear spin causes an avoided
crossing, the GSLAC [the dashed box in Fig. 1(b)], which
is the main focus of this paper.
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The energy spectrum of the N-V electronic ground state
near the GSLAC can be found by solving for the eigen-
values of the spin Hamiltonian. The relevant Hamiltonians
for the "“N-V and 'N-V cases, expressed in units of
angular frequencies, are

H("“N-V) = DS? +y,B.S, —y,B.1, + QI
+AyS L +AL(S I, + S,1,), (1)

H("N-V) = DS? +y.B.S. —y,B.I.
FALSLL A A(S T+ S0, (2)

where S = (S,, Sy, S.) is the electron spin operator, I is
the nuclear spin operator, and y, is the nuclear gyromag-
netic ratio. The magnetic field is aligned along the N-V
axis, with strength B,. The primed symbols refer to the
SN-V case. The longitudinal and transverse hyperfine
parameters are denoted as A” and A, whose values are
Ay/2r = -2.14 MHz and A, /27 = -2.7 MHz for the
“N-V center, and A|/2z =3.03 MHz and A’ /27 =

3.65 MHz for the N-V center [45]. In addition, the
“N-V center has a quadrupole coupling with the strength
Q/2rn = =5.01 MHz [45].

The energy spectrum is obtained by evaluating the
eigenvalues of the Hamiltonian at different axial field
strengths B, and is shown in Fig. 1(c) for the *N-V center
and Fig. 1(d) for the '>'N-V center. The manifold associated
with the spin projection | + 1,) is not shown, as it lies about
6 GHz above the manifold spanned by |0,) and | — 1,) and
does not contribute to the effects discussed in this paper. We
thus consider only the six lower-energy states for the '4N-V
center, and the four lower states for the >N-V center. Away
from the GSLAC, the eigenstates have well-defined spin
projections along the z axis. In the electron- and nuclear-
spin space, we denote states as |m,, m,), where m, (m,) is
the electronic- (nuclear-) spin projection along the z axis.
The hyperfine coupling between the N-V nuclear and
electron spins results in a splitting of the nuclear-spin
states for each electronic spin state due to the longitudinal
component A. Near the GSLAC, the perpendicular com-
ponent of the hyperfine (A ) induces a mixing of some of
the z-basis states. This effect is noticeable when the
quantization energy between said states becomes of the
order A . In the case of the 14NV center, the states |0, +1)
and |-1,—1) do not mix, as they have no hyperfine
coupling to any other state (due to their respective total
spin projection being unique in this energy range [46]) and,
as such, they remain eigenstates. The rest of the N-V states
are mixed: that is, the eigenstates are superpositions of
z-basis states, creating an avoided crossing. The '>N-V spin
also exhibits mixing at the GSLAC. For example, the
0,—1/2) and |—1,+1/2) states become mixed, while the
|0,41/2) and |—1,—1/2) states remain eigenstates.

III. OPTICALLY DETECTED MAGNETIC
RESONANCE AT THE GSLAC

Experimentally, one can probe the N-V energy spectrum
using ODMR spectroscopy [47]. The spectrum is achieved
by measuring the photoluminescence (PL) intensity of the
N-V center while varying the frequency of an applied rf field,
using a purpose-built confocal microscope with green-laser
excitation [Fig. 1(a)]. The laser serves both to initialize the
N-V in the electronic spin state |0,) and to read out the spin
state following a rf pulse, exploiting the fact that | + 1,) spin
states emit less PL, on average, than |0,) states [48]. Thus,
ODMR allows us to probe the electron spin transitions
|0,) = |£1,). We record ODMR spectra for magnetic
fields that vary, from 1018 to 1032 G, for single '*N-V and
ISN-V centers in a high-purity diamond grown by chemical
vapor deposition (CVD). The magnetic field is aligned with
the N-V quantization axis to < 0.1° by relying on the angle-
dependent PL intensity [38,49] (see the experimental setup
and related details in Ref. [36]).

