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In diamond, nitrogen defects like the substitutional nitrogen defect (Ns) or the nitrogen-vacancy-hydrogen
complex (NVH) outnumber the nitrogen-vacancy (NV) defect by at least one order of magnitude creating a
dense spin bath. While neutral Ns has an impact on the coherence of the NV spin state, the atomic structure
of NVH reminds of a NV center decorated with a hydrogen atom. As a consequence, the formation of NVH
centers could compete with that of NV centers possibly lowering the N-to-NV conversion efficiency in diamond
grown with hydrogen-plasma-assisted chemical vapor deposition (CVD). Therefore, monitoring and controlling
the spin bath is essential to produce and understand engineered diamond material with high NV concentrations
for quantum applications. While the incorporation of Ns in diamond has been investigated on the nano- and
mesoscale for years, studies concerning the influence of CVD parameters and the crystal orientation on the
NVH formation have been restricted to bulk N-doped diamond providing high-enough spin numbers for electron
paramagnetic resonance and optical absorption spectroscopy techniques. Here, we investigate submicron-thick
(100)-diamond layers with nitrogen contents of (13.8 ± 1.6) ppm and (16.7 ± 3.6) ppm, and exploiting the NV
centers in the layers as local nanosensors, we demonstrate the detection of NVH− centers using double electron-
electron resonance (DEER). To determine the NVH− densities, we quantitatively fit the hyperfine structure of
NVH− and confirm the results with the DEER method usually used for determining Ns

0 densities. With our
experiments, we access the spin bath composition on the nanoscale and enable a fast feedback loop in CVD
recipe optimization with thin diamond layers instead of resource- and time-intensive bulk crystals. Furthermore,
the quantification of NVH− plays a very important role for understanding the dynamics of vacancies and the
incorporation of hydrogen into CVD diamond optimized for quantum technologies.
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I. INTRODUCTION

Solid-state quantum systems based on point defects in
crystals like silicon carbide and diamond are promising
platforms for quantum technologies since they can host fluo-
rescent electron spin defects with long coherence times [1–3].
Typical defect concentrations range from parts per trillion
(ppt) for single and isolated centers to dense ensembles with
several parts per million (ppm) defects in the host mate-
rial. As a consequence, analyzing these defects and their
local environment is challenging, in particular for ultrapure
crystals. In case of fluorescent defects, confocal microscopy
is capable of resolving single atomic defects, like, for in-
stance, the negatively charged nitrogen-vacancy center (NV−)
in diamond [4]. The defect consists of a substitutional ni-
trogen, an adjacent carbon vacancy and an electron from a
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donor [Fig. 1(a)]. Its electron spin (S = 1) exhibits coher-
ence times up to several milliseconds [2,5] and it can be
controlled by laser and microwave pulses [4]. Its atomic size
and the high sensitivity to magnetic fields [6,7] makes the
NV− an ideal sensor for nuclear magnetic resonance spec-
troscopy in nano- [8–10] and micron-sized volumes [11,12].
Likewise, the sensing characteristics of the NV− center can
also be exploited to analyze the density and nature of elec-
tron spins [13] that usually form when doping diamond with
nitrogen [14].

Hydrogen-plasma-assisted chemical-vapor deposition
(CVD) of diamond represents currently the state-of-the-art
method to synthesize N-doped diamond for NV− applications
with adjustable thickness [15–17] and concentration [18–20].
Despite the progress in engineering CVD-grown diamond,
low N-to-NV conversion efficiencies of a few percent or less
[14,19–22] remain still a problem. In other words, the CVD
recipes of today produce mostly other nitrogen-related defects
than NV−.

In (100)-oriented diamond, for example, substitutional ni-
trogen (Ns) can be up to 300 times more abundant than NV−

[14]. Substitutional nitrogen in its neutral charge state (Ns
0

or P1) is a paramagnetic but nonfluorescent (dark) defect
carrying a S = 1/2 spin [23] and, hence, constitutes a spin
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FIG. 1. (a) The structure of the NV-center in diamond and a confocal microscopy image of sample A. The Bloch-sphere illustrates the
spin-dependent fluorescence that is exploited for spin-state readout. (b) Confocal microscopy analysis of a NV− ensemble and the local
paramagnetic spin bath consisting of substitutional nitrogen (Ns

0) and the negatively charged nitrogen-vacancy-hydrogen complex (NVH−).
The quasistatic magnetic field is measured through the NV− ensemble (c) Double electron-electron resonance (DEER) pulse sequence for
probing the quasistatic, dipolar magnetic field Bdip of paramagnetic spins using NV− centers as local sensors. (d) Experimental DEER spectrum
for sample A at 330 G aligned along 〈111〉 including a fit with a 15N0

s -spin model. The bath π pulse is 525 ns long and τ = 1.5 µs.

bath around the NV− centers [Fig. 1(b)] often limiting their
coherence time T2 [24]. As a consequence, a high NV−:Ns

0

ratio is favorable for sensing applications as it results in re-
duced magnetic noise, i.e., enhanced coherence time, and an
increased number of interrogated NV− centers, potentially
leading to higher signal-to-noise ratio [25].

