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We demonstrate an all-optical approach of nanoscale magnetic resonance (MR) spectroscopy whereby quantum
relaxation (77) of a single probe spin in diamond is monitored during a precise static magnetic field sweep to
construct a spectrum of the surrounding spin environment. The method is inherently noninvasive as it involves
no driving fields, and instead relies on the natural resonance between the quantum probe and target spins. As
a proof of concept, we measure the 7;-MR spectra across a wide band [megahertz (MHz) to gigahertz (GHz)]
of a small ensemble of '“N impurities surrounding a single probe spin, providing information on both electron
spin transitions (in the GHz range) and nuclear spin transitions (in the MHz range) of the '*N spin targets.
Analysis of the 7;-MR spectrum reveals that the electron spin transitions are probed via dipole interactions with
the probe, while the relatively weak nuclear spin resonances are dramatically enhanced by hyperfine coupling in
an electron-mediated process. With a projected sensitivity to external single-proton spins, this work establishes
T1-MR as a powerful noninvasive wide-band technique for nanoscale MR spectroscopy.
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I. INTRODUCTION

Across physical and life sciences, magnetic resonance
(MR) spectroscopy is one of the most important tools for the
characterization of samples. Electron paramagnetic resonance
(EPR) spectroscopy enables characterization of electronic
systems in materials and samples containing unpaired electron
spins, such as metal complexes and organic radicals; whereas
nuclear magnetic resonance (NMR) spectroscopy probes
nuclei with a nonzero spin, and is routinely used in chemical
analysis of macromolecules. However, conventional EPR
and NMR methods require macroscopic samples composed
of millions of spins, impeding their use in the investigation
of nanoscale materials and processes. The nitrogen-vacancy
(NV) center in diamond (see Ref. [1] for a review) has been
developed as a nanoscale magnetometer [2,3] for the detection
of static [4,5], oscillating [6], and randomly fluctuating
fields [7-9]. Recently, pathways towards nanoscale MR
spectroscopy using the NV center have been proposed and
demonstrated [10-17]. These techniques broadly fall into
two classes: measurements based on the NV dephasing
time (7,) and measurement of the NV relaxation time
(Ty). The first of these uses the NV center to sense the
oscillating field produced by sample spins nonresonantly
coupled to the NV spin. In these techniques, the dephasing
rate (1/7;) of the NV spin is monitored in response to
either an appropriate driving of the target spins using
a resonant microwave field [10-12] or by applying a
frequency-selective dynamical-decoupling sequence to the
NV probe spin in order to detect the Larmor precession
of the target spins [13—16]. In both cases, it is possible to
extract spectral information about the target environment,
with sensitivity and spectral resolution governed by the NV
center’s intrinsic dephasing rate. These dephasing-based
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techniques, however, have limitations. Pulsed magnetic
resonance techniques such as double electron electron
resonance (DEER) and electron-nuclear double resonance
(ENDOR) require the ability to magnetically drive the target
spins, which poses a challenge for spins with short lifetimes
or small gyromagnetic ratios [11]. NMR spectroscopy via
measurement of the Larmor precession field requires the
application of complex microwave pulse sequences. These
are highly susceptible to pulsing errors and contain harmonic
resonances away from the central interrogation frequency [18].
Moreover, all of these techniques have their interrogation times
limited by the probe’s 7, dephasing time. For external spin
detection, requiring high sensitivity, the reduction in 7, as NV
centers approach the diamond surface is a significant drawback
which limits the number of spins that can be detected [19,20].

In this work we pursue nanoscale MR spectroscopy
based on T; measurements and demonstrate a wide-band
approach encompassing NMR to EPR regimes. 71-MR as a
means of extracting the spectral distribution of the nanoscale
environment was developed by Hall et al. and demonstrated
in the EPR regime using an ensemble of NV probes [17].
The T;-MR technique involves measuring the longitudinal
relaxation rate (1/77) of the NV probe as a function of a
controlled static background field [21,22], causing the probe’s
rate of relaxation to increase as it is brought into resonance
with target spin transitions [17,23]. Relaxometry-based 7;-MR
has the potential to overcome a number of issues associated
with T,-based MR, by removing the need to pulse either the
probe or target spin, as well as allowing the interrogation time
to be extended from the dephasing time scale, 75, out to the
relaxation timescale, T, of the probe, which for near-surface
NV spins can be up to three orders of magnitude longer than
T, [19,20]. Here we extend this concept to a single spin
probe, demonstrate the technique’s broadband applicability,
and uncover a new mechanism for detecting NMR transitions.
Using '“N impurities within the diamond as a test system, we
show that this method allows probing of both EPR and NMR
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FIG. 1. (a) Schematic of the experimental setup with a purpose-built confocal microscope and a permanent magnet on a three-axis scanning
stage. The electronic spin of an NV center in diamond (green arrow) is used to probe environmental target spins (red and blue arrows) by
optically measuring the relaxation time 7 of the NV spin while scanning the strength B of the applied magnetic field. (b) Energy levels of the
NV spin as a function of B. The ground state level anticrossing (GSLAC) occurs at Bgspac &~ 1024 G. (c) Energy levels of two spin-1/2 spins
with different gyromagnetic ratios. These could be an electron and nuclear spin. (d) Schematic illustration of 7;-MR spectroscopy: the 77 time
of the NV spin is measured as a function of B revealing cross-relaxation resonances whenever the transition frequency of the NV spin matches
that of a target spin, as indicated by the red and blue arrows in (b) and (c). (e) Spin relaxation curve of a single NV center off resonance. The
inset shows the sequence of laser pulses, and the integration windows for the PL signal at the start (/;) and end (/,) of the readout pulse. The
solid line is a single exponential fit, indicating a characteristic decay time 7; = 4.5 &= 0.5 ms for a typical probe spin.

transitions under ambient conditions while using a single spin
probe, without requiring any microwave or radiofrequency
driving. This allows us to extract information about the target
system including hyperfine parameters, the nuclear quadrupole
coupling parameter and the nuclear gyromagnetic ratio. In
these experiments, the NMR transitions occur via a two-step
process involving hyperfine interaction and electron-electron
interaction, which dramatically enhances the signal strength.
In addition, we investigate theoretically the technique’s po-
tential to detect NMR transitions of single nuclear spins
external to the diamond. We predict that spectroscopy at the
single proton level is achievable under realistic conditions.
With the prospect of further improving the sensitivity through
materials optimization, our approach constitutes a promising
alternative to T,-based techniques towards single-molecule
NMR spectroscopy and imaging.

This article is organized as follows. We first describe the
general principle of the technique employed in this work
(Sec. II). We then present experimental results of EPR and
NMR spectroscopy of '“N impurities in diamond (Sec. III). In
Sec. IV, we extrapolate these results and consider theoretically
the detection of single nuclear spins. Further experimental
details, as well as full theoretical methods, are given in
Appendix.

II. TECHNIQUE OVERVIEW

The schematic of the experimental setup is shown in
Fig. 1(a). The probe spin is the electronic spin of an NV
center in diamond, which consists of a substitutional nitrogen
adjacent to a vacancy [1]. The experimental setup includes
a scanning confocal microscope allowing the single NV
probe to be addressed with a 532-nm laser, with emitted
red photoluminescence (PL) then measured by an avalanche
photodiode detector. A permanent magnet is attached to a
three-axis scanning stage in order to vary the direction and
strength of the applied magnetic field (see further details about
the setup in Appendix 1a).

The NV center’s electronic ground state is a spin triplet
with Hamiltonian

Hny
h

where & is Planck’s constant, iy = —28.035(3) GHz/T is
the gyromagnetic ratio of the NV electron spin [24,25], and
Dnv = 2.87 GHz is the crystal field splitting. Here S, refers to
the spin-1 operator of the probe NV spin along the NV center’s
symmetry axis, defined as the z axis. The external magnetic
field is aligned along z with a strength B. The eigenstates of
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the probe (p) spin are denoted as |m(sp) ), where m(sp) refers to

the spin projection along z. In zero magnetic field, the |0)
and | £ 1) states are split by a frequency Dyvy [Fig. 1(b)].
Due to this zero-field splitting, environmental spin species
can be brought into resonance with the NV’s ground-state
transitions via the Zeeman effect. This is achieved by applying
the appropriate static magnetic field along the NV symmetry
axis [Fig. 1(c)]. Precisely, the NV spin transition |0) — |—1)
corresponds to a frequency wnv(B) = Dnv + PnvB. The
transition frequency of a target (electronic or nuclear) spin can
be generally expressed as wi(B) = D¢ + 7B where j; is the
gyromagnetic ratio of this particular spin and Dj is its intrinsic
splitting, which may include zero-field splittings, quadrupolar
interactions, hyperfine interactions, or interactions with the
local environment such as dipole couplings or chemical shifts.
The NV-target resonance condition is

[Ny (Bres)| = |wi(Bres)l, (2)

from which one deduces the two resonant magnetic fields

Dny = D
i_‘NV t' (3)

S w7
When this condition is fulfilled (i.e., B = BZL), the NV

and target spins can exchange energy through f:fleir mutual
dipole-dipole interaction, which leads to an increased spin
relaxation rate of both systems. Thus, monitoring the spin
relaxation time 77 of the NV center whilst varying the axial
field strength B yields a 7;-MR spectrum exhibiting one or
several resonant fields By [Fig. 1(d)] corresponding to target
spin transitions [17]. For electronic spins, the resonances
are typically centered about B, ~ 500 G, corresponding to
transition frequencies wy(B;5) ~ 1-2 GHz. Owing to their
much smaller gyromagnetic ratio, nuclear spins will interact
with the NV at fields B, ~ 1000 G, close to the B = 1024 G
ground-state level anticrossing of the NV center [GSLAC,
Fig. 1(b)]. This corresponds to transition frequencies ranging
from a few MHz for an isolated nuclear spin with D, =0
(e.g., a proton 'H) up to ~100 MHz in the presence of a
hyperfine interaction with a nearby electron. By combining
this with purely optical monitoring of the NV spin relaxation
time 77 [21,26-28] [Fig. 1(e)], an all-optical, broadband,
nanoscale MR spectrometer may be realized. In Ref. [17], the
technique was demonstrated using an ensemble of NV centers
to obtain the EPR spectrum of '*N impurities in bulk diamond.
In this work, we extend the technique both to the single
NV probe regime and from EPR to low-frequency NMR

spectroscopy.