The results of the ODMR scans are shown in Fig. 2,
where the top (bottom) panels show the [0,) — |+ 1,)
(|0,) = | = 1,)) transitions. The left (right) panels corre-
spond to a "*N-V (1°N-V) center. Comparing our results
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FIG. 2. ODMR spectra of (left panels) a *N-V and (right
panels) a I5SN-V center, measured as a function of the axial-
magnetic field strength near the GSLAC. The top panels show the
electron spin transitions |0,) — | 4 1,), while the bottom panels
show |0,) — | — 1,). Overlaid on the graph are the theoretical
frequencies of all allowed or partly allowed (via spin mixing)
transitions. However, dynamic nuclear-spin polarization makes
some of the transitions dominant (shown as solid lines), with the
other transitions having comparatively small or vanishing con-
trast (the dashed lines).
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with the theoretical expectations for the allowed transitions
(shown as black lines), it can be seen that only a limited
number of expected transitions are observed experimen-
tally. This result occurs because the nuclear spin is
efficiently polarized under optical pumping near the
GSLAC, owing to hyperfine-induced spin mixing. This
dynamic nuclear polarization effect has been well docu-
mented for “N-V and 'SN-V centers at the excited-state
level anticrossing (ESLAC) [50,51], and the effect has been
observed for a strongly coupled '*C spin at the GSLAC
[42]. It originates from polarization transfer from the N-V
electron spin (| — 1,) — |0, ) due to optical pumping) to the
nuclear spin (|m,) — |m, + 1)) under near-resonant con-
ditions. Using the relative strengths of the |0,) — | + 1,)
ODMR transitions (the top panels in Fig. 2), we find that
the nuclear spin is polarized to > 90% into | + 1,,) for this
“N-V center across the whole range of fields scanned here.
For the '’N-V center investigated in Fig. 2, the nuclear spin
is polarized to > 90% in |+1/2,) up to B, ~ 1026 G, but it
becomes completely unpolarized above B, ~ 1028 G.

We now discuss the ODMR spectrum of the |0,) —
| — 1,) transitions (the bottom panels in Fig. 2). For the
“N-V center, the spin is efficiently polarized in the state
0,+1), which remains an eigenstate at all fields. Away
from the GSLAC, the only transition allowed is to the state
with the same nuclear-spin projection, |—1, +1). However,
near the GSLAC, the state |—1,+1) becomes mixed with
|0,0), which creates two eigenstates of the forms |+) =
al-1,+1) + $]0,0) and |-) = p|-1,+1) — a|0,0), where
(|a|?, |B|?) continuously changes from (1,0) to (0,1) upon
passing the GSLAC [38,42]. This mixing results in
an avoided crossing feature centered at B, ~ 1022 G,
around the transition frequency @w ~5 MHz which corre-
sponds to the quadrupole coupling Q. Conversely, there
is little mixing at the allowed crossing at B, ~ 1024 G,
which means that the dominant transition here is
0,+1) - |-1,+1). We observe clear ODMR signatures
with resonance frequencies down to 100 kHz in this
sample. This observation implies that the N-V spin could
be resonantly coupled to most nuclear-spin species, which
have Larmor frequencies ranging typically from 500 kHz to
5 MHz at this magnetic field. However, the minimum
observable transition frequency is found to be highly
sample dependent, as is discussed in Sec. IV.

