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Sensitive nanoscale magnetic resonance imaging of target spins using nitrogen-vacancy (NV) centers in
diamond requires a quantitative understanding of dominant noise at the surface. We probe this noise by
applying dynamical decoupling to shallow NVs at calibrated depths. Results support a model of NV
dephasing by a surface bath of electronic spins having a correlation rate of 200 kHz, much faster than that
of the bulk N spin bath. Our method of combining nitrogen delta-doping growth and nanoscale depth
imaging paves a way for studying spin noise present in diverse material surfaces.
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The negatively charged nitrogen-vacancy (NV) center in
diamond is a robust quantum sensor of magnetic fields [1-4].
Although an individual NV has the capability to detect small
numbers of electronic [5-7] and nuclear spins external to
diamond [8-10], its widespread application in spin imaging
has been limited by the ability to form shallow NVs that
retain spin coherence near the surface. Shallow spins with
long coherence time 7, are important because quantum
phase accumulation between two electronic spin states of the
NV provides signal transduction, and hence the minimum
detectable magnetic dipole moment scales as Sy o 1 //T5,
with r the N'V-target spin distance [3,4]. At odds with this
figure of merit is strong evidence that the diamond crystal
surface adversely affects T, reducing it from ~2 ms for bulk
NVs [11,12] to less than 10 us for few-nanometer deep NVs
[6,13—16], but the origin of this decoherence is an outstan-
ding question. We consider in this Letter a model of surface
spin induced decoherence, a theory that has emerged from
experiments on other systems [17,18] where long coherence
is a requirement, such as in superconducting circuits [19,20]
and spin qubits in silicon [21]. We show that an electronic
surface spin model is quantitatively supported for NVs in
diamond. The key step we present is to link NV coherence
with precise, independently measured NV depth data, as
enabled by recent advancements in depth-controlled NV
center creation and nanometer-scale magnetic imaging.

Recently, Ohno et al. demonstrated shallow, coherent NV's
using delta doping of nitrogen during chemical vapor depo-
sition (CVD) of single-crystal diamond (SCD) [16]. This
crystal growth technique both permits nanometer-scale depth
confinement and minimizes crystal damage incurred during
nitrogen ion implantation [13,15,22], the conventional
method of generating shallow NVs. The long T, of these
doped N'Vs has enabled detection of a nanoscale volume of
actively manipulated external protons [10]. The consistent
NV quality in delta-doped SCD makes depth measurements
a suitable probe of surface physics, not masked by effects of
other process-induced crystal variations. Therefore, we used
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this promising material in the reported work: we exploit
depth-calibrated NVs to understand how the surface con-
tributes to decoherence and provide a way to mitigate surface
noise for enhanced external spin sensing. Using dynamical
decoupling (DD) with periodic spacing of z pulses for
coherence analysis [23], we varied the number of pulses
to deduce the noise spectral contributions from the surface
and bulk environments as a function of depth. We show that
using shorter interpulse spacing can progressively increase
efficiency in decoupling from rapid magnetic fluctuations at
the surface.

We prepared shallow NVs—all within 160 nm of the
surface—in three depth-confined layers of isotopically pure
SN (> 98%) within an isotopically purified '2C (99.999%)
CVD-grown film, shown schematically in Fig. 1(a). We grew
the SCD epitaxially using plasma-enhanced CVD with the
conditions and postgrowth NV formation in Ref. [16] and
the Supplemental Material [24]. All experiments were
performed within a single grown diamond film, thereby
eliminating sample-to-sample surface variations. Nanometer
scale changes in a NV’s depth are critical to both its magnetic
sensitivity and spatial resolution; thus, we require an inde-
pendent method to discriminate NVs’ depths beyond the
diffraction-limited resolution afforded by standard confocal
microscopy [34]. NV-based detection of nuclear spins
prepared on the surface can imply an absolute NV depth,
though analysis requires an assumed spin magnetic field
model and the measurement is time intensive and inacces-
sible for all but the highest quality NVs sufficiently close to
the surface [9,10]. Here we employ a magnetic field gradient
assisted optically detected electron spin resonance (ODESR)
imaging technique that resolves NV depth differences with
nanometer resolution [1,35] over a wide depth range of
several hundred nanometers. Moreover, no assumed model
is necessary to extract relative NV depths. Absolute depths
are inferred by linking this technique with a model of
NV coupling to surface spins.