III. NANOSCALE T;-SPECTROSCOPY USING
A SINGLE NV SPIN PROBE

To demonstrate the technique experimentally at the single
NV level, we consider a target environment composed of
N substitutional donor impurities residing in the same
diamond crystal as the NV probe. These defects (usually
referred to as P1 centers), when found in their uncharged
state, comprise an electronic spin S = 1/2 associated with
an unpaired electron and a nuclear spin / = 1 associated
with the '*N nucleus [29-32]. This configuration allows us
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to investigate both electronic (EPR) and nuclear (NMR) spin
transitions, thereby demonstrating the broadband nature of the
technique. Our sample is a type-Ib diamond from Element Six
with a "N concentration specified to be < 200 ppm. The upper
limit of 200 ppm corresponds to a median distance between
an NV center and the nearest P1 center of &~ 1.7 nm. Several
individual NV centers were studied and gave consistent results.
All measurements shown in the following have been obtained
with the same NV center, at room temperature.

To measure the 7) time of the NV spin, a 3-us laser pulse
is applied to initialize the spin into |0), while a subsequent
laser pulse reads out the spin state after a variable wait time 7
[see inset in Fig. 1(e)]. This sequence is repeated many times
while the time-resolved PL is monitored. The PL intensity
immediately following the start of the pulse, the signal /;(7),
is a measure of the population in the |0) state [33], while the
PL at the end of the pulse, I.(t), serves for normalisation
purposes. The ratio I;(t)/I,(t) therefore measures the decay
out of |0) after a time 7. A typical relaxation curve is shown in
Fig. 1(e), which is well described by a single exponential decay
exp(—t/T)). Away from any resonance with environmental
spins, the characteristic decay time is typically 77 ~ 5 ms,
governed by two-phonon Orbach processes [21].

To vary the strength of the external magnetic field, the
permanent magnet is scanned along the z axis of the probe
spin. The field direction is finely aligned along the NV
center’s symmetry axis by exploiting the dependence of the
PL intensity on the transverse magnetic field [34,35]. For each
magnet position, an optically detected magnetic resonance
(ODMR) spectrum of the NV spin is first recorded in order
to determine the NV transition frequency wyy, from which
the magnetic field amplitude B is deduced. Next, the spin
population decay after a fixed time 7 is measured by repeating
the laser pulse sequence &~ 10° times, after which the magnet
is moved to the next position. Further details regarding the
acquisition procedure are given in Appendix 1b.

A. T,-EPR spectroscopy of P1 centers

In the first instance, we measure the EPR spectrum
of the P1 centers in the vicinity of a single NV center
probe, thus extending previous measurements to the single
probe domain. To this end, the magnetic field is scanned
in the range B &~ 480-540 G, corresponding to transition
frequencies wny ~ 13501530 MHz. A probe evolution time
of ) =40 us was used to monitor the NV spin relaxation
rate and detect cross-relaxation events as B is varied. This
evolution time was chosen to optimize the sensitivity given
the strength of the observed transitions. Figures 2(a) and 2(b)
show the normalized signal I;(t;)/I.(1) plotted against wnv
(bottom axis) and B (top axis). These measurements confirm
the presence of five main transitions seen in previous P1
studies [10,36,37]. These correspond to a change of the target
(t) P1 electron spin projection (m(st) = +% — —%), while the
nuclear spin projection is conserved (Am(,t) =0), and are
referred to as single-quantum transitions [Fig. 2(c)]. The
presence of five transitions is caused by two effects. First, the
hyperfine interaction induces a three-fold splitting associated
with the three possible nuclear spin projections m(,l) =0,%1.
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FIG. 2. (a) T,-EPR spectrum of P1 centers in diamond obtained by measuring the population decay of a single NV spin after a wait
time t; = 40 us. The normalized PL signal I(t;)/1.(t;) is plotted against the NV transition frequency wyy, which is obtained from the
ODMR spectrum. Also indicated is the corresponding magnetic field strength (top axis) obtained using Eq. (A7). (b) High-resolution spectra
corresponding to the regions indicated by the dotted squares in (a). In (a) and (b), solid lines are data fitting to a sum of nine Lorentzian
functions; vertical lines indicate the theoretical frequencies for each allowed transition, dotted (dashed) lines corresponding to the on-axis
(off-axis) P1 centers with colors as defined in (c). (c) Energy levels of a single P1 center. The number m(sl) (m(,l)) denotes the projection of the
electron (nuclear) spin along the quantization axis fixed by the external magnetic field. Blue arrows represent the single-quantum transitions
(|Am(sl) =1, Am(,t) = 0), while orange arrows represent the allowed double-quantum transitions (|Am(sl)| = |Am(,‘)| = 1). (d) Full 7] relaxation
curve measured off resonance (black markers, wyy = 1300 MHz) and on a P1 resonance (blue markers, wny = 1380 MHz). (Inset) Zoom-in
of the on-resonance data for short evolution times (same units as in main graph). Solid lines are data fitting to Eq. (5). Vertical dashed line

indicates the probe time t; used in (a) and (b).

Second, there exists two families of P1 centers depending on
whether the symmetry axis of the unpaired electron’s orbital is
parallel to the [111] crystallographic axis (“on-axis’), which is
also by convention the direction of the NV symmetry axis and
of the applied magnetic field, or along one of the other three
axes [111], [111], and [111] (“off-axis”). Consequently, the
measured hyperfine splitting of the m(,t) = +1 states have two
different values for these two families of P1 centers, giving
a total of five different transition frequencies. Note that each
P1 center switches between all four symmetry axes on a time
scale of a few milliseconds [32], which is much shorter than our
total measurement time. Therefore, even a single P1 center will
produce five resonance lines in the 7}-EPR spectrum, with the
on-axis lines being three times weaker than the off-axis lines,
since all four possible axes have an equal rate of occurrence.
In addition to the five main spectral features, four weaker
peaks are observed in the 7}-EPR spectrum [see zoom-in

graphs in Fig. 2(b)]. These correspond to double-quantum
transitions involving a flip of both the P1 electron spin
(m(st) = +% — —%) and nuclear spin (Am(,t) = +1) [17]. The
two allowed transitions are depicted in Fig. 2(c) and are also
split by the two families of P1 symmetry axis.

The transition frequencies are predicted by calculating the
eigenvalues of the Hamiltonian of the P1 center, Hp;, and
solving the resonance condition (2). The spin Hamiltonian for
an on-axis P1 center is

Hpi

A = _?eBSz — YnBI; + AHSZIZ

+A (S I + S,1,) + QI7, 4

where y, = —28.024 GHz/T and py = 3.077 MHz/T are
the gyromagnetic ratios of the electron and of the '*N nu-
cleus, respectively, Ay = 113.98 MHz and A, = 81.34 MHz
are the axial and transverse hyperfine coupling parameters,
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TABLE 1. Summary of the theoretical and experimental EPR
transition frequencies of P1 centers in diamond on resonance with
a probe NV spin. The first column indicates the '“N nuclear spin
projection m(,l) for the single-quantum transitions, and the initial
and final projections for the double-quantum transitions. The second
column indicates the symmetry axis of the P1 center, along the
[111] axis (on-axis) or along one of the other three crystallographic
axes (off-axis). The theoretical values are obtained as described in
Appendix 2c, with uncertainties estimated based on the uncertainty
on the value of Dyy, which is the dominant source of error here. The
experimental values are extracted from fitting the spectra in Figs. 2(a)
and 2(b) with a sum of Lorentzian functions, with the uncertainty
indicated being the standard error given by the fit.

Symmetry wNV(Bres) (MHZ)
m(,‘) (on/off axis) Theory Experiment
+1 on 1380.1(1) 1380.7(1)
off 1395.1(1) 1395.4(1)
0— +1 on 1407.9(1) 1408(1)
off 1418.7(1) 1418(1)
0 on 1438.3(1) 1439.5(1)
off 1439.2(1) 1439.5(1)
-1—-0 off 1459.9(1) 1460(1)
on 1469.0(1) 1468(1)
-1 off 1480.2(1) 1481.2(1)
on 1494.2(1) 1494.6(1)

and Q = —3.97 MHz is the nuclear quadrupole coupling
parameter [31]. Finally, S = (8x,Sy,S;) and [ = Iy, 1,,1)
are the electron and nuclear spin operators of the target
P1. The analytic expressions for the transition frequencies
at resonance, wny(Bres), are given in Appendix 2c, and the
resulting values are indicated in Table I and shown as vertical
lines in Figs. 2(a) and 2(b). They are found to be in excellent
agreement with the experimental values.

To gain further insight into the origin of the increased NV
relaxation rate, we measured full 7; relaxation curves for two
different NV transition frequencies, wny = 1300 MHz where
no resonance with the P1 centers is observed, and wny =
1380 MHz which corresponds to the single-quantum transition
with m(,t) = —1 of the on-axis P1 centers [Fig. 2(d)]. While
the off-resonance data shows a single exponential behavior
with a characteristic decay rate I'y p, = 220(20) s~! associated
with phonon-dominated relaxation [21], the on-resonance data
reveals a biexponential behavior. This is the signature of a
resonance process, where only one of the NV transitions (here,
m(sp) = 0 — —1) is driven by the environment while the other

transition (mgp) = 0 — +1) remains unaffected. Assuming a

simple three-level rate equation model in which the interaction
with the target spins creates an additional near-resonance
relaxation channel for one of the NV spin transitions with
a transition rate I'j 5, one finds that the relaxation curve takes
the biexponential form

C
I(7) = 100[1 + Z(e*r‘l,phf 4 3e(1“1,ph+1"1.m)f)j|’ ®)
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FIG. 3. (a) The target spin is located at a distance r from the
NV spin, the NV-target direction forming an angle 6 with the
external magnetic field. (b) Polar plot of the interaction strength
of the T,-EPR technique as a function of 6 for single-quantum
(red) and double-quantum (grey) transitions. For each case, the
strength is normalized by the maximum value, so that the outer circle
corresponds to maximum strength. Blue dashed lines depict the (100)
and (111) diamond surfaces for a target spin located on the surface
right above the NV spin, assuming the NV to be oriented along the
[111] crystallographic axis. This corresponds to angles 6 ~ 55° and
6 = 0°, respectively. (c) Double electron-electron resonance (DEER)
spectrum recorded at B ~ 580 G using the same NV probe as in
Fig. 2. The sequence of microwave pulses is shown above the graph,
in blue for the pulses on resonance with the NV spin, in red for the
dark spins (here the P1 centers). The evolution time of the spin echo
sequence is T = 1.5 us. (d) Polar plot of the signal intensity of the
DEER technique as a function of the angle 0, normalized by the
maximum value. The signal vanishes at 6 & 55°, i.e., for a target spin
on a (100) surface.

where I, and C are constants (see derivation in Appendix 2a).
Fitting this equation to the data of Fig. 2(d), while fixing
[y ph = 220 s7! yields 'y es = 6.2(6) x 10% 57!