On the other hand, the 'N-V center exhibits a very
different spectrum near the GSLAC (Fig. 2, right-hand
panels). Under optical pumping, it is efficiently polarized
in the state |0,+1/2), which remains an eigenstate at
all fields. The states it can transit to under rf driving
are superpositions of the forms |+)=a|-1,+1/2) +
p10,=1/2) and |-) = p|-1,+1/2) —a|0,—1/2), where
the avoided crossing is centered approximately around
the initial state |0, +1/2) [see Fig. 1(d)]. As a result, the
ODMR plot shows two transitions that bend upon
approaching vanishing frequencies. They cross at a field

B.~1024 G and a transition frequency ' /27~
2.65(2) MHz, as determined from Fig. 2. This crossing
frequency can be analytically derived from diagonalizing
the Hamiltonian (2) and equating the two relevant spin
transition frequencies [52], which yields

A/2 / 2 AN 2
w;:¢7$+<y y_"y,) (D—7"> . (3)

Incidentally, this equation allows the perpendicular com-
ponent of the hyperfine interaction (A’)) to be measured
directly on a single 'SN-V center, which gives here
A [2r =3.69(3) MHz, in excellent agreement with the
ensemble-averaged value of 3.65(3) MHz reported in
Ref. [45]. The peculiar GSLAC structure of the 'N-V
center has important consequences for sensing.
Specifically, the contrast of the transitions decreases
rapidly for frequencies below ', as they become for-
bidden. As a result, the '>N-V center is not suited for
detecting resonances below about 2 MHz under typical
conditions. Most nuclear-spin species have transitions
within this range, with an exception being hydrogen
(*H), which has a Larmor frequency of about 4.4 MHz
at this field and could, in principle, be detected via cross-
relaxation with a '>N-V center.

IV. PHOTOINDUCED SPIN DYNAMICS
AT THE GSLAC

We now investigate the spin population dynamics near
the GSLAC. Our aim is to assess the possibility of
measuring the longitudinal-spin-relaxation time (7'), as
required in order to perform cross-relaxation spectroscopy
and detect nearby nuclear spins [36]. The 7, time is
typically measured by using laser pulses to initialize the
N-V center into |0,), and to read out the remaining
population of |0,) after a variable delay ¢ [Fig. 3(a)]. In
practice, the PL signal is integrated at the start of the
readout pulse (/) and normalized by the PL from the back
of the pulse (,). The normalized signal I;/I, can be
expressed as [48]

5 (1) = at bPo(o). @)

r

where Py(t) = |(0,|y(t)}|? is the population in |0,) of the
current spin state |w(z)), and a~1 and b~0.3 are
constants. The resulting time trace (I,/I,)(t), therefore,
allows us to estimate the initial population Py(0), which
approaches unity under normal conditions [48], as well as
the evolution of the spin state under free evolution (in the
dark). In general (away from the GSLAC or the ESLAC),
the spin population exhibits a simple exponential decay
towards a thermal mixture; ie., Py(f) = %—I— %e"/Tl,
assuming perfect initialization [see an example in
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FIG. 3. (a) Depiction of the laser-pulse sequence used to
measure the spontaneous spin dynamics, containing an initial-
ization pulse and a readout pulse after a wait time ¢. (b) Time trace
measured for a single '*N-V center at a field B, = 1000 G. Here,
a decay with a characteristic time 7| =% 5 ms, associated with
phonon relaxation, is observed. (c) Set of PL scans as a function
B, for various evolution times ¢, under a small residual transverse
field B,, showing a narrow feature at B, ~ 1024 G. The
evolution times ¢ = 2 us (gray), 10 us (light blue), and 1 ms
(purple) are indicated as dashed lines in (b), with exaggerated
positions for ease of viewing. (d) Time traces recorded at
B,~ 1024 G. The top curve is measured with a detuning
0B, = 0.2 G, showing no variation in the range t = 0-15 us.
The other curves are recorded with no detuning, but with a
transverse magnetic field B, increasing from about O to approx-
imately 0.5 G (top down). The curves are vertically offset from
each other for clarity. (Inset) Averaged time traces (Py(?))
computed from Eq. (6) where 6B, and B, are normally
distributed, with mean values (6B.) =0 and (B,) =0 G (the
orange curve) or 0.2 G (the green curve) and variances o =

3 /4033. The dashed blue line is the
approximate envelope e~/"), with T, = (y,05 )" = 5 ps.

1.3 uT and op =

Fig. 3(b)]. In the following, we measure (I,/I,)(t) for
different evolution times ¢ as a function of the axial
magnetic field B,.