We identify N'Vs and their depths by combining an inver-
ted confocal microscope and an atomic force microscope
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FIG. 1 (color online). (a) Schematic of a CVD-grown diamond
film with three nitrogen delta-doped layers (orange) that contain
nitrogen-vacancy (N'V) spins at nanoscale separations. A 532 nm
laser is focused onto NVs via an inverted confocal microscope
giving a diffraction-limited depth of field. To achieve nanoscale
depth discrimination between NVs, a scanning magnetic tip and
microwave field form a resonance slice. Colored red is a NV that
intersects this slice. (b) Confocal image showing individual N'Vs.
(c) Optically detected ESR images recorded as a function of the
magnetic tip position over a single NV. Dark rings mark reduced
fluorescence when the ESR slice crosses the NV.

with a probe magnetized along the tip axis (see the
Supplemental Material [24]). Within the film of nitrogen
delta-doped layers [Fig. 1(a)] we differentiate doped SNVs
from bulk, naturally occurring '*NVs through confocal
fluorescence [Fig. 1(b)] and ODESR spectroscopy of the
SN hyperfine sublevels [16,36]. All data presented in this
Letter are on PNVs, which are referred to as NVs. To
image NV depths, the magnetic AFM tip was scanned over
the diamond surface at constant height, producing a bowl-
shaped scanning ESR slice near the NVs [Fig. 1(a)].
This slice corresponds to the locus of points in space where
the magnetic field along a specified NV axis is constant
and brings the NV |m; = 0)<>|m; = —1) transition,
vnv = 2.87 GHz — yny(Bgc + Byp), into resonance with
a microwave field v, where yyy is the NV gyromagnetic
ratio and By, and By, are the externally applied and tip
magnetic fields. When a NV intersects the slice, its
fluorescence decreases due to its spin-dependent coupling
into a long-lived metastable state. In this way, a single NV
images the resonant slice, as shown in Figs. 1(c) and 2(a),
where the dark contours correspond to the (x, y, z) tip
positions for which vy = vy.

We obtained relative depth between any two NVs by
registering their (y, z) resonance slice images [Fig. 2(a)]
and extracting the vertical offset. The relative depth for a
given NV was computed from its mean offset from every
other NV, and the standard error of the mean for each NV
depth ranged 1-2 nm (see the Supplemental Material [24]).
Figure 2(b) is a plot of the Hahn echo coherence envelopes
for NVs at four distinct depths, showing T, decreases with
proximity to the surface. The coherence decay envelope of
a NV depends on the nature of the environmental spin bath,
described by its noise spectral density S(w), and the