The spin relaxation rate caused by a single target electron
spin at resonance, located at a distance r from the NV spin and
forming an angle 6 with the external magnetic field [Fig. 3(a)],
is given by

peer _ L (o ieh) (3sin?0\* ©
l,res — F2 2\/5 r3 s

where I'; is the total dephasing rate of the NV-target spin
system (see derivation in Appendix 2d). In the experiment,
a given P1 center is on resonance with the NV only a small
fraction of the time for a given resonant magnetic field, due
to the four equiprobable symmetry axes, two electron spin
states and three nuclear spin states. This results in an effective
relaxation rate weaker than that stated by Eq. (6), e.g., by a
factor 24 for the transition probed in Fig. 2(d). Taking this into
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account, and assuming a typical dephasing rate I', = 10° s~!
and angle 6 = /4, we infer a distance r &~ 10 nm to the
nearest neighboring P1 center, which contribute most to the
signal [17].

The double-quantum transitions occur via a two-step pro-
cess, e.g., |0,+1/2,0) —» |0,—1/2,+1) — |—1,—1/2,41),
where the ket refers to the full state |mg°),m(sl),m(;)). The first
step is enabled by transverse hyperfine coupling within the
P1 center (strength A,), while the second step is enabled
by dipolar interaction between the NV and P1 electron spins
(strength w,). However, although the initial and final state have
the same energy at the resonant field B, the intermediate
state is detuned by an energy dominated by the electron
Zeeman shift w, = —9, Bes. Consequently, the NV relaxation
rate is expected to scale as (A} wy/ ®,)?. Precisely, from a full
analysis of the NV-P1 interaction (see Appendix 2e), we find
an on-resonance relaxation rate

FEPR,double,A\:i AL\ [ mopnvieh \* (3sin26\?
1,res F2 W, 2ﬁ r3

~ (AL)2<51.“229>2FF5’§- ™
W, sin” 6 o

At the field where these resonances occur (B ~ 500 G),
the prefactor is (A /w,)* ~ 3 x 1073, which is why the
double-quantum transitions appear significantly weaker than
the single-quantum transitions in the 7-EPR spectrum. Apart
from this suppression factor, the angular dependence also dif-
fers from that of the single-quantum transitions, because they
rely on a different term of the dipolar interaction. This is illus-
trated in Fig 3(b). For the situation where the relaxation is dom-
inated by a single target electron spin, this provides a way to
extract the position (r,6) of the target relative to the probe. This
opens the possibility of extracting spatial information on a tar-
get surface electron-nuclear spin system with a hyperfine split-
ting such as nitroxide spin labeled proteins [38]. In the present
experiment, it was not feasible to implement such a spatial
resolution scheme as several P1 centers contribute to the signal.
In order to contrast 77-EPR with the most common method

of T,-EPR, a DEER spectrum was obtained from the same
NV probe. This is shown in Fig. 3(c), which exhibits only
the five transitions associated with the single-quantum P1
transitions as seen in the 7,-EPR spectrum. The double-
quantum transitions within the P1 center are not addressable
via a simple oscillating magnetic field and are therefore not
seen in the DEER spectrum [17]. In addition to probing
transitions that DEER is unable to, T;-EPR could also act
in a complementary fashion to DEER due to their different
angular dependencies. As shown in Eq. (6), T;-EPR is sensitive
to interactions with an angular dependence of sin*# (single-
quantum transitions). In contrast, DEER detects a different
term of the dipole-dipole interaction between the NV probe
and the target spin, which gives an angular dependence of

[1 — 3cos? (6’)]2 as illustrated in Fig 3(d). The most common
surface orientation for single crystal diamond samples is (100),
where DEER has no sensitivity to spins on the surface directly
above the NV, whereas 7;-EPR has nonzero sensitivity for
such spins. On the other hand, for (111) surfaces, T}-EPR has
no sensitivity to spins located above the NV while DEER is at
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a maximum. Each technique is sensitive to spins at different
angles and hence could be used in a complementary fashion
to map the entire region around a single NV probe.

B. T:-NMR spectroscopy of P1 centers

We now turn to the NMR transitions of the P1 centers, in
which only the nuclear spin projection (| Am(,l)| = 1) changes,
whilst the electron spin projection is conserved (Am(st) =0).
These occur at transition frequencies from 40 to 60 MHz on
either side of the GSLAC of the NV center, determined by the
hyperfine, quadrupole, and Zeeman couplings of the P1 nuclear
spins. Assuming direct dipole-dipole interaction between the
NV spin and the P1 nuclear spin, the NV relaxation rate at
resonance can be predicted using Eq. (6) by simply replacing
the electron gyromagnetic ratio, 7, by the '*N gyromagnetic
ratio, Py. This leads to a decay rate weaker by a factor of
(Pn/7.)* = 1078 than for the EPR transitions.

However, in the present case there exists another interaction
mechanism that leads to a greatly enhanced relaxation rate,
which we will refer to as hyperfine-enhanced NMR. Similar
to double-quantum EPR, hyperfine-enhanced NMR occurs
via a two-step process, here involving a double flip of
the P1 electron spin, e.g., |0,+1/2,0) — |0,—1/2,41) —
|—1,41/2,+1), using the notation [m® m®,m). In this
example, the first step is enabled by transverse hyperfine
coupling within the P1 center (strength A | ), while the second
step is enabled by dipolar coupling between the NV and P1
electron spins. The intermediate state is detuned from the initial
and final states by an energy dominated by the electron Zeeman
shift w, = —7, Bres. Full analysis of the NV-P1 interaction (see
Appendix 2e) gives the on-resonant relaxation rate

Pk L (ALY (popavgeh\* (3sin?0 — 1 1)
1,res£ F2 e 2«/5 3

(AL (3sin?0 —1£1 2FEPR 5
o) T seime ) T ®)

where the &+ sign depends whether the dipole-dipole transition
goes from m(St) =+1/2 to —1/2 (“+” sign) or from —1/2
to +1/2 (“—” sign). At the field where the transitions occur
(B ~ 1000 G), the suppression factor in Eq. (8) is (A /w,)* ~
1073 As a result, the resonances in hyperfine-enhanced NMR
are expected to be &~ 107> weaker than in single-quantum
EPR, but only four times weaker than in double-quantum EPR
(due to the field being twice as large) and, crucially, ~ 10°
stronger than if probed via direct dipolar interaction between
the NV electron spin and the P1 nuclear spin. In semiclassical
terms, hyperfine-enhanced NMR can be interpreted as a
modulation of the P1 electron spin precession caused by the
hyperfine-coupled P1 nuclear spin precession, which acts as a
beat frequency in the NV-P1 electron-electron interaction.

To probe the NMR transitions experimentally, we chose
a longer probe evolution time, 7, = 600 us and normalized
the signal using a reference probe evolution time t; = 1 us.
The T-NMR spectra recorded in the range 30-70 MHz before
the GSLAC (wnv > 0) and after the GSLAC (wny < 0) are
shown in Figs. 4(a) and 4(b), respectively, each revealing four
well-resolved peaks. A full 7 relaxation curve recorded at one
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FIG. 4. (a) and (b) T;-NMR spectra of P1 centers in diamond obtained by measuring the population decay of a single NV spin after a wait
time 7, = 600 ps. The normalized PL signal /;(t2)/I;(t;) with T; = 1 us is plotted against the NV transition frequency wyy obtained from the
ODMR spectrum. In (a) wny > 0, i.e., the magnetic field is B < 1024 G (before GSLAC, see inset), while in (b) wxy < 0 and B > 1024 G (see
inset). In (a) and (b), solid red curves are data fitting to a sum of four Lorentzian functions, and vertical lines indicate the theoretical frequencies
with colors as defined in (d). (c) Full 7; relaxation curve measured off resonance (black markers, wyy = 70 MHz) and on a particular resonance
(blue markers, wxy = 42 MHz). Solid lines are data fitting to Eq. (5). The vertical dashed line indicates the probe times 7; and 7, used in (a)
and (b). (d) Energy levels of a single P1 center showing the NMR transitions (Amg = 0, |Am;| = 1). Orange and blue arrows correspond to
transitions within the mg = +1/2 and mg = —1/2 manifolds, respectively. Downward (upward) arrows correspond to wny > 0 (wny < 0).
Red crosses indicate transitions with the weakest relaxation rate, MR hyp

1,res—

of the resonances [(wny = +42 MHz, Fig. 4(c)] confirms that
the interaction is significantly weaker than in the 77-EPR spec-
trum, with an induced decay rate I'j s = 1.4(2) x 103 s~ 1,
but is far greater than if probed via direct dipole-dipole
coupling alone.

Each family of P1 centers (on and off axis) gives rise
to four nuclear transitions on either side of the GSLAC
[Fig. 4(d)], resulting in a maximum of eight transitions in both
spectra. The theoretical values obtained from the Hamiltonian
[Eq. (4)] are given in Table II and indicated as vertical lines
in Figs. 4(a) and 4(b), showing excellent agreement with the
values obtained from the experimental spectra. However, not
all nuclear transitions are resolved experimentally, which is
clearer for the on-axis P1 centers. This is due to the two
possible signs in Eq. (8), which results in different relaxation
rates depending on the transition considered. Averaging over
the position of the P1 center (via the angle 6), it can be

shown that (ITMRMPy — 6(PNMRIPY (o0 Appendix 2f). The

1,res+ 1,res—
.. . NMR, h ..
transitions with the smallest decay rate, I'; ..~ P are indicated

in Fig. 4(d) (red crosses), and match the transitions that are not
seen experimentally with the probe time used, 7, = 600 us. A
longer probe time could be employed to detect those weaker
transitions, however, the sensitivity decreases as T approaches
the background relaxation time Ty p, ~ 5 ms.

