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A single spin quantum sensor can quantitatively detect and image fluctuating electromagnetic
fields via their effect on the sensor spin’s relaxation time, thus revealing important information
about the target solid-state or molecular structures. However, the sensitivity and spatial resolution
of spin relaxometry are often limited by the distance between the sensor and target. Here, we propose
an alternative approach that leverages an auxiliary reporter spin in conjunction with a single spin
sensor, a diamond nitrogen vacancy (NV) center. We show that this approach can realize a 100-fold
measurement sensitivity improvement for realistic working conditions and we experimentally verify
the proposed method using a single shallow NV center. Our work opens up a broad path of inquiry
into a range of possible spin systems that can serve as relaxation sensors without the need for optical

initialization and readout capabilities.

The detection of fluctuating electromagnetic fields
lends important insight into the dynamics of solid-state
systems, for example, the local current and spin fluctua-
tions in magnetic and correlated electron systems [1-6],
decoherence processes in quantum systems [7-11], and
chemical and biological processes [12-14]. Single-spin
quantum sensors constitute a powerful tool for detect-
ing fluctuating fields; in a technique called relaxometry,
fluctuating fields with a spectral component matched to
the energy splitting of the sensor spin reduce the spin’s
relaxation time T3 [15].

Nitrogen vacancy (NV) centers in diamond are a
prominent example of a solid-state spin qubit sensor, ex-
hibiting a wide temperature operating range, compat-
ibility with biological and condensed matter systems,
high sensitivity, and high spatial resolution. Relaxometry
with NV centers has been used to probe magnetic fluc-
tuations near the diamond surface to better understand
surface-induced decoherence [8-11], detect spin waves in
magnetic systems [16, 17], image local conductivity and
current flow of condensed matter systems [18-21], per-
form spectroscopy of electronic spins [22], and detect
magnetic nanoparticles [23] and magnetic ions [24-26].
The proximity of the sensor to its target is critical to
achieving better spatial resolution and sensitivity, and
becomes particularly important for relaxometry when
targeting the detection of single spins (nuclear or elec-
tronic), as the dipolar magnetic fluctuation signal from a
single spin die off as 1/7%, with r being the sensor-target
separation [24, 27].

Bringing NV centers close to the diamond surface is
one natural approach to reduce sensor-target separation
for improved relaxometry. However, NV centers with
high-grade spin and optical properties cannot be made
arbitrarily shallow for many reasons: firstly, the yield
rate of an implanted nitrogen atom forming an NV cen-
ter declines dramatically near the surface [28], and sec-

* ania@physics.ucsb.edu

(a) (c) 1

R B B B
T t = no target spin ]
arge -~ 3 0.8 - — with target spin |
\‘i) S06} .
o} ]
Reporter 50.4 L .
NV ’> 2oz 7
O -
10 10° 10° 102 10°
T, (us)
(b) L2, W, w2, w2, n /2
Init /' =X vt X v Readout
NV_-J-l thlerI /2 [l=—"—[ /2 ﬁ /2 n_u_
: bid : id
Reporter M 1 M
NV O ——@— & A

Reporter

FIG. 1. (a) Schematic representation of the proposed exper-
iment. The magnetic fluctuations (red contours) from a tar-
get spin (yellow) are detected by an optically addressable NV
center (green) in diamond, through a change in the relaxation
time 77 g of the reporter spin at the diamond surface. The
close proximity of the reporter spin to the target spin ampli-
fies the signal. (b) Pulse sequence and corresponding quan-
tum circuit diagram (bottom) used for measuring 71 r. After
optical initialization of the NV center (dark green), microwave
pulses control the spin states of NV center (light green) and
reporter spin (blue), followed by optical readout of the NV
(dark green).(c) Calculated NV coherence as a function of 7,
as measured by the pulse sequence shown in (b), for an NV
4.5 nm deep. In the absence of a target spin, the black curve
shows the signal corresponding to the reporter spin’s intrinsic
T1, 30 ps in this case. The red curve shows a faster decay
when a nearby Gd3' spin, 3 nm from the reporter spin in
this case, reduces 11, r to 11.6 ps.

ondly, near-surface NVs tend to exhibit increased charge
instabilities [29-31] and shorter coherence times [10, 32].
Overcoming these challenges is an active area of study.