A. 1N-V centers

We first perform measurements of '*N-V centers in an
ultrahigh-purity CVD-grown diamond with isotopically

purified carbon content (['?C] > 99.99%). In this sample,
the main source of magnetic noise comes from the bath of
the remaining '*C impurities [53]. A scan across the
GSLAC for a representative '“N-V center is shown in
Fig. 3(c), where we probe three time points: f =2 us,
10 pus, and 10 ms. When the N-V is far from the GSLAC
crossing, an exponential decay is observed, as shown in the
full time trace in Fig. 3(b). This decay corresponds to
phonon-induced relaxation, with a characteristic time
T, =5 ms [32]. At the crossing at B, ~ 1024 G, however,
a sharp variation in signal is observed [Fig. 3(c)]. Here, the
N-V spin undergoes population oscillations, as indicated by
the drop of the 2-us time point below the 10-ms point.

To wunderstand this oscillation, we express the
Hamiltonian (1) in the basis that contains the states
that cross, {|0,+1),|—1,+1)}. In a magnetic field
B= (Bx,By,Bz), the reduced Hamiltonian, Hy, can be
written as

e—iﬂ
yeBL\/g> (5)

( 0
Hg = i0
7eB 1 % Ve 6B z

where we introduce the axial detuning from the crossing,
Ye6B, =D —y,B, — A, the transverse magnetic field,

B, = /B?+ B2, and the angle 0 defined by tan =

B,/B,. The transverse field causes a mixing between
0,+1) and | — 1, +1) and opens an energy gap associated
with a level avoided crossing. Assuming that optical
pumping always initializes the N-V in the |0,+1) state
—and reads out the population in that same state—we then
expect oscillations between |0, +1) and |—1,+1) that are
mirrored in the PL. when in the presence of a transverse
magnetic field. Under these conditions, the probability of
occupying the state |0,+1) after an evolution time ¢
following initialization is given by

B2+ B[l + cos (y,1/6BZ + 2BY)] (6)

8B +2B% '

Py(1)

The amplitude of the oscillation vanishes when the detun-
ing is much larger than the transverse field (6B, > B ),
far from the avoided crossing region. This regime is
illustrated in Fig. 3(d) (the top curve), which is recorded
with a detuning 6B,~02G> B,. On the other
hand, near the avoided crossing where the amplitude is
maximal, the frequency of the oscillation is expected to
increase as B | is increased. This effect is tested through a
series of measurements with varying transverse fields. The
experiment involves using a permanent magnet to align the
field at the 1024-G crossing so that no oscillations are
detected. The permanent magnet is then moved in the
transverse direction (x or y) to add a transverse field. The
results are shown in Fig. 3(d), where B is increased from
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the top down, resulting in faster oscillations. Although it is
not possible to precisely calibrate the values of B |, a rough
estimate can be obtained by comparing the measured PL
drop as a function of B, to the data from Ref. [38]. One
finds that the largest B applied in Fig. 3(d) (the bottom
curve) corresponds to B ~ 0.5 G, and hence an oscillation
frequency of approximately 2.8 MHz, according to Eq. (6).
This result is in qualitative agreement with the measured
frequency of approximately 1.6 MHz.

Damping of the oscillations is attributed to noise in the
local magnetic field. In this sample, the noise comes
predominantly from the bath of '3C impurities.
Examination of this interaction via the rotating-wave
approximation shows that only the x-z, y-z, and z-z
components of the dipole-dipole coupling to the N-V spin
need be considered [54]. As such, the effective magnetic
noise from the environment may be regarded as static over
the short times, ¢, considered here. We assume that the field
components 6B, and B, are normally distributed with

mean values (6B;) and (B, ) and variances o and o3 ,

respectively. Averaging Eq. (6) over these distributions, we
find numerically that the decay envelope of (P (1)) is well
approximated by a Gaussian function e~("/ )’ where the
characteristic time 7', is given by 73! = y,0p , regardless
of the means (5B,) and (B ) [see the inset in Fig. 3(d)]. In
other words, the damping of the 1024-G oscillations is
mainly caused by the fluctuations in the transverse mag-
netic field. It is interesting to link this damping time 7', to
the dephasing time 7% measured in a free-induction-decay
(FID) experiment [54,55]. Under the same assumptions, the
FID envelope takes the form e~(/72°, where (T%)™' =
Ye0B./ V2. Moreover, a bath of randomly placed spins