For the on-axis P1 centers, the four resonance frequencies
within the P1 system are

o (]+3,0) < [+1 +1))=ﬂ— AL +0-o
t R 29 B 2we N>
A
o (|+3.0) < |[+3.-1)) = 7” — 0 —wy,
©
A
al|-50) |44 = 3 - 0+ o
A A?
al|=30) |~k -1) = 5+ 3=+ 0+ o,
where w, = —9, Bres and wy = —Jy Bes are the electron and

nuclear Zeeman shifts at the corresponding resonant field, and
the kets denote the P1 states |m(St),m(;)). The double arrow <>
accounts for the transitions both before and after the GSLAC,
leading to eight resonances in total. From the experimental

spectra, all frequency values of the four strongest transitions
(with decay rate F?{Ir\gi;hy P) can be determined. Therefore one
can use Eqgs. (9) to directly deduce the values of A, A, O,
and Py, as illustrated in Figs. 4(a) and 4(b). Here we find
Ay =114.2(1) MHz, A, =91(3) MHz, Q = —3.9(1) MHz,
and Py = 1.9(5) MHz/T. These values are all in good
agreement with the literature values obtained from ensemble
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TABLE II. Summary of the analytic and experimental NMR transition frequencies of P1 centers in
diamond on resonance with a probe NV spin before (a) and after (b) the GSLAC. The analytic values are
obtained from Eq. (2) using the Hamiltonian (4) (see Appendix 2c), with uncertainties estimated based
on the uncertainties on the hyperfine parameters [31]. The experimental values are extracted from the
spectra in Figs. 4(a) and 4(b). The first column indicates the symmetry axis of the P1 center, along the
[111] axis (on-axis) or along one of the other three crystallographic axes (off-axis). The second column

PHYSICAL REVIEW B 94, 155402 (2016)

indicates the electron spin projection (m(st)), while the third column indicates the transition for the N

nuclear spin projection (m(,‘)). NR, not resolved.

WNV (Bres) (MHZ)

Symmetry (on/off axis) m(sl) m(,l) Theory Experiment
(a) Before GSLAC (wny > 0)
on +1/2 +1—->0 51.53(1) 51.6(1)
0— —1 60.64(1) 60.8(1)
-1/2 0— +1 61.26(1) 60.8(1)
-1—-0 54.47(1) NR
off +1/2 +1—-0 41.86(1) 42.0(1)
0— —1 40.85(1) 42.0(1)
—-1/2 0— +1 41.47(1) 42.0(1)
-1—-0 45.73(1) 45.6(1)
(b) After GSLAC (wnv < 0)
on +1/2 0— +1 51.59(1) NR
—-1—->0 60.65(1) 61.2(1)
—-1/2 +1—-0 61.29(1) 61.2(1)
00— —1 54.48(1) 54.9(1)
off +1/2 0— +1 41.92(1) 42.5(1)
-1—-0 40.85(1) 42.5(1)
-1/2 +1—-0 41.49(1) 42.5(1)
0— —1 45.70(1) 45.8(1)

measurements [31]. This illustrates that our technique has the
capacity to measure the hyperfine and quadrupole coupling
parameters as well as the gyromagnetic ratio of the target
system at the single atom level.

IV. TOWARDS T;-NMR AT THE SINGLE
NUCLEAR SPIN LEVEL

In the previous section, we reported successful experimen-
tal detection of the EPR and NMR transitions of a small
ensemble of P1 centers surrounding a single NV spin probe.
Here the strength of the NMR transitions was enhanced by
the hyperfine interaction within the target system. Based on
these results, we now analyze theoretically the possibility of
performing 77-NMR spectroscopy on nuclear spin systems
free of electron spins, that is, a target with no significant
hyperfine interaction to an environmental electron spin other
than the probe. We first consider a single nuclear spin-1/2 with
gyromagnetic ratio ; located a distance r from the NV spin and
forming an angle 6 with the direction of the external magnetic
field [see Fig. 5(a)]. The eigenstates of the noninteracting
system are labeled as |m(sp),m(,t)), where m(sp) and m(,t) are the
projection of the NV electron spin probe and target nuclear
spin, respectively. Since || < |yNv|, there are two resonances
at magnetic field strengths B, given by Eq. (3) where D, = 0.
In this basis, the first resonance (B,) corresponds to the
transition |0, —1/2) — |—1,+1/2) while the second one (B{,)

corresponds to |0,+1/2) — |—1,—1/2), assuming 7 > 0. By

solving the evolution of the system starting in either the state
|0,—1/2) or |0,41/2), one can express the relaxation rate
Fll\flr\gfi induced on the N'V spin when each resonance condition

is fulfilled. We obtain (see Appendix 2d)

~ o~ . 2
par Loy ik *(3sin0 — 1+ 1 10
1,res+ r, 2\/5 3 s

where I, is the total dephasing rate of the system.

As a prototypical system, we consider a proton ('H) spin,
which has a gyromagnetic ratio y = 42.58 MHz/T. The two
resonances with the NV spin occur at fields Brfs — BgsLac &
£2 G from the GSLAC. The dephasing rate is assumed to be
dominated by that of the NV spin since nuclear spins interact
much more weakly with their environment than electron spins.
We will take ', = 10 s, which corresponds to typical
dephasing rate for a near-surface NV center [39]. Figures 5(b)
and 5(c) show the normalized relaxation rates Fll\flrve[fi /Tiph
computed as a function of 7 and 0 using the above parameters
along with a background phonon relaxation rate for the NV
of 'y pn = 200 s~L. The solid black line indicates the contour

MR,/ Tipn = 1, showing that the induced relaxation rate

Fllqlr\gfi reaches the phonon background relaxation rate I'y pp

for distances as large as 3 nm at § = /2 for T¥MR and at

1,res+
6 = 0,7 for F{\Hr\g5~

To estimate the acquisition time that would be required ex-
perimentally to detect a single proton spin, we need to compare

the change of PL signal at resonance with the measurement
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FIG. 5. (a) The target spins considered are single 'H and '3C nuclear spins, either inside or outside the diamond lattice. 6 refers to the polar
angle and r to the distance from the NV probe to the relevant nuclear spin. (b) and (c) Relaxation rate r?}gfi induced by resonant interaction
with a single 'H nuclear spin, calculated as a function of r and 6 at the resonant field B,f, in (b) and B, in (c). The values are normalized
by the background relaxation rate set to be I'j = 200 s™' and the ratio I')oax, /'y pn is plotted in the logarithmic scale. Black lines are
contours corresponding to Fﬁ‘ﬂffi /Tipn =0.2, 1, and 7 from top to bottom. This translates into a total acquisition time of 5 min, 20 s, and
1 s, respectively, in order to detect the interaction with a signal-to-noise ratio of 1. (d) Energy levels of the NV spin including the hyperfine
sublevels, as a function of B. Solid lines correspond to the levels that are populated in the experiment. The arrows indicate the transitions on
resonance with a 'H spin (black) and a '*C spin (blue). (¢) Simulated 7;-NMR spectrum of a single 'H spin (red lines) or a single '*C spin

(blue lines). The relaxation rate I'; ., is calculated as a function of the magnetic field strength B. The target spin is assumed to be at a distance

r = 3 nm from the NV spin.

noise. Assuming the noise is dominated by photon shot noise,
the signal-to-noise ratio when measuring the PL signal after a
wait time 7 [i.e., [;(t)] can be expressed as (see Appendix 2h)

Rt Tior 3C
SNR(r) & | === =Fe (L —e7len), (1)
T

where R is the photon count rate under continuous laser
excitation, f,, is the read-out time, T is the total acquisition
time and C is the 7} contrast as defined in Eq. (5). In the
limit Iy g <« 'y pp, the wait time that maximizes SNR(7)
is Topt = (2F1,ph)‘], however, in general the optimum wait
time Tp is smaller and depends on I'y . For a given induced
relaxation rate I'j s, we define the minimum acquisition
time Tiormin as the time needed to obtain an optimized
ratio SNR(7,p) equal to unity. Using typical experimental
conditions, namely R =2 x 10° s7!, #, =300 ns and
C =0.25, we find that 20 s are required to detect an
interaction such that I'y res = I'1 ph. In Figs. 5(b) and 5(c), two
other contours are shown corresponding to an acquisition time
of 1 s and 5 minutes. The latter case enables the detection of a
proton spin located up to 4 nm away from the NV probe while
still allowing acquisition of a full spectrum in a few hours.

In calculating the interaction strength above, the hyperfine
interaction of the NV electron spin with its "N (or '>N) nucleus
was neglected. However, the resonances with a 'H spin occur

at magnetic field strengths close enough to the GSLAC so that
hyperfine-induced spin mixing may become significant and
affect the resonant fields as well as the interaction strength.
To account for this effect, we numerically simulated 71-NMR
spectra of a single 'H spin while considering the full hyperfine
structure of the '*NV center (see Appendix 2g). The energy

levels of the NV center near the GSLAC are shown in Fig. 5(d),

where the nonperturbed eigenstates are labeled |m(Sp),m(Ip)) and

m(SP) and m(,p ) are the electron and nuclear spin projections of

the NV, respectively. Under optical excitation for magnetic
fields close to the GSLAC, the NV center is efficiently prepared
in the state |0,41) [40,41], which remains an eigenstate all
across the GSLAC. Resonant interaction with the target spin
can drive transitions from |0,41) to |—1,+1). This state is
mixed with the |0,0) state at the GSLAC owing to hyperfine
coupling. In the simulation, the NV spin is initialized in the
state |0,+1) while the target spin is initialized in a completely
mixed state. The system’s evolution is computed under the
same assumptions as before, with a total dephasing rate [', =
10° s~!. The decay of the population remaining in |0, 1) as the
system evolves is then used to infer the relaxation rate I' yes.
Figure 5(e) shows I'| s as a function of the magnetic field
strength B across the GSLAC for a single 'H spin located at
a distance r = 3 nm with various angles 6. Also shown for
comparison is the case where the target is a single '3C spin,
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which is also a spin-1/2 but with a smaller gyromagnetic ratio.
In both cases, three peaks are observed in the spectrum. The
two side peaks correspond to the N'V-target resonances and
occur at fields Bf, = 1026.0 G and B, = 1020.3 G for the

res res

'H case, and B, =1024.65 G and B, = 1023.65 G for
the 13C case. The splitting between the two resonances is
directly related to the gyromagnetic ratio according to Eq. (3)
with a correction due to the level avoided crossing causing an
asymmetry about the central feature. The comparison of the
different angles 0 illustrates the different angular dependencies
for the two resonances as expressed in Eq. (10). Thus, 7-based
NMR spectroscopy would enable not only identification of
unknown spin species but also quantification of their densities,
via the strength of decay and angular positions, by comparing
the decay rate for each resonant transition. We note that the
width of the resonances—that is, the spectral resolution—is
given by the dephasing rate I'; [17], in our case ~ 1 MHz. It
can therefore be improved by several orders of magnitude by
engineering NV centers in high-purity diamond crystals [42].