Here we propose an alternative approach that leverages
an auxiliary spin that resides closer to, or even at, the
diamond surface (Fig. 1(a)) to sense fluctuating fields.
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This reporter spin acts as the relaxation sensor, whereas
a nearby NV center, comfortably deeper in the diamond,
serves as a local optical readout of the reporter spin
state [33, 34]. Compared to direct NV relaxometry, this
method features improved sensitivity and spatial resolu-
tion while circumventing the reduced NV coherence and
charge stability associated with the diamond surface. In
essence, the main advantage of the reporter relaxometry
method stems from the fact that the reporter translates
an incoherent magnetic field signal, which decays as 1/7%,
into a coherent magnetic signal emanating from the re-
porter spin with a 1/r3 dependence. Furthermore, the
proposed approach offers access to an additional range of
detection frequencies determined by the reporter spin’s
energy splitting. In this paper, we analytically exam-
ine the dependence of the relaxation signal on NV and
reporter spin properties, finding a measurement sensi-
tivity increase up to 100-fold compared to conventional
NV relaxometry as relevant parameters are varied in real
working conditions. For concreteness, we use a theoreti-
cal calculation and a simulation of scanning relaxometry
to benchmark performance using a specific example of
detecting and imaging a single Gadolinium (Gd3*) ion,
a commonly used spin label for bio-structural imaging,
but we remark that the results are broadly applicable to
other target systems. We then experimentally verify the
proposed pulse sequence with a single NV center strongly
coupled to a nearby reporter spin, whose relaxation time
is tuned via a stochastic driving technique [35]. Finally,
the challenges and future outlook of this proposed ap-
proach are discussed.

We consider a single reporter spin located at the dia-
mond surface near a single NV center, as shown in Fig.
1(a). Although the reporter spin can come in any form,
its primary requirement is a long intrinsic 7;. We note
that single spins at the diamond surface have been de-
tected with 100-us-scale relaxation times at room tem-
perature [36], which are sufficiently long for the proto-
cols proposed here. For simplicity, we discuss the case of
spin-1/2 reporter spins, but the analysis can be extended
to systems with larger spins.

The proposed reporter-spin relaxometry protocol is
shown in Fig. 1(b). This protocol probes the correla-
tion time of the magnetic field signal produced by the
reporter spin, which is equal to its relaxation time 71 g,
via its dipolar coupling to the NV using double electron
electron resonance (DEER) techniques. The sequence
constitutes a correlation measurement of the NV center’s
environment seen through the filter function set by the
“xyy” Hahn echo NV pulse sequence in this case. Impor-
tantly, by matching 7nv to the inverse of the NV-reporter
dipolar spin coupling rate kg, the sequence selectively
probes the coupling between the reporter spin and NV.
Therefore, the two separate “xyy” DEER sequences are
equivalent to two CNOT gates in quantum circuit rep-
resentation [37]. The correlation time of such coupling
is then imprinted onto the NV coherence, which can be

measured via differential photoluminescence readout of
the NV center’s spin state [11]. In effect, the NV center
acts as a “flag” qubit whose state changes if the reporter
spin flips during the correlation sequence [38, 39].

Figure 1(c) shows the expected signal for the exam-
ple case of detecting a single Gd3T spin, a spin la-
bel with a large electronic spin of S = 7/2 and fast
GHz-scale dynamics [12, 40]. Ensembles of Gd3* spins
have been interfaced with and detected by NV centers
[24, 26, 27, 41]. The Gd3* produces a rapidly fluctuat-
ing magnetic field, which reduces the correlation time of
the reporter spin and manifests as a faster NV population
decay. The reduction in NV coherence is caused by the
relaxation of reporter spin. The NV parameters used in
the numerical calculations are experimentally measured
on an implanted shallow NV (NV1) in a chemical vapor
deposition-grown diamond sample. The parameters are
T5 = 8.4ys, and T1 nv = 3.5ms, and the NV depth is
measured via proton NMR [43, 44] to be 4.5nm. The
reporter spin is assumed to be located on the diamond
surface at a position where the dipolar coupling to the
NV is maximized, T} g is assumed to be 30 ps, and mvv is
set to 912 ns to match the inverse of the dipolar coupling
strength kg [34].

To quantitatively compare the performance of the pro-
posed reporter-spin-assisted relaxometry protocol with
direct NV relaxometry, we first define the sensitivity of
a relaxometry measurement as the minimum number of
spins detectable per vHz:

CspN
= AV tse ) 1

where AS is the change of the normalized signal due to
the reduced 77 g, Cspn is the ratio between experimental
measurement uncertainty and the spin projection noise
limit, and tsq is the total duration of the pulse sequence
including the overhead time, such as the initialization
and readout time. The sensitivity of NV relaxometry nnv
and sensitivity of reporter relaxometry nr are computed
separately using Eq. (1) with the corresponding AS and
tseq for each method respectively. In the supplementary
material, we also discuss results when the sensitivity is
defined as the minimum detectable magnetic noise §(B? )
[42].