measurement microwave pulse sequence, which applies a
filter function to S(w). To further isolate the surface-
specific contribution we applied higher order DD, specifi-
cally XY4, to reduce the interpulse spacing z for a given
total precession time 7" and thereby decouple the NV from
fluctuating fields at frequencies f < 1/z. Hence, compar-
ing NV coherence subject to different pulse sequences
reveals the bath dynamics [37]. The data for T ., and
T, xy4 versus depth are plotted in Fig. 2(c) for 13 NVs; the
zero depth mark is at an estimated absolute position
discussed later. Both T, .., and T, xy, increased nearly
monotonically with depth and are suppressed most dras-
tically for depths < 25 nm. Importantly, the coherence
enhancement 75 yy4/ 7T ecno declined from a value of ~2.52
deep in the film to as low as 1.2 for a shallow NV [lower
panel of Fig. 2(c)]. This reduced decoupling efficiency of
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FIG. 2 (color online). (a) ESR slice photoluminescence contrast
images in a lateral-height plane (YZ) measured for four NVs of
identical orientation. Relative depths were extracted via image
registration (see the Supplemental Material [24]), and dashed
curves are polynomial fits as guides to the eye. (b) Hahn echo
coherence data (markers) with shot noise-limited error bars and
fits (lines) for the four NVs in (a). (c) Coherence times (75 ¢cpo
and T, yy,) and relaxation times (7') versus NV depth, showing
strong suppression of coherence near the surface. The lower panel
shows T, xya/Taecho = N* is reduced with decreased depth,
indicating that dynamical decoupling with N = 4 pulses is less
efficient for shallower NVs. The dashed line (1 =2/3) is
expected for NV dephasing by a slow bulk nitrogen spin bath.
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NVs near the surface suggests a depth-dependent change in
the nature of the dominant spin bath from that of a
homogeneous bulk bath to a faster fluctuating configura-
tion of surface spins whose effects are not decoupled at
longer precession times. Figure 2(c) also shows that the
longitudinal spin relaxation time 7| decreased for shallow
NVs over a similar depth scale as the 7', decrease, though
T, was generally an order of magnitude larger than
T, echo- Therefore, T processes did not dominate spin
decoherence.

To explain the degradation of NV coherence near the
surface, we assumed a noise model of pure spin dephasing
(see the Supplemental Material [24]). Based on the satu-
ration of T, in Fig. 2(c) and the isotopically pure '>CH,
growth precursor [16], we expected that the dephasing of
NVs deep in the film was dominated by interactions with a
bulklike spin bath of substitutional nitrogen (P1) centers.
Such magnetic noise is well described by a mean field
theory with the Ornstein-Uhlenbeck process [23], which
phenomenologically has a Lorentzian spectral density
centered at zero frequency. It is a natural ansatz to take
the total noise spectral density for a NV to be a two-
Lorentzian sum with contributions from the bulk and
surface

~ ~ b2 T b2 T
__ “bulk bulk surf surf
Sbulk(w) + Ssurf(w) - 1 2.2 + 1 2.2
N e T I+ oty

(1)

where by, Dot are the NV-noise bath coupling frequen-
cies and 7y, Te,s are the baths’ autocorrelation times. The
dephasing theory predicts a reduced coherence Cy after
total NV precession time 7"

CN(T,b,TC):eXp[— / doS(@)Fy(T.w)|,  (2)

—00

where Fy is a filter function for the specific N-pulse
measurement (see the Supplemental Material [24]). We
simultaneously fit Hahn echo and XY4 coherence decay
data to C; (Hahn) and C4 (XY4) and extracted parameters
Diyiks burs Tou> and 7g,¢. For deep NVs (d > ~60 nm) we
found that by, and thus Sy¢(w), is negligible, and we
determined parameters by~ 13 kHz and 7 &
830.2 us (see the Supplemental Material [24]). The
T> xya/T.ecno = 2.52 of these NVs is consistent with N*,
where 1 = 2/3 is expected for a “slow bath” of fluctuating
nitrogen spins [23]. This theory predicts from the measured
bpgx a nitrogen density of ppu = 8.6 x 10° cm™3
(48.5 ppb), also consistent with our mean 7., =
410 us (see the Supplemental Material [24]) and secondary
ion mass spectrometry data on nitrogen concentration in the
delta-doped films [16].