3 2
10p.» Onaverage [54],

around the N-V center leads to o-%;L Ry

which gives the relation

2
T, ~Tj \/3 (7)

For the N-V center studied in Fig. 3, the damping time of
the 1024-G oscillations is 7, = 5-10 us, estimated from
VAT~ 6-12 ps.
This time span is significantly shorter than the dephasing
time 775 > 50 us. We attribute the discrepancy mainly to
drifts in the magnetic field applied during the measure-
ments, which leads to our overestimating the damping
rate 1/T,.

We now consider the case where the magnetic field is
aligned along the N-V axis, i.e., (B, ) = 0. At the crossing
when 6B, = 0, the averaged population (Py()) does not
oscillate, but still decays with a characteristic time 7', [see
the inset in Fig. 3(d)]. However, the amplitude of the decay
decreases as 0B, is increased. We define the width of the
1024-G feature, denoted ABY, as twice the detuning 0B, to

the curves shown in Fig. 3(d); hence,

apply to obtain a maximum population drop of 20%. We
find numerically that AB ~ 4oy , which can also be
expressed as a function of 775 according to

4
ABY ~—~ . 8
78 Z T'>< T; ( )

For the N-V center studied here, we predict a width
AB} < 1 uT for a perfectly aligned background field. We
note, however, that, in the measurements of Fig. 3(c), the
width is instead given by the residual transverse field
[B, = 0.3 G in Fig. 3(c)], which could not be maintained
to significantly smaller values for extended periods of time
due to drifts in the applied magnetic field.

The observation of coherent oscillations at the GSLAC
suggests a direct application to dc magnetometry. Indeed,
the frequency of the oscillation is directly proportional to
the strength of the transverse field, according to Eq. (6),
assuming that 0B, < B, . For photon-shot-noise-limited
measurements, the magnetic sensitivity is similar to that
obtained by FID measurements [53], with the advantage of
being an all-optical technique (as no microwave or 1f field
is required).

We now compare the spin dynamics of '#N-V centers at
the GSLAC in different diamond samples. Of particular
relevance to sensing applications are N-V centers implanted
close to the diamond surface. We perform measurements of
shallow N-V centers in a CVD-grown diamond with natural
isotopic concentration (['*C] = 1.1%). The N-V centers are
created by implantation of N* ions with an energy of
3.5 keV, followed by annealing, resulting in N-V centers at
a mean depth of 10 nm [56]. Figure 4(a) shows a scan
across the GSLAC for a particular “N-V center. A
reduction in the PL is observed at a field B, =~ 1024 G,
corresponding to the crossing discussed before. However,
full time traces [shown in Fig. 4(b)] now reveal a simple
offset of the PL at the crossing, with no obvious oscillatory
behavior. This behavior can be understood by the large
magnetic noise originating from the surface, which results
in a decay time 7', shorter than the minimum probe time of
t = 1 us (limited by the lifetime of the singlet state [48]).
The width of the feature in Fig. 4(a) is approximately 1 G
(or approximately 3 MHz). By measuring various shallow
N-V centers in the same sample, we find a range of widths
of the 1024-G feature of 1 to 3 G (or 3 to 9 MHz). This
variability is attributed to different local environments,
especially because each N-V center sits at a different
distance from the surface. For applications to the 7';-based
NMR spectroscopy proposed in Ref. [36], this result
implies that nuclear-spin species with large gyromagnetic
ratios such as 'H (Larmor frequency of approximately
4.4 MHz at 1024 G) can be resonantly coupled to a shallow
“N-V center such as that measured in Fig. 4(a). However,
species with smaller gyromagnetic ratios such as *C (a
Larmor frequency of approximately 1.1 MHz) are generally
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FIG. 4. (a) PL scan across the GSLAC for a shallow '“N-V
center in a CVD diamond, with evolution times t = 2 us, 10 us,
and 1 ms. Here, no oscillation is detected, but an overall decrease
in spin population is observed at B, ~ 1024 G. (b) Time traces
recorded at the crossing feature (B, ~ 1024 G, the blue dots) and
away from it (B, ~ 1020 G, the gray dots). (c) PL scans across the
GSLAC recorded with "*N-V centers in various diamond sam-
ples. (i) Deep N-V center in isotopically purified CVD diamond,
as in Fig. 3. (ii) Deep N-V center in natural-isotopic-content CVD
diamond. (iii) Shallow N-V center in CVD diamond as in (a) and
(b). (iv) Deep N-V center in type-Ib diamond. The curves are
vertically offset from each other for clarity.