One way for increasing the NV− concentration in CVD
diamond is generating additional vacancies by electron irra-
diation and converting them together with Ns

0 by annealing
into NV− [20,26]. Other studies optimize the CVD process
itself by varying the substrate orientation [19,22], the nitrogen
source [21], the N:C ratio in the gas phase [19,26], or the
growth temperature [22,27]. In particular, changing from the
growth on (100)- to (113)-oriented substrates and optimizing
the growth temperature has been reported to yield NV−:Ns

0

ratios of up to 25% without any posttreatment [22]. The origin
of the improvement remains unclear and a better understand-
ing of the generation of defects in CVD-grown diamond is
thus crucial.

The second most abundant spin species in CVD diamond
[14], the negatively charged nitrogen-vacancy-hydrogen de-
fect (NVH−), structurally reminds of a NV center decorated
with an additional hydrogen atom [28] [Fig. 1(b)]. The lat-
ter undergoes fast tunneling between the carbons adjacent
to the defect’s vacancy causing an effective [111]-oriented
C3v symmetry [28,29]. However, NVH− has a different spin
multiplicity (S = 1/2) and different optical properties com-
pared to the NV center. In particular, to our knowledge
there is no reported fluorescence for NVH−. As a conse-
quence, being usually one order of magnitude more abundant

than NV− in (100)-oriented CVD diamond [14,20], the
nonfluorescent NVH defect comes under suspicion to reduce
the N-to-NV conversion degree. The formation mechanism
of NVH remains still unknown, though. One possibility is
the incorporation as whole units [14] and/or NV centers get
passivated after their formation by H atoms [14,30,31]. Either
way, NVH centers have to be considered as a possible sink
for NV centers, which is why their density should be studied
carefully and their generation understood to develop superior
diamond growth.

The main technique to investigate paramagnetic spins is
electron paramagnetic resonance (EPR) spectroscopy [32].
For bulk single-crystalline diamond with a sample volume of a
few mm3, conventional EPR spectrometers are sensitive to de-
fect concentrations down to parts per billion (ppb) [14]. This
capability has proven useful in several cases of in-depth stud-
ies on bulk diamond material [14,20,26] or defect dynamics
induced by thermal annealing [33–35]. However, for quantum
applications on the nano/mesoscale like nuclear magnetic
resonance spectroscopy [8,11,12] or wide-field magnetometry
of substances outside of the diamond [36–40], single centers
or thin NV− layers with thicknesses of a few microns close
to the surface are required. As a result, the number of spins
involved lies several orders of magnitude below the sensitivity
of conventional EPR. Likewise, techniques based on absorp-
tion spectroscopy (IR or UV visible) [21,41] show equivalent
sensitivity limits for thin layers.

Optically detected double electron-electron resonance
(DEER) using NV− centers as local magnetic field sensors,
on the other hand, works even with single atomic centers [42]
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and the technique has already been applied to investigate Ns
0

in nm-thin layers [16,19,22,43]. In this paper, we demonstrate
that DEER is also capable of detecting NVH−, even for den-
sities of only a few hundreds of ppb. The defect nature is
confirmed by resolving the hyperfine structure expected for
NVH− and we determine the bath density by quantitatively
fitting DEER spectra of submicron-thick layers considering
multiple spin species and forbidden transitions. Finally, the
obtained NVH− concentrations are verified by following a
well-established DEER approach for estimating Ns

0 bath den-
sities [13,16,19,22].

II. RESULTS AND DISCUSSION

For detecting NVH− in thin diamond layers, we pre-
pare two 15N-doped samples with slightly different nitrogen
concentrations as determined by secondary ion-mass spec-
trometry (SIMS), i.e., (13.8 ± 1.6) ppm for sample A and
(16.7 ± 3.6) ppm for sample B. According to SIMS, the thick-
nesses of the N-doped layers are respectively (570 ± 60) nm
and (700 ± 50) nm for sample A and B. Both layers are
homoepitaxially grown on (100)-oriented single-crystalline
substrates using microwave-assisted plasma chemical vapor
deposition (CVD) with 12C-enriched (99.99%) methane and
15N2 (98%) gas. The details of the CVD process are provided
in the Supplemental Material (SM) [44