The central feature common to the spectra of both species
at B = 1024.17 G is specific to the GSLAC of the NV rather
than the target spins themselves. It occurs at the magnetic
field where the initial NV state |0,+1) crosses with one of the
eigenstates containing a superposition of |—1,+1) and |0,0).
Duetothe |0,+1) — |—1,41) transition being addressable via
aresonant magnetic field, when degenerate, any nonaxial static
field will drive this transition. At this crossing, the nonaxial
component of the effective field produced by the target spin
will drive this transition. In reality, this crossing will be sensi-
tive to any nonaxial field caused by environmental noise rather
than the target nuclear spins alone. Therefore this transition is
not relevant for determining the nuclear spin species.

V. CONCLUSIONS

In this work we have demonstrated a broadband, nanoscale
method for interrogating environmental resonances of both
nuclear and electronic species based on 71-MR. Using a single
spin probe in diamond we interrogated both the electronic and
nuclear spin transitions of substitutional '*N impurities within
the diamond lattice, showing this method’s ability to sense
in both the gigahertz (GHz) and megahertz (MHz) regimes.
Notably, we uncovered a hyperfine-enhanced mechanism
for detecting nuclear transitions, which enhances the signal
strength by several orders of magnitude over direct detection.
The all-optical nature of the 7;-MR technique, freeing one
from the requirement for microwave manipulation of either
the probe or target, removes some issues associated with MR
measurement techniques based on 7, dephasing, as well as
allowing the interrogation time to be extended from 7, to
T,. Finally, we showed theoretically that this technique has
the sensitivity to detect single proton spins at a distance of
a few nm. 7T;-MR thus provides a promising new avenue
towards nanoscale nuclear magnetic resonance spectroscopy
and imaging, across EPR and NMR regimes.
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APPENDIX

1. Experimental details
a. Experimental setup

The experimental apparatus consists of a custom-built
confocal microscope and a permanent magnet mounted on
a scanning stage (Fig. 1). The excitation source is a solid-state
laser emitting at a wavelength A = 532 nm (Laser Quantum
Gem 532). The objective lens (Olympus UPlanSApo 100x,
NA = 1.4 Oil) is mounted on an XYZ scanning stage (PI
P-611.3 NanoCube) to allow fast laser scanning. The PL
emitted by the diamond sample is separated from the laser
light using a dichroic beam splitter and a band-pass filter, and
coupled into a multi-mode fibre connected to a single photon
counting module (Excelitas SPCM-AQRH-14-FC). For T;
measurements, the laser beam is modulated by an acousto-
optic modulator (AA Opto-Electronic MQ180-A0,25-VIS) in
a double pass configuration, and the PL signal is analyzed by
a time digitizer (FastComTec P7889). For ODMR measure-
ments, a 20-um copper wire is spanned on the surface of the
diamond and connected to the output of a microwave generator
(Agilent N5181A) modulated by a switch (Mini-Circuits
ZASWA-2-50DR+). Laser and microwave modulations are
controlled by a programmable pulse generator (SpinCore
PulseBlasterESR-PRO 500 MHz).

The sample is a type-Ib single crystal diamond grown by the
High Pressure High Temperature (HPHT) synthesis process,
purchased from Element Six, which has {100} oriented faces.
The approximately 1 inch diameter cylindrical magnet is
mounted such that its principal axis of magnetization is
approximately parallel to the [111] crystallographic axis of the
diamond, which we refer to as the z axis and corresponds to
the symmetry axis of the investigated NV centers. The magnet
is mounted on an XYZ scanning stage made of three linear
translation stages (PI M-511). This allows movement of the
magnet along the z direction and thus variation of the strength
B of the magnetic field. For a given z position, the field
direction is finely aligned along the z axis by moving the
magnet in the xy plane and maximising the PL intensity from
the NV center, as described in the next section.

b. Acquisition procedure

The spectra shown in Figs. 2 and 4 are obtained as follows.
The magnet is stepped along the z direction to vary the
magnetic field strength B. For each magnet z position, three
operations are run consecutively, as described below.

First, the magnet is scanned in the transverse xy plane in
order to fine tune the alignment of the field based on the PL
intensity. Indeed, for field strengths above ~200 G, the PL
intensity quickly drops when the field direction is misaligned
away from the NV center’s symmetry axis owing to spin
mixing in the ground electronic state as well as in the excited
state [34,35]. This effect is particularly pronounced around the
GSLAC (B =~ 1024 G) and around the excited state level anti-
crossing (ESLAC, B ~ 512 G), with a PL decrease of ~ 40%
with a misalignment angle of > 2°. Therefore, maximising
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FIG. 6. (a) PL intensity of a single NV center under continuous
laser excitation as a function of the transverse position (x,y) of
the magnet, at a magnetic field strength B ~ 1000 G. The signal
is maximum at the center of the image, which corresponds to the case
where the magnetic field is aligned with the NV symmetry axis. (b)
Map of ODMR spectra recorded while stepping the magnet along
the z direction. The NV transition frequency varies approximately
linearly with the z position, here in the range wny = 30-70 MHz
corresponding to B = 1000-1012 G.

the PL intensity gives us a way to precisely align the magnetic
field along the [111] direction. Figure 6(a) shows an example
of PL intensity measured against the transverse position (x,y)
of the magnet for a given z position (here at a field strength of
B ~ 1000 G). We then set the transverse position of the magnet
to the center of a two-dimensional Gaussian function fitted to
the data. Based on the uncertainty of the fit, we estimate the
field to be aligned within £1° of the [111] direction for the
range of field strengths considered in this work.

Second, an ODMR spectrum of the NV center is recorded
in order to determine the NV transition frequency wny and
infer the field strength B. To this end, the PL intensity is
measured while sweeping the microwave frequency across
the |0) — |—1) resonance. To avoid power broadening [43],
300-ns laser pulses are interleaved with 1-us microwave pulses
corresponding to a 7 flip of the NV spin on resonance. The set
of ODMR spectra recorded for the data of Fig. 4(a) is shown
in Fig. 6(b). Only one hyperfine transition of the NV center
is observed because of efficient polarization of the m(Ip) =
+1 nuclear spin state of the '*N nucleus intrinsic to the NV
center around the GSLAC and ESLAC [40,41]. The spectrum
is fitted with a Lorentzian function to obtain the NV transition
frequency wny. The field strength B is deduced using the

relation wny = Dnv — g + Pnv B where a; = —2.16 MHz is
the hyperfine coupling parameter of the NV center (see further
details in Appendix 2b).

Third, we apply a sequence of 3-us laser pulses separated by
different wait times 7. The sequence is repeated typically 10°
times while the time-resolved PL is integrated. The resulting
PL trace is then analyzed to extract the quantities I;(t) and
I,(t), which correspond to the number of photons detected
within a window of 300 ns at the start of the pulse and at
the end of the pulse, respectively [see inset in Fig. 1(e)].
For the T;-NMR spectra [Figs. 4(a) and 4(b)], there is no
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|+1)

10)

FIG. 7. Model used to describe the population dynamics within
the NV electronic ground state, i.e., between the spin states |0), | + 1)
and |—1). The transition rate k,, accounts for the phonon-induced
relaxation while ks corresponds to the interaction with target spins
on resonance with the |0) — |—1) transition.

population decay at T =1 us even on resonance, which
allows us to normalize the signal as I;(7,)/I;(t;) with a probe
time 7, = 600 us and a normalization time 7; = 1 us. For
the T1-EPR spectra, however [Figs. 2(a) and 2(b)], the decay
rate on resonance (FFESS) is so strong for some transitions that
the population already exhibits some decay after 7 = 1 us,
which is why we normalize the signal with the end-of-pulse
intensity, that is, I;(t;)/I(t;), with a probe time 7; = 40 us.

These operations take typically 2 minutes for the field
alignment, 1 minute for the ODMR spectrum and between
1 and 10 minutes for the 7} data depending on the probe time
T used. As a result, a full spectrum takes from a few hours
to tens of hours to acquire. All experiments are performed at
room temperature.

2. Theoretical methods
a. Derivation of the spin relaxation curve

To derive the NV spin relaxation curve [Eq. (5)], we
consider a closed three-level system composed of the three
spin states of the NV ground state, |0), | + 1) and |—1) (Fig. 7).
The corresponding populations are denoted ng, n4+; and n_j,
respectively. In the absence of interaction with target spins,
the population dynamics is governed by phonon relaxation
processes [21]. In our model, this phonon-induced relaxation
is accounted for through two-way transition rates between
all states, with a constant rate kp,. When the resonance
condition (2) is fulfilled, cross relaxation with the target spins
provides an additional relaxation channel between |0) and
|—1), with a transition rate k.. Solving the rate equations
together with the closed-system condition ny(t) + n4(t) +
n_1(t) = 1 yields the populations

1 1[1 T
no(t) = 313 g—n+1(0) e

1
+§[n0(0) — n_1(0)]e 37— KT
! Il —3kpnT
(1) = § + 5 g —n41(0) e (A1)

1
) [10(0) — n_;(0)]e 372kt

1 1
() =z - [3 - n+1<0>}e—3kvhf.
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FIG. 8. ODMR spectra of a single NV center recorded at different magnetic field strengths (increasing from top to bottom). Solid lines are
data fitting to a sum of Lorentzian functions. The nuclear spin intrinsic to the NV center is efficiently polarized at high fields under optical

pumping, reducing the number of ODMR lines from 6 down to 2.