We next outline the steps of the numerical calculation
for reporter and NV relaxometry sensitivities. We first
calculate how a target fluctuating magnetic field external
to the diamond imprints itself on the relaxation time of
a single spin, which can be either the NV center when
using direct NV relaxometry or the reporter spin when
using reporter-spin-assisted relaxometry [27, 45, 46]. For
the expected change in Ty, AS(7;) is calculated as shown
in Fig. 1(c). Then using Eq. (1), the readout and mea-
surement times are optimized to minimize nr and nyv for
each case independently, and the sensitivity enhancement
nNv /MR is calculated. We assume the use of the spin-to-
charge conversion (SCC) readout technique for all cases
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FIG. 2. Sensitivity improvement of reporter relaxometry
over direct NV relaxometry for single Gd** spin detection.
(a) Numerically calculated sensitivity enhancement (nnv/nr)
as a function of the distance from the Gd3% to reporter
(rcd-Reporter) and the intrinsic 77 of the reporter. We as-
sume NV Ty = 8.4ps, and NV depth is 4.5 nm. (b) nxv/nr
as a function of the distance from the single Gd3" to the re-
porter, and the NV T,. We assume reporter spin 71, g = 30 ps,
and NV depth is 4.5 nm. (c)(d) nnv/nr as a function of
the distances between NV, reporter, and the single Gd>*.
We assume NV T> = 100 ps and reporter spin 71, r = 30 ps.
SCC readout technique is used here for both reporter relax-
ometry and NV relaxometry. The red dashed lines indicate
nnv/Mr = 1, where the sensitivities of two methods are equal.

here, where the readout noise level is experimentally ver-
ified on NV1 [47].

Figure 2 plots the sensitivity enhancement of the re-
porter spin relaxometry protocol over the direct NV re-
laxometry protocol, varying several parameters to high-
light the situations in which reporter spins are an ad-
vantageous choice. The qualitative picture that emerges
from the plots is that longer intrinsic reporter Tll, R
longer NV Ty, smaller reporter-Gd3* separations, and
deeper NV centers enhance the benefits of reporter re-
laxometry, culminating in a 100-fold sensitivity enhance-
ment for a 10-15 nm deep NV with 75 = 100ps and a
Gd3t spin located ~3 nm above a reporter spin with
TLR = 30ps (Fig. 2(c)(d)). We note that these are
all experimentally confirmed values [11, 26, 30, 44]. A
lower (higher) NV T, would shift the location of maximal
sensitivity enhancement in Fig. 2(c) to smaller (larger)
reporter-NV separations ryeporter-Nv, and reduce (en-
hance) the sensitivity enhancement value v /nr (shown
in our Supplementary Material Note 4 [42]). For each
point calculated in Fig. 2, the readout and measurement
times are optimized to minimize ng and nyny separately
[42].

Reporter relaxometry can also be combined with scan-
ning probe microscopy (SPM) [20, 23, 25, 48] to achieve
better spatial resolution and provide faster imaging for
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FIG. 3. A comparison of simulated scanning images of a single
Gd** spin acquired by reporter relaxometry and direct NV
relaxometry. (a) Reporter-spin assisted relaxometry image:
plotted is the change of reporter relaxation rate, A'; g, as the
reporter spin is scanned in a plane 2 nm above a single Gd>*.
(b) A line-cut along the red dashed line in (a). (c) Direct NV
relaxometry image plots the change of NV relaxation rate,
AT'1,nv, as the NV center is scanned in a plane 6.5 nm above
a single Gd®". (d) A line-cut of the red dashed line in (c).
The reporter relaxometry image in (a) takes 19 hours com-
pared to 217 hours for direct NV relaxometry imaging. These
simulations target the same level of relative standard error for
each pixel. The solid blue lines in (b) and (d) are Lorentzian
fits, and the dashed lines with arrows indicate the FWHM.
For both images, the NV T1 nv = 3.5ms, To = 8.4ps, NV
depth is 4.5 nm, and the reporter 771, g = 100 ps.