For spins closer to the surface we fit the coherence
envelopes to the full two-bath model of Eq. (2), fixing by
and 7y, to the values found for deep spins. We found a

depth-dependent by, ranging 3—-170 kHz and a depth-
independent 7., = 5(3) ps, corresponding to a faster bath
than in the bulk and explaining why T yy4/T5 echo» and
hence A, was significantly reduced with NV proximity to
the surface. The lack of depth dependence in 7y, is
consistent with 7y, being internal to the bath. The depth
dependence of by, is well described by a 2D layer of
surface g = 2 spins, and, furthermore, the model yields an
absolute NV depth. By integrating over a uniform surface
distribution o, of fluctuating S = 1/2 dipoles, we find the
total mean square field along the NV axis:

2
B — B2 2> _ (9HoHB " Osurf
rms surf(d)/yNV < Ar 4 (d _ d0)4 ’ (3)

where d is the relative NV depth (arbitrary zero) and d, is
an offset to find absolute depth (see the Supplemental
Material [24]). A fit of Eq. (3) to the bg,s data points in
Fig. 3(a) predicts absolute depths (d — d,) of the shallowest
two NVs at 8.2 and 10.8 nm, consistent with the growth
rate; the fit error in d; is +0.5 nm, and henceforth d
denotes absolute depth. We find a surface spin density
Oout = 0.04(2) spins/nm?, corresponding to a ry~
2.8(7) nm mean spin separation. The nondiscrete surface
spin model is justified because d > r( for all NVs studied
here. The depth dependence bg,(d) o 1/d? is in good
agreement with the by, data, and by fitting to bg,(d) o
1/(d —dy)* we find a = 1.8 £0.2. We note the impor-
tance of measuring a broad depth range of NVs in
constraining this exponent (see the Supplemental
Material [24]). Figure 3(b) joins the shallow and bulk
noise models in a plot of integrated noise power
b? = b2, + b2, as expressed in magnetic field units as
B%* = b*/y%y. The sharp increase in B? reflects the
decrease in spin coherence times at d <25 nm in
Fig. 2(c), and therefore 25 nm is approximately the depth
at which rapidly fluctuating surface spins, rather than the
slow P1 spin bath, begin to dominate NV decoherence.

As a cross check of d, we performed proton sensing on
NVs of fitted depths 10.8, 12.4, and 13.8 nm by placing
immersion oil on the diamond and using XY8-N detection
(see Refs. [9,10]). Fitting the proton sensing data corrob-
orates the 10—14 nm depth range of these three NV (see the
Supplemental Material [24]). However, the depth ordering
was not consistent with the directly imaged relative depths,
raising the question of which NV’s depth to fix for d;
hence, we do not use proton sensing measurements to
fix d.

To mitigate surface noise and investigate the validity of
our two-bath model we used higher-order DD. We focus
here on shallow spins, specifically NV k7 (d = 12.4 nm),
since they are critical for nanoscale magnetometry. For
N > 8, XY8-N was chosen for its relevance to those
applications. For N =256 pulses we measure a
T, > 450 us, corresponding to a magnetic sensitivity of
< 10 nTHz '/ (see the Supplemental Material [24]).
Figure 4 summarizes the dependence of T, and decoupling
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FIG. 3 (color online). (a) Depth dependence of NVs’ coupling
frequency to the surface (blue diamonds) and bulk (orange
squares) noise baths as extracted by fitting coherence decay data
to a two-bath dephasing model (see inset schematic). Horizontal
error bars on data points denote relative depth errors from the
magnetic resonance imaging registration. The solid blue curve is
a fit to a 2D electronic spin bath model. The fit gives a surface
spin density o4, = 0.04 nm~2 and absolute NV depths (shal-
lowest 8.2 nm). (b) Total rms magnetic field of the two spin baths.
The solid line is a fit to the two-bath model.