within the width of the crossing feature in the present
sample, and could therefore hardly be detected via cross-
relaxation. This realization motivates further progress in
optimizing the coherence properties of shallow N-V spins,
or devising ways to mitigate the effect of dephasing in T
measurements.

Finally, we measure the properties of *N-V centers at
the GSLAC in two other settings: (1) deep '#N-V centers in
a CVD diamond with ['*C] = 1.1%, where decoherence is
dominated by the '3C bath rather than by surface effects,
and (ii) deep '“N-V centers in type-Ib diamond grown by
the high-pressure high-temperature method, where the
main source of decoherence is the bath of electronic spins
associated with nitrogen impurities [57]. Sample scans
across the GSLAC are shown in Fig. 4(c). Deep N-V
centers in CVD diamond show linewidths of the 1024-G
feature smaller than approximately 0.3 G for most N-V
centers (approximately 1 MHz). By contrast, linewidths in
the type-Ib diamond are of the order of 10-20 MHz, which

makes such diamonds unsuited to 7;-based NMR
spectroscopy.

B. 1N-V centers

As previously discussed, the energy structure of the
ISN-V center at the GSLAC precludes it from accessing
transition frequencies below about 2 MHz. Although this
restriction limits the range of nuclear-spin species that
could be resonantly coupled to the '>N-V center, the highly
relevant 'H remains accessible. It is, therefore, important to
test the ability to measure the T of 'SN-V centers near
the GSLAC.

As in the *N-V case, we record PL scans across the
GSLAC with different evolution times, . For this study, the
measurements are performed on shallow 'YN-V centers in a
CVD diamond only, as this sample is the most relevant one
for sensing applications. The implantation energy is
3.5 keV and the concentration of 3C is 1.1%, similar to
the diamond used in Fig. 4(a). Figure 5(a) shows a scan
obtained for a particular '"'N-V center. The spin population
remains essentially constant across the GSLAC, except at a
magnetic field B, ~ 1024 G, where a sharp change is
observed. Time traces at and away from the feature are
shown in Figs. 5(b) and 5(c). While the long time scale
reveals an exponential decay with a characteristic time
T, ~ 2 ms independent from the magnetic field [Fig. 5(b)],

1
1020 1024 1028
Magnetic field, B_(G)