a given sensitivity. In reporter-spin-assisted scanning re-
laxometry, a reporter spin is incorporated onto the apex
of a diamond scanning probe tip with a nearby subsur-
face NV center and is scanned over an imaging target,
spatially mapping the fluctuating fields emanating from
the sample. In Fig. 3 we compare two simulated images
of a single Gd®* spin obtained using scanning reporter
T relaxometry (Fig. 3(a)) and direct scanning NV T}
relaxometry (Fig. 3(c)). The change of the reporter’s re-
laxation rate is plotted against its lateral position relative
to the Gd3* as it is scanned above the diamond surface.
Noise at the level of Cspn = 10, as experimentally mea-
sured on NV1, is included. We utilize an adaptive mea-
surement technique [20] that optimizes the parameters of
the pulse sequence (7, and readout time) at each pixel.
We also set the averaging time at each pixel to main-
tain a constant relative standard error of AI'y, where
ATy = 1/Ty — 1/T} is the change in relaxation induced
by the Gd®*. We find that reporter relaxometry shows
a 11.4-fold overall measurement speed enhancement, and
a 3.5-fold better spatial resolution (FWHM resolution)
as seen by comparing the signals shown in Fig. 3. The
FWHM of the signal peaks in Fig. 3(b)(d) are limited by
the distance between the sensor and target spin.
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FIG. 4. Demonstration of reporter relaxometry with artifi-
cially reduced reporter spin correlation by stochastic driving.
The measurement is performed with a single NV center that is
strongly coupled to a nearby g=2 spin-1/2. (a) Pulse sequence
of reporter relaxometry with additional stochastic driving of
the reporter spin during 7,-. Incoherent spin dynamics caused
by stochastic driving with Rabi frequency |Q2s| and linewidth
Av reduces T1,r of the reporter spin. (b) NV coherence for
various stochastic driving powers, indicating reduced reporter
spin auto-correlation with increased €2;. Solid lines are mono-
exponential decay fits. (c) Extracted reporter spin relaxation
rate as a function of 2|Q,|*/Av. Black solid line is the theo-
retical behavior expected from Eq. (2).

We now experimentally demonstrate the ability of the
proposed sequence (Fig. 1(b)) to accurately detect the T}
reduction of a reporter spin. In this experiment, we apply
an external stochastic field [35] to a reporter spin located
in close proximity to an NV center, thus emulating the
effect of fluctuating fields produced by a sensing target.
The polychromatic drive, spectrally centered on the re-
porter spin resonance, reduces the correlation time of the
reporter spin by inducing incoherent spin dynamics; the
induced relaxation rate is controlled by the amplitude
and broadening of the engineered field:

1 1
Tl R T1/7R

)

Q.
2|Al . (2)

where || is the Rabi frequency of the stochastic drive,
and Av is the full-width at half maximum linewidth of
the Lorentzian spectrum of the drive. We implement
the reporter-assisted relaxometry sequence (Fig. 4(a))
on a single shallow NV center (NV2) in diamond that
is strongly coupled to a nearby g=2 reporter spin and
we probe the correlation of the reporter spin while turn-
ing on stochastic driving centered at 888.0 MHz during
7 [42]. Figure 4(b) shows the reduced correlation of
the reporter spin mapped onto the NV coherence as the
strength of the stochastic drive is increased. For negligi-
ble stochastic drive power (|25| = 0 kHz), the observed
correlation is governed by the intrinsic slow relaxation
of the reporter spin, Tl”R ~ 1ms in this case. As the
drive power is increased, the reporter spin’s correlation
time is reduced and dominated by its incoherently driven

4

dynamics. Figure 4(c) shows the reporter spin decay
rate extracted from a mono-exponential fit to the data
in Fig. 4(b) as a function of |€|°/Av. Experimental
results agree quantitatively with the expected behavior
of Eq. (2) demonstrating the suitability of the reporter
spin-assisted relaxometry sequence.

Another benefit of reporter spin relaxometry is its abil-
ity to probe fluctuating fields in a different frequency
range than direct NV relaxometry, in particular giving
access to lower frequencies at moderate fields. Many
noise baths (e.g. Lorentzian baths) produce stronger fluc-
tuations at lower frequencies. Further, probing two dis-
tinct frequency ranges simultaneously gives more spectral
information about the sensing target.

Our work opens up a broad path of inquiry into a range
of possible reporter spin systems that can serve as relax-
ation sensors without the need for optical initialization
and readout capabilities. While engineering single re-
porter spins at the diamond surface is challenging, there
are several promising candidates. Naturally occurring
surface spins located on the diamond surface have been
detected and measured to have remarkably long 77 =
100 ps [32, 34, 36, 44, 49-51], though further work is nec-
essary to confirm their microscopic origin and engineer
their properties. Reporter spins can also be engineered
via ion implantation or chemical synthesis and pattern-
ing of molecules [52, 53], ions encapsulated in fullerene
[54], rare-earth ions, and radical spin labels [55, 56].

In conclusion, we propose a method that utilizes re-
porter spins in conjunction with optically addressable NV
centers in diamond to improve the measurement sensitiv-
ity and spatial resolution of conventional NV T} relaxom-
etry sensing and imaging. We quantitatively compare the
sensitivity and spatial resolution of this method to con-
ventional NV 77 relaxometry, and find a wide range of
parameter space in which reporter spin relaxometry pro-
vides substantial gains. Proof-of-principle experiments
confirm the ability of the proposed sequence to quan-
titatively probe the relaxation of a single, dark reporter
spin. This work motivates the development of engineered
reporter spins and some candidates are proposed.
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