efficiency A on the number of Carr-Purcell-Meiboom-Gill
(CPMG) and XY8 pulses up to N = 320 [38]. Plotted are
the measured data (orange circles) and the calculated, two-
bath model prediction (blue squares). There is good
quantitative agreement up through N = 24, demonstrating
that the model captures the low frequency noise spectrum
well. The increase in A with N is in contrast with a constant
Apuik = 2/3 due to bulk spin noise. As N increases beyond
24, A reaches ~0.42 and then begins to decrease. This
behavior is accompanied by a saturating coherence time of
T n—2s6 = 480(70) ps. The fact that 1 saturates at a value
below Ay, and does so for an N smaller than the point
where T, j stops increasing could be explained by a second
surface related noise source with a correlation time shorter
than 5 ps. This observation is consistent with a recent
investigation of diamond surface noise that probed 7| and
T,, of NVs and reported 7y, = 0.28(3) ns assuming a
single Lorentzian spectrum [39]. We note, however, that the
nonexponential shape and relatively large decoupling
efficiency of our coherence data are not explained with
this sole GHz correlation rate Lorentzian. We also note that
the same study attributed the noise to a surface spin density
0.01 -0.1 spins/nm [39], consistent with our value of o,
suggesting that both noise sources may arise from the same
electronic spin bath.

We have presented a detailed study of decoherence of
shallow NVs in a nitrogen delta-doped diamond film.
The surface noise is well modeled by a 2D electronic spin
layer with sub-MHz dynamics, as evidenced by the depth
dependence of coherence enhancement and total noise
power probed by NVs at independently measured depths.
We have shown that the decohering effects of fluctuating
surface and bulk spins in nitrogen delta-doped diamond are
mitigated via dynamical decoupling with appropriately
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FIG. 4 (color online). The effect of the number of dynamical
decoupling pulses N on coherence of a 12.4 nm deep NV. (a) T,
measured using CPMG-N(N < 8) and XY8-N (orange circles)
and numerical calculations (blue squares) based on the dephasing
due to surface and bulk spin baths. The model parameters are
byt = 71(4) kHz and 74,; = 5(1) ps, based on fits to the echo
and CPMG-4 data. T,y error bars (67,y) are coherence fit
parameter standard deviations, and the dashed line indicates the
measured 7. (b) Plotted is the decoupling efficiency 4, which
relates each 7', yy to T, y_;. Error bars are propagated from 67, ;
and each 67, y. The dotted line indicates the measured value of
2/3 for bulk NVs. The model and data exhibit excellent agree-
ment through N = 24.

chosen interpulse timing, which has significant impact for
nano magnetic resonance imaging and coherent spin cou-
pling applications. The extracted o, = 0.04(2) spins/nm?
is comparable to the densities found in experiments on
metallic and insulating films [18]; the apparent universality
of this phenomenon further emphasizes the need to identify
the nature of these spins and the mechanism of the bath
fluctuations. The scanning magnetic gradient method used
here has recently facilitated high-resolution NV-based
magnetic resonance imaging of dark spins [40], making
NVs an excellent subnanometer spectroscopic probe of this
spin noise apparent in a variety of crystal surfaces.
Remaining questions about the diamond surface can be
addressed using our method of shallow NV creation via
growth combined with nanoscale depth imaging. First,
depth-calibrated studies of shallower NVs (< 5 nm) may
reveal wide variations in T, from discrete surface spin
effects or spin clustering (see the Supplemental Material
[24]). Second, using delta doping to form a dark nitrogen
spin layer isolated from the diamond surface—d > 60 nm
based on our findings—could provide a controlled test bed
to study 2D spin bath effects on a NV outside the layer.
Third, under our present applied magnetic field we expect
that NV coupling to electric and strain fields is of second
order [41] although experiments at B; =0 could probe
these effects near the surface. Last, we have presented a
two-level dephasing model, but the incompletely under-
stood T, processes between the S =1 NV sublevels
ultimately limit DD as a sensing protocol [42]. T mea-
surements of bulk [43] and shallow [39] NVs at lower
temperatures suggest thermally activated relaxation rates of
surface spins, and a future depth-calibrated study of both 7'
and T, at variable temperature could clarify the mechanism
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behind surface spin fluctuations or point to other sources of
decoherence. Recently, we learned of current work to probe
the diamond surface noise spectrum using the DD method
at multiple temperatures [44].
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