(d) 8 — B :I 0.3 G' (c)
N \\iiga\\§\-~——_
: T ]
= ol=L-1/2) -
= 0 10.1/2) N
()] ~
5 \
&
s |
1022 1024 1026 ) 50 100
Magnetic field, B_(G) Time, 1 (us)
FIG. 5. (a) PL scan across the GSLAC for a shallow 'N-V

center in a CVD diamond, with evolution times # = 2 us, 10 us,
and 3 ms. A feature at B, ~ 1024 G is observed, attributed to spin
mixing induced by transverse magnetic fields. (b),(c) Time traces
recorded at the crossing feature (B, = 1024 G, the orange dots)
and away from it (B, ~ 1020 G, the blue dots). The long and
short time scales are shown in (b) and (c), respectively. (d) En-
ergy-level structure of the '’N-V center in the presence of a
transverse magnetic field B, = 0.3 G, showing an induced
avoided crossing (indicated by the arrow).
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the contrast of the decay is significantly smaller at
B, =~ 1024 G. This result is due to the initial population
being lower, as can be seen from the drop of signal at short
time scales [Fig. 5(c)]. This 1024-G feature is consistently
seen in most of the YN-V centers investigated, exhibiting a
variety of amplitudes and widths. At this field, the
dominant N-V transition has a frequency of approximately
4.3 MHz. This feature is 1 G beyond the 1023-G crossing
observed in the ODMR (see Fig. 2), when the N-V
transition frequency is @), ~ 2.65 MHz.

To understand this 1024-G feature, we consider the
energy-level structure shown in Fig. 1(d). As mentioned
previously, under optical pumping near the GSLAC, the
ISN-V center is efficiently polarized in the state |0, +1/2).
This state crosses the state | — 1, —1/2) precisely at 1024 G.
These two states cannot be coupled directly by a transverse
magnetic field because they have distinct nuclear-spin
projections. However, they are indirectly coupled to each
other via transverse-field-enabled coupling to the other two
hyperfine-mixed states, which are superpositions of
|0,—1/2) and | —1,+1/2). This situation is illustrated
in Fig. 5(d), which shows the computed energy levels as a
function of B, in the presence of a finite transverse field
(here, B, = 0.3 G). The transverse field opens a gap
between |0,+1/2) and |—1,-1/2) at 1024 G. As a
consequence, they become mixed states which can give
rise to coherent spin oscillations since optical pumping
initializes the N-V center in the |0,+41/2) state. This
situation is reminiscent of the “N-V case, where the
1024-G feature is due to an avoided crossing between
two states coupled via a transverse magnetic field. The
main difference here is that the coupling is indirect,
mediated by two intermediate states. In the presence of
magnetic noise, the coherent oscillations between the two
coupled states are expected to be averaged out and
appear as a decrease of the initial spin population, as we
observe experimentally in this sample [Fig. 5(c)]. We note
that a transverse-field-induced coupling also occurs at
B, =~ 1027 G, between [0,+1/2) and |+)=10,-1/2)
[whose crossing is visible in Fig. 1(d), where no transverse
field is included]. This coupling explains why the dynamic
nuclear-spin polarization becomes ineffective around this
field, as discussed in Sec. III (see Fig. 2).

An unfortunate consequence of the 1024-G feature of
the '>N-V center is that resonant coupling with a 'H spin
would normally occur very close to 1024 G since the
Larmor frequency of 'H is approximately 4.36 MHz at
this field. Therefore, any signature of 'N-V —'H cou-
pling would be overwhelmed by this strong intrinsic
feature. It should be noted, however, that cross-relaxation
resonances with nuclear spins should occur on both sides
of the GSLAC [36] [see Fig. 1(b)], so that 'H can still be
detected before the GSLAC, at a magnetic field
B, = 1022 G. Moreover, improving the coherence proper-
ties (i.e., reducing the noise) of shallow N-V centers

should significantly reduce the width and the amplitude
of the 1024-G feature.

V. ALL-OPTICAL MAGNETIC-NOISE
SPECTROSCOPY

By scanning the magnetic field across the GSLAC, we
show that the transition frequency of the '#N center can be
tuned down to frequencies as low as 100 kHz in diamond
samples with low intrinsic magnetic noise. This value is
approximately an order of magnitude below the transition
frequencies exhibited by nuclear species (e.g., *C) at
1024 G, thus creating the possibility for performing all-
optical NMR spectroscopy by detecting cross-relaxation
events between a probe N-V spin and target nuclear spins
[36]. When the N-V transition frequency is matched to the
nuclear Larmor frequency, the fluctuating nuclear field will
cause the N-V spin to relax faster, translating into a
decreased longitudinal relaxation time, 7.

In order to test the possibility of detecting fluctuating
magnetic fields near the GSLAC, we generate a local
magnetic field by running an oscillating current through a
wire placed in proximity to the diamond. To mimic nuclear-
spin detection, we apply signals at various frequencies:
8 MHz, 4 MHz (approximate for 'H or '°F), 1 MHz
(approximate for 13C), and 500 kHz (approximate for >H or
170). The alternating current is modulated in amplitude and
phase to ensure that the N-V center is not coherently driven
but experiences noise from a randomly fluctuating current
around a given frequency, similar to the signal from a
possible target nuclear spin. The amplitude of the current is
adjusted to obtain a root-mean-square field strength of

4 MHz

4 MHz

1Msz V v1MHZ
20%:[ 500 kHz vuv 500 kHz

1/1

]
1021 1024
Magnetic field, B_(G)

|
1027

FIG. 6. PL scans across the GSLAC recorded with an evolution
time ¢ = 10 us on the same "“N-V center as in Fig. 3. For each
scan, a magnetic noise is generated at central frequencies of
8 MHz, 4 MHz, 1 MHz, and 500 kHz, respectively (from the top
down). The root-mean-square amplitude of the applied field is
1 uT. The curves are offset from each other for clarity.
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1 uT, which corresponds approximately to the field gen-
erated by a dense organic sample of nuclear spins located at
a 5-nm standoff distance [9]. The probe time is set to
t = 10 us to maximize the PL contrast. The resulting spectra
(PL as a function of B,), measured on a deep 14N center in an
isotopically purified CVD diamond, are shown in Fig. 6.
While all frequencies are clearly detected after the GSLAC,
the 4- and 8-MHz peaks are significantly weaker before the
GSLAC. This effect is due to the N-V transitions being very
weak in the (4-8)-MHz region because of the avoided
crossing, as discussed previously (see Fig. 2). Past the
GSLAC, however, there is no issue measuring any fre-
quency, and thus NMR spectroscopy would be possible in
this region for most commonly found nuclear-spin species.
We note that the width of the resonances is governed here by
the amplitude of the applied field ( 1 uT) through power
broadening. Weaker signals produce narrower lines, down to
the limit of spectral resolution imposed by spin dephasing,
approximately 1/77% [35], which is < 20 kHz in this sample.
Reaching this limit is not possible in our experiment due to
limited precision and stability of the applied magnetic field.
This situation could be improved by using, e.g., an electro-
magnet [44].

VI. CONCLUSIONS

In this work, we investigate the photoinduced spin
dynamics of N-V centers near the GSLAC. For the
“N-V center, the spin transition frequency can be tuned
down to values as low as 100 kHz in high-purity diamond.
At the crossing (1024 G), we observe coherent spin
oscillations caused by spin mixing induced by residual
transverse magnetic fields. This spin mixing, in turn, limits
the minimum accessible transition frequency exhibited by
the environment. Measurements with shallow '*N-V cen-
ters show that frequencies compatible with nuclear-spin
signals (1-5 MHz) are within reach. For the >N-V center,
the minimum transition frequency that is practically acces-
sible is on the order of 2 MHz, governed by the avoided
crossing intrinsic to the N-V hyperfine structure. The
SN-V center also exhibits a crossing feature at 1024 G,
which is induced by transverse magnetic fields via an
indirect hyperfine-mediated process. With this detailed
understanding of the low-frequency spin dynamics around
the GSLAC, we demonstrate all-optical spectroscopy of
externally generated magnetic noise with frequencies
ranging from 8 MHz down to 500 kHz, mimicking signals
produced by precessing nuclear spins. This work thus paves
the way towards all-optical, nanoscale NMR spectroscopy
via cross-relaxation.
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