The PL intensity at the start of the readout laser pulse, /;(7),
can be expressed as

I(t) = Iono(t) + Li[ng1(t) + n_1(7)]
=1 + (Io — I1)ny(7),

where Iy and I; < Iy are the PL rates associated with spin
states |0) and | £ 1). Inserting Eqgs. (Al) into Eq. (A2), the
relaxation curve can be written as

(A2)

c
L(7) = 100[1 + Z(e*”vh’ + 3e<Flvvh+Flm>f)}, (A3)

where we introduced I'ypy = 3kpn and I'y s = 2kpes. The
coefficients I, and C are given by

In + 21,
IOOZT,
| (A4)
—
C= 310(0) — 1
15 2g Omo@ = 1]

with o = I,/Iy &~ 0.7 under typical experimental conditions.
In obtaining Eq. (A3), we assumed that the initial populations
are such that n,1(0) = n_;(0), that is, the initialization pulse
affects the populations of | & 1) in the same way, as it is
generally accepted [33,44].

b. Hamiltonian of the NV center

The NV center, used as the probe, comprises an electronic
spin § =1 and a nuclear spin I = 1 associated to the '*N
nucleus. In the electronic ground state, the spin Hamiltonian
can be written as

7—[NV

2
= Dxy(SP)" — invBS® 4 ay S 1)

+ay (SPIP + SPIP)

+q(17)* = pBI, (AS)

where S® and I® are the electron and nuclear spin op-
erators, ay = —2.14 MHz and a; = —2.70 MHz are the
axial and transverse hyperfine coupling parameters, and g =
—4.96 MHz is the quadrupolar coupling parameter [41]. The
magnetic field is assumed to be aligned along z with a strength
B. In this work, both ODMR and relaxometry probe the
NV electronic spin transitions from m(sp ' =0to mg)) =—1,

while conserving the nuclear spin projection (Am(,p) = 0).
Diagonalizing the Hamiltonian (AS5) gives the transition
frequencies which are, to first order in a, /(Dnv + Pnv B),

() _ 1 =D ~ B aJ_
wNV(mI =+ )— Ny + PnvB—a) + Dav 4 7 B
ony (mP =0) = Dxy + 7 B+L (A6)
NvI M =VU) = DNy T YNV DNV+77NVB’
) ai
a)NV(mIP :—l) =Dnv + PnvB +a) + —DNV n )7NVB.

Similar expressions can be derived for the m(Sp) =0— +1
transitions. These transitions would be required for a target
with a zero-field splitting greater than that of the NV (D, >
Dyv).

Figure 8 shows example ODMR spectra recorded at
different magnetic field strengths. At low field (B = 7 G), the
three transitions are visible for each branch. At higher fields
however, only two transitions are observed. This is because the
nuclear spin is polarized in the m(,p) = +1 nuclear spin state
under optical pumping due to the proximity of the ESLAC or
GSLAC [40,41]. As aresult, the NV transition relevant to this
work has a frequency

wnv = Dny + PnvB — q (AT)

where we dropped the last term in Eq. (A6) as it is negligible
(<100 kHz) in the range of field strengths used in this work
to detect the P1 resonances. This is the formula used to
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convert the NV transition frequency wyy determined from the
ODMR spectrum into the magnetic field strength B, where the
zero-field splitting Dyy is obtained from the low-field ODMR
spectrum. For the NV center used in Figs. 2 and 4, we measured
DNV = 28705(1) MHz.

¢. Transition frequencies of the P1 center

The P1 center in diamond [29-32], used as our target,
contains an electron spin § = % associated with an unpaired
electron, and a nuclear spin / = 1 associated with the 14N
nucleus. The unpaired electron is shared by the nitrogen atom
and the neighboring carbon atom. The delocalization of the
electron is accompanied by the Jahn-Teller elongation of the
corresponding carbon-nitrogen bond. Because there are four
equivalent neighboring carbons around the nitrogen, the P1
center can have four possible symmetry axes: [111], which
also corresponds to the NV center’s symmetry axis, or one of
the nonparallel axes [111], [111], and [111]. Since we wish to
express the Hamiltonian of the P1 center in the z basis of the
NV center, the Hamiltonian will take two different forms for
the on-axis or off-axis cases. In what follows, we will detail
the on-axis case, and then describe how to deduce the off-axis
case.

The Hamiltonian of a P1 center with symmetry axis along
Z can be written as

Mo

A = —V.BS; — nBI + AHSZIZ

+ AL(S: I + Sy1,) + QI (A8)
where S and I are the P1 electron and nuclear spin operators
(note that we use the same notations as for the NV spin
operators as there is no ambiguity) and the various parameters
are defined in Sec. III. Here the magnetic field is assumed
to be aligned along z with a strength B. Diagonalizing the
Hamiltonian (A8) gives the energy levels of the system.

Retaining terms up to and including order O(Z—%) (where

w, = —7, B) these energies are
%(|+%,+1))=%+%+Q+wm
El+so) =
%(|+§,—1))—%—7+;i+Q—wN, o
Rt =5 -5 - Tl v ooy

E(-boy=-2 - 2.
e T iy

where the ket |m(St),m(It)) indicates the state of the unperturbed

P1 spin system. The states whose energy contains a term
A% /2w, are in fact perturbations on the electron and nuclear
spin states stated since the transverse hyperfine coupling
(A]) causes state mixing. In Eq. (A9), we introduced the
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Zeeman shift for the electron w, = —y, B and for the nucleus
wy = —yNB.

The single-quantum EPR transitions probed in Fig. 2
correspond to transitions from m(St) =-+1/2 to mgf) =—1/2
while conserving the nuclear spin projection (Am(,t) = 0).
Using Egs. (A9), one can express these transition frequencies
as

2

1
2w,

o]+ 3.41) > [=5.41) =0+ 4) +

AZ
|+ £0) = |-50) =0+ 2L

e

(A10)

Likewise, the frequencies of the allowed double-quantum
transitions are

o[+ 1.0 > |~Lr 1) mo+ A AL o0y
nT 2 2’ T2 2o, ’

! i Ay AL
TR e
(A1)

The transition frequencies expressed in Egs. (A10)
and (A11) are written as a function of magnetic field strength
B via w, = —y,B and wy = —yy B. To obtain the resonant
frequencies as observed in the NV relaxometry data, one needs
to solve for B in the resonance condition |wnv(B)| = |w(B)|
where wny(B) is the NV transition frequency as given by
Eq. (A7) and w(B) is one of the P1 transition frequencies
given in Eqgs. (A10) and (A11). Once the resonant field By
is found, one can compute the resonant frequency wnv(Bies)-
This was done numerically to obtain the theoretical values
in Table I. However, one can derive simple approximate

2
expressions if one retains only terms up to order O(;T”) and
NV
2
O(;Ti). This leads to
NV

Dnv —ap | Ay A7

wt(’ +%’+1)_> ’_%’—i_l)) = 2 +7+ 2DNV’
1 gy Pw—a AL
wt(| + 2’0>_> | zv0>) = > + Dy’
Dny — A A?
ol +hem1) > -hot) = 2SSy
Dnv — A
o]+ 100> |4 = 2 L DL 2
Vv Dnv A%
e
4 2Dnvy
Dnv — A
al| +3.1) > = hol) = 2 - B S
Vv Dnv A%
+ 2 L AR
4 Dy A2

where we used the approximation pny = 7,.
The NMR transitions probed in Fig. 4 correspond to tran-
sitions that conserve the electron spin projection (Amg) =0).
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The corresponding frequencies obtained from Eq. (A9) are

Ay A
w1(|+§,+1)<—>|+§,0))=7”—2—;€+Q—w1v,
A
ol +3.-1) o [+3.0) =T -0 -on. A
al|=4et1) o |30) = 5 - 0+
t 2 ) 2 N>
2
o(|=3.-1) < |-3.0) = 7 by =+ 0 +wy.

Again, the frequencies at resonance with the NV spin can
be computed numerically, the resulting values being given
in Table II. Because these frequencies depend weakly on
B and are much smaller than Dyv, the resonant field is
approximately B =~ Dnv/Pnv & 1024 G and the Zeeman
shifts w, = —7,Bres and wy = —Pn Bres can be considered
as constants. The corresponding terms in Egs. (A13) are

~ 1.15 MHz (precisely, 1.173 MHz at 1006 G, 1.133 MHz
at ‘1042 G) and wy ~ 0.315 MHz (0.309 MHz at 1006 G,
0.321 MHz at 1042 G).

For an off-axis P1 center, the magnetic field is now forming
an angle with the intrinsic quantization axis of the P1 center.
To express the Hamiltonian in the same z basis where z is the
direction of the magnetic field, one must apply a rotation of
the spin operators. This leads to a Hamiltonian of the same
form [17,37]:

% = —7.BS. —ynBI. + Ai|SzIz

+ A (eI + Sy1) + Q'I2,

where the apparent hyperfine and quadrupole coupling
parameters are modified according to A} = é(A” +8A)),

A = %(4A|| +5A,),and Q" = Q. Therefore the expressions
obtained for the on-axis case [Eqs. (A12) and (A13)] are still
valid upon using these modified parameters. The numerically
computed resonant transition frequencies are given in Tables I
and IL.

(Al14)

_nB Hinv13
2 0 h
B Hin23
E _ 0 2 h
| H H,; ~
h 11;11.31 r;ll.sz Dny + VNVB _
Hint 41 Hint .42 Hint a3
h h h

B
T+
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d. T\-EPR/NMR on a single spin-1/2

We now turn to the calculation of the relaxation rate of
the NV probe spin on resonance with a target spin system.
In this section, we consider the simple case of a single
spin-1/2 as the target, which is treated using a fully quantum
mechanical approach identical to that employed in Ref. [17].
In Appendix 2e, we will describe an alternative method well
suited to describe more complicated spin systems, which we
will apply to the P1 center.

We seek here to calculate the population dynamics of a
system composed of the NV spin and a single spin-1/2 target
with gyromagnetic ratio y;. The Hamiltonian of the coupled
NV-target system is

H = Hnv + He + Hines

where Hyy is the Hamiltonian of the NV spin, H; is that of the
target spin and Hjy is the magnetic dipole-dipole interaction
between the two spins. We restrict the NV spin to the {m(p)

0, m(p) = —1} subset and neglect hyperfine interaction with
the NV center’s nitrogen nuclear spin. The magnetic field of
strength B is applied along the NV center’s symmetry axis,
which defines the z direction. The Hamiltonians of the NV
and target spins are therefore simply

(A15)

Hyv/h = Day(SP)? — v BS®, (A16)

Hi/h = —pBIY, (A17)

where 7® denotes the spin operator of the target (which can be

an electronic or nuclear spin), and the superscripts (p) and (t)

on the operators indicate whether it refers to the probe or target.
The dipole-dipole interaction is

oy i

Hine = = 47rr3

3 o e
|:_2(S(p) . r)(I(t) 7)) — S®) . I(t)i|’ (A18)
’
where 7 is the vector joining the NV to the targetand » = |7|.In
the {|0,+1/2), |0 —1/2),]-1,41/2),|—1,—1/2)} basis using
the notation |m 3 ,m(,)) the total Hamiltonian is expressed as

Hing 14
h
Hin2a

h (A19)

Hin 33 Hin 34 ’
h

Dy + Pyv B + BF 4 Host

where {Hiyj} are the matrix elements of M. Denoting {H;;} as the matrix elements of H, the two resonances occur when

H11 = H44 and H22 = H33, which ylelds

B B H;
_V‘T—DNV—i—yNVB-l-T—I— s,
B B H, (A20)
14 7 int,33
227 _p p— 12 T3
2 ~v + Vv 2 + W

These two resonances occur before and after the GSLAC if 4 < 0, respectively, and after and before the GSLAC if 7, > 0.
Note that for weak dipolar coupling the terms Hjy 33 and Hiy 44 in Eqs. (A20) can be neglected leading to Eq. (3) for the resonant

fields B=E..

res*®
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Using the Lindblad equation, the rate of change of the
density matrix p(t) is

() = —;—_L[Hpm — p(tYH]

1 1
+ 2F§p) I:Sgp)p(t)sép) _ Ep(t)sgp)sép) _ zS;p) Sgp)p(l)il

1 1
+2ry [Ié‘>p<t>1§‘> — P01 - 51501;%@]
(A21)

where F;p) and Fg) are the dephasing rates of the NV and target
spin, respectively.

When on resonance, only those terms in the resonant states
need to be considered. Hence we obtain a system of first-order
differential equations involving only py(¢), p14(t), pai(2),
and p44(2) for the resonance where Hi; = Hy4, and a system
involving only p2,(t), p23(2), p32(¢) and ps3(¢) for the resonance
where Hy; = Hjz. From these, and assuming the NV is fully
initialized while the target spin starts in an arbitrary mixture,
i.e., p11(0) + p22(0) = 1, we can generate a single third-order
differential equation for each resonance,

d*paalt) d*paa(t) 2 21dpaa(t)
- - [ as + T3] dr
2 I 2
— Dowiy appan(t) + - @in, ApP44(0), (A22)

where we introduced the effective interaction strength
Oint AB = 2%, the total dephasing rate I', = F;p) + I and
A,B =1,4 or 2,3 depending on which resonance is being
interrogated. With the initial conditions

dpaa(0)
a0
) , (A23)
d"paa0) _ _%inAB o 0)
i 5 Pas(l),
we find the solution
paa(0)

paalt) =

0 t
1D sl )e?’[“’sh <EM)

I . t
+ T sinh (E,/l"g - 4wi2m,AB>:|‘
v/ I’y — 4wiy ap

In the regime of weak dephasing (A", < Hin,aB), We obtain
oscillations corresponding to a coherent energy transfer back
and forth between the two spins. In most practical cases,
however, the coupling strength is much weaker than the
dephasing (RI'; 3> Hin ap). In this weak coupling regime,
Eq. (A24) simplifies into

(A24)

paa(0)  paa(0) _ ‘i
pat) =2 e T (A29)
from which we identify the relaxation rate
2 2
w; 4 I-Iin
Tles = —‘l“j’AB = r_( ;,L’AB) . (A26)
2 2
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This gives, for the two resonances Hj; = Haq (labelled “+7)
and H,, = Hi3 (labelled “—"),

~ ~ . 2
pr L (o ?(3sin’g
1,res F2 2\/5 r3 ’

b L (mopnvih 2/35in20 —2\°
1,res Fz 2ﬁ r3 :

This corresponds to Eq. (10), which was discussed in the
context of a nuclear spin as the target. For an electronic
target spin (4 = 7. & nv), there is only one resonance at
B ~ 512 G because the second resonance corresponds to

a field B, = oco. The decay rate associated with the B
resonance was given in Eq. (6).

We note that I'| s does not depend on the initial state of
the target spin, i.e. on the value p44(0). However, the latter
affects the relative contrast of the decay as measured via the
PL. Indeed, the PL intensity can be expressed using Eq. (A2)

as

(A27)

I(t) = I + Iy — ID[p11(7) + p22(7)]

= I+ IpCle™ =" — 1], (A28)
where the contrast is given by
Ih— 1
C= 0). A29
20, paa0) (A29)

The contrast is maximum if the target spin is initialized in
the resonant state [p44(0) = 1] and is null if the target spin is
initialized in the other (nonresonant) state [p44(0) = 0].

In general, the target spin is initially in a mixed state
[044(0) = 1/2] since the thermal energy greatly exceeds the
Zeeman energy, i.e., kgT > hy,B. However, in the presence
of multiple target spins (e.g., multiple P1 centers as in our
experiment), the probability of finding at least one target spin
on resonance with the NV is close to unity, which implies that
the contrast is maximum, i.e.,C = ({y — I;)/21y. The effective
relaxation rate I'j o is then simply a sum of the relaxation
rates induced by each on-resonance target spin. Under this
assumption, Eq. (A28) is found to match Eq. (A3) when

one sets I'y p, = 0 (no phonon relaxation) and ny(0) = 1 (NV

electron spin fully initialized in m(sp) = 0). Equation (A3) is

therefore a generalization of Eq. (A28), which includes phonon
relaxation and nonperfect NV initialization, and is valid in the
presence of multiple target spins.

e. T\-EPR/NMR on a PI center

In the previous section, we used a fully quantum mechanical
approach to treat the case where the NV spin interacts with a
single spin-1/2 target. To treat the more complex case of the
P1 center, which comprises a spin-1/2 electron and a spin-1
nucleus, we employ a semiclassical approach where the NV
quantum dynamics is calculated under the classical magnetic
field generated by the target spin system. In Ref. [17], it has
been shown that the two approaches give identical results
for the case of a single spin-1/2 target. According to the
semiclassical approach, the NV relaxation rate at a given
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background magnetic field B can be expressed as [17]

: ry
ri(B) = / WO e

+ [onv(B) — o]

Pg(w)dw,

(A30)

where F;p) is the dephasing rate of the NV spin, wyy is the
transition frequency of the NV spin, Pg(w) is the normalized
distribution of transition frequencies of the target spin system
(i.e., the magnetic spectrum of the environment) at field B, and
b is the mutual coupling strength between probe and target.
The task of determining the relaxation rate of the NV spin
thus reduces to computing the associated coupling strengths,
b, and frequency spectra, Pg(w), of the environment. This
is achieved via examination of the Hamiltonian components
associated with the N'V-target interaction and self-interactions
within the target system, respectively.

If the target is a single spin-1/2 with gyromagnetic ratio J,
the coupling strength is obtained from the term of the dipole-
dipole interaction Hj, that corresponds to the resonance
condition [see Eqgs. (A18) and (A19)], which gives

nviih\ (3sin?6 — 1+ 1
by — <MOVNV)’t )( sin : ) (A31)
42 r

where the sign =+ refers to the two possible resonances. For
the P1 center, Eq. (A31) can be used to model the single-
quantum EPR transitions (only b in that case, with 4 = 7,),
the hyperfine-enhanced NMR transitions (with 7 = ¥,), and
the direct NMR transitions (with % = Py). For the double-
quantum EPR transitions, the relevant term in the dipole-dipole
interaction leads to an interaction strength [17]

HoPnvPeh \ (3 sin26
bdouble = 8\/5 /3 .

To determine the dynamic behavior of the P1 environment,
we compute the autocorrelation functions associated with
the field components of the target spin system. Interactions
between target spins may be modelled by damping these
autocorrelation functions with a decaying exponential,
exp(—I‘g)t), to describe their relaxation due to mutual

(A32)

flip-flop processes with corresponding relaxation rate Fg). The
propagator associated with the target spin system is given by

Ui(t) = exp(—iHt), (A33)

where we will take H,
P1 problem.

(a) Single-quantum EPR transitions. In the case of single-
quantum transitions of the P1 center, the relaxation of the NV
spin is caused by its coupling to the lateral components of
the P1 spin. Thus we compute the autocorrelation function
associated with the lateral dynamics of the P1 spin,

= Hp; as given in Eq. (A8) to treat the

(t) 4
(Sx(£)Sx(0))single = e Te{U (1) S U, (1) Sy }
= e’r(z‘)’ Z cos(wy it),

{wui}

(A34)

where the sum runs over the three Larmor precession fre-
quencies {w;} corresponding to the single-quantum EPR
transitions, as given in Eq. (A10), assuming an on-axis P1
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center: one for each possible nuclear spin state (m(,l) =0,=%1).
The corresponding spectrum may then be found by computing
the Fourier transform of the autocorrelation function, which
gives

Yt

o (O + (@ — o

Inserting Eqs. (A31) and (A35) into Eq. (A30) gives the
relaxation rate as a function B about the single-quantum EPR
transitions,

~ ~ . 2
[EPR () _ (MOVNVVeh)2<3 sin? 9)
1 2\/5 r3

et
| |
S0 4 TOT + lony(B) — an i (B)P

(A36)

Psingle(w) = (A35)

This spectrum comprises three Lorentzian peaks correspond-
ing to the three possible P1 nuclear spin states (m(,l) =0,x1).
The amplitude of each peak, that is, the NV relaxation rate
on resonance with a single-quantum EPR transition of the P1,
matches that obtained using the fully quantum mechanical
approach for a single spin-1/2 [see Eq. (A27)]. Moreover,
Eq. (A36) shows that the line width of each resonance is
governed by the total dephasing rate I'; = F;p) + Fg).

(b) Double-quantum EPR transitions. Similarly, for the
double-quantum EPR transitions of the P1 center, the relax-
ation of the NV spin is caused by its coupling to the axial
components of the P1 spin. Thus we compute

(S.(5)S-(0))doupte = €1 " Tr{lr(t) S.UL®)S. )

® Ay 2 wy it
. 1 2 L, j
e E 4< e) sin ( > ,

{wnj}
(A37)

where {w ;} are the two frequencies corresponding to the
double-quantum EPR transitions, as given in Eq. (All), and
we retained terms up to order O(—i) in the prefactor. Here the
damping factor corresponds to 10ng1tud1nal relaxation since it
applies to the z spin component, with a decay rate denoted
as F?). Like before, computing the Fourier transform gives
the associated spectrum, Pgouple(w). Inserting Pgoupie(@) and
Eq. (A32) into Eq. (A30) gives the field-dependent relaxation
rate about the double-quantum EPR transitions,

PR double g _ (Movafeh>2(3sin29)2< Ay )2
! 242 3 wo(B)

r® 4o
D> —

o [T +TET + [onv(B) o (B)P
(A38)

The on-resonance relaxation rate for the two transitions is
given in Eq. (7), where we defined the total dephasing rate
of the interacting system as ', = ng )+ 1"?). Compared with
the single-quantum transitions, the relaxation rate is further
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damped by a factor of order ~A? /w?. This is representative
of the fact that at the point of resonance for those double-
quantum transitions, the magnetization exchange between the
P1 electron and nuclear spin is not an energy-conserving
process and is thus less likely to occur.

(c¢) Hyperfine-enhanced NMR transitions. We now turn
to the description of the resonance features observed near
the GSLAC of the NV spin, which occurs at ~ 1024 G.
These features arise from two effects: the low-frequency
components of the P1 electron EPR spectrum, as measured
via the NV-P1 electron coupling; and the NMR spectrum of
the P1 nuclear spin. In what follows, we discuss the origin
of these signals, and show that it is only the former that
produces an appreciable signal. These results demonstrate that
electron-mediated enhancement of NMR signals is a viable
mechanism for vastly improved sensing of nuclear magnetic
resonance.

In determining the low-frequency components of the P1
EPR spectrum near 1024 G, we proceed as above but retain
terms of order O(—L) where w, =~ 2.87 GHz at 1024 G is the
P1 electron Larmor frequency. Furthermore, we ignore terms
of frequency near w,, since these are too high to resonate with

the NV frequency at this field. The relevant components of the
autocorrelation function are given by

1o Ay 2 wy i 1
(S (SO =" Y " (=) cos ). (a39)

,
{wuk} ¢

where {w} are the four frequencies corresponding to the
NMR transitions, as given in Eq. (A13), and we discarded
the higher-order terms in ﬂ and AL in the prefactor. Note
that although Eq. (A39) refers to the autocorrelation function
of the P1 electron spin, the dephasing rate here, Fz(t), is that
of the P1 nuclear spin. This is because the NMR frequencies
{w¢x} do not depend (at first order) on the P1 electron Larmor
frequency, w,, and therefore are not affected by the associated
fluctuations. Inserting the associated spectrum Ppyp(w) and
Eq. (A31) into Eq. (A30) gives the field-dependent relaxation
rate about these hyperfine-enhanced NMR transitions,

FNMR’hyp(B) _ (/Lo?Nvfeh)z(fj’ sin29—1:|:1>2< Al )2
‘ 2/2 r we(B)

5 Z Fép) 4 1-\/2(0
()12 .
(g} F(p) + Fz(t)] + [onv(B) — o (B)]?

(A40)

The on-resonance relaxation rates of the two families of
transitions are given in Eq. (8), where we defined the total
dephasing rate of the interacting system as [, = F(p) +T, o,
In comparison with the single-quantum EPR transitions, the
hyperfine-enhanced NMR transitions result in NV relaxation
rates that are suppressed to an order of (A | /w.)>.

(d) Direct NMR transitions. We may apply the same
approach as above to calculate the NMR spectrum associated
with the direct coupling between the NV spin and the nuclear
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spin of the P1. The autocorrelation function is given by

L1 = €Y cos(wnar),  (AdD)

{ou}

where F;(t) is the dephasing rate of the P1 nuclear spin. It
is readily apparent that these dynamics are not suppressed
like those in the hyperfine-enhanced case. Despite this, the
resulting effect on the NV relaxation of the direct NMR
transitions is much lower than those of the hyperfine-enhanced
NMR, due to the differences in coupling to the NV spin.
Inserting the associated spectrum Pyirec(w) and Eq. (A31) into
Eq. (A30) gives the field-dependent relaxation rate about these
direct NMR transitions,

~ ~ . 2
FNMR,direct(B) = (MOVNVVNh>2<3 sin?6 — 1 + 1)
1 =

232 r
5 IR
« .
o TP+ + [ow (B - (B)P

(A42)

(e) Summary. For all of the transitions, the NV relaxation
rate on resonance has the form

1 [ woPnvh ) 2
r res — S 't AO(r,0
1 2( G (7" AO(r,0),

where A comes from the coefficients of the autocorrelation
function’s Fourier transform, ®(r,0) comes from the relevant
term in the dipole-dipole interaction, I'; includes the dephasing
of the NV probe and the relevant dephasing of the P1 spin
system, and 7 is the gyromagnetic ratio of the relevant P1 spin.
Expressions of A, ®(r,0), I',, and 7, are given in Table III for
the NV-P1 resonances, which are of four types: single-quantum
EPR transitions, double-quantum EPR transitions, hyperfine-
enhanced NMR transitions and direct NMR transitions.

The direct NMR transition corresponds to the situation
where the NV electron spin interacts directly with a target
nuclear spin, as was investigated in Sec. IV, regardless of
any hyperfine interaction with a nearby electron spin. For the
P1 center, this direct interaction is negligible in comparison
with the hyperfine-enhanced interaction mediated by the P1
electron spin. Precisely, the ratio of the induced decay rates is

(A43)

NMR, hyp 2 /o~ 2
D (A (L)
e @, ) \ 7N
At the magnetic fields where these transitions occur (B =~
1000 G), this fraction is A~ 10°. This electron-mediated
enhancement is significant and potentially paves the way for

vastly improved sensing of nuclear spins through reporter
electron spins.

(A44)

f. On the suppressed hyperfine-enhanced NMR transitions

Now we present an analysis of a pair of the hyperfine-
enhanced NMR transitions in order to explain the different
decay strengths seen and why only half of the transitions are
detected in Sec. III. The P1 hyperfine interaction leads to
transitions within the P1 center between the states | + %,0) <~

—%,—i—l) and | + %,—1) <~ |—%,0). The hyperfine-enhanced
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TABLE III. Expressions of the different terms that compose the NV relaxation rate on resonance with a target spin transition, according
to Eq. (A43), for the four situations considered in this work. The second column indicates the notation used for the relaxation rate in Secs. III
and IV. The third column expresses the total dephasing rate for the resonance, which is a sum of the NV electron spin dephasing rate F;p)
and the relevant damping rate of the target system: the dephasing rate of the P1 electron spin Y, the longitudinal relaxation rate of the P1

electron spin Fil), or the dephasing rate of the P1 nuclear spin F;([). In the fourth column, the Zeeman shift w, = —7, B is evaluated at the field
where the transitions occur; the prime for the hyperfine-enhanced NMR transitions reminds that it is different than for the double-quantum

EPR transitions, namely, o, ~ 2w,.

Transition type Notation for I'j s I )2 A Q(r,0)
a2

single-quantum EPR N rP +rd 7.) 1 (351#
double-quantum EPR PR double r® 4o ) ( A(Tj ) (220

, 2
hyperfine-enhanced NMR e r? +r° 7.) (%)2 (w)

) . 2
direct NMR Fﬁ/éfi rép) + 1"2(‘) (v ) 1 (mxﬂr(a% )

NMR transitions are achieved via a double transition within the
NV-P1 system involving one dipole-dipole interaction between
NV and P1 electron and one hyperfine interaction between P1
electron and P1 nuclear spin leaving the P1 electron unchanged
while both the NV and P1 nuclear spin are flipped. Consider
the following NMR transitions within the NV-P1 system:

2+l = =140}
|0,4-2,0) — |=1,4-1,+1).

If we write out the full double transition via an intermediate
state along with each type of transition, we have

0,44 +1) 255 =L —1) S5 |-144.0)
lO) Hyperfine 0’ 2’+1> Dlpole ’_1’+%’+1)

The first of these transitions has a dipole-dipole transition of
the form |0, + m? ;)= 1-1,—3 m(” ), which has a spatial

2
dependence of (M) Whlle the second has a dipole-dipole

transition of the form |0,— m(;)) — |—1, —|— m(t)), which

has a spatial dependence of (35“1#) .

The total decay rate is the linear sum of all the contributing
decays of atoms in the bath. Hence integrating these func-
tions across all space gives the comparative strength of the
transitions. Doing this in spherical coordinates gives

2 b4 oo ) 2
3 0 32
/ / / ( = ) r2sin0drdodg = ——,
0 0 Jrmin r 5rr\nin
om0 (36in20 —2\7 , 167
——— | r*sinfdrdfde¢ = .
0 0 Jrmn r? 15 t?nn

As aresult, those transitions depending on 3 sin” 6 are expected

to be on average a factor of 5323” / 1673’ = 6 times stronger than
rain ! 151,

those transition that depend on 3 sin2 6 — 2. The transitions
depending on 3sin*# — 2 were not resolved in our NMR
measurements in Sec. III because of this expected weaker
transition strength. This analysis assumes an ensemble average

of bath spin positions and for our single NV case it will depend
on the exact position of bath spins.

g. Simulation of the T;-NMR spectrum

In this section, we briefly outline the method for numer-
ically simulating the nuclear spin spectrum in Sec. IV. The
Hamiltonian of the NV center is the same as in Eq. (A5) and
the nuclear spin Hamiltonian is the same as in Eq. (A17)
with the correct nuclear gyromagnetic ratio replacing .
The interaction Hamiltonian is the dipole-dipole Hamiltonian
[Eq. (A18)]. The simulation is done via evolution under the
Lindblad equation from Eq. (A21).

The superoperator formalism is used to allow time steps
longer than the dephasing time of both the NV and the target
nuclear spin. In addition, a background T, process was applied
to the NV via taking time steps of -1 {05 and decaying the diagonal
elements of the density matrix with each time step.

The initial state of the NV was taken to be |m(sp ),m(,p)) =
|0,41) due to the nuclear spin polarization near the GSLAC.
The decay rate, I'} 15, was found by fitting the population in
|0,4+1) after evolution time ¢, to the function in Eq. (A3).

h. Sensitivity

In this section, we estimate the sensitivity of the method
by comparing the signal caused by a target spin to the
measurement noise. The measurement sequence consists of
a 3-us laser pulse followed by a wait time 7 assumed to be
much longer than 3 us. The useful signal I;(7) is obtained by
counting the photons within a read-out time #,, = 300 ns. As
a result, the PL signal is acquired only for a fraction #,,/t of
the total experiment time. Using Eq. (A3), the total number of
photons detected can be expressed as

1 3
N(Fl I’CSvt) - RTlot |:1 -C + Ce_rl phe (Z + Ze_rl’mﬂ>j| )
(A45)
where R is the photon count rate under continuous laser exci-

tation and Ty, is the total acquisition time of the measurement.
The change in the number of photons caused by the presence
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of a target spin inducing a relaxation rate I"| ;e is
AMignal(T) = N(Oa T) - N(Fl,res’f)
_ 37?thotl‘roc _ e*FI,resr)
4t '
The photon shot noise associated with the measurement is

Ajvnoise('f) = N(Fl,reSvT)

~ R Ttot tl'O
\ T )

e (1 (A46)

(A47)
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where we used the approximation C < 1. The signal-to-noise
ratio is then

AN5ign 1(7) RitroTiot 3C
SNR(1) = —2—— ~ / e lmr(1
(t) A-/\/;wise('f) T 4 ¢ (

which corresponds to Eq. (11).

_ e*l—‘].msf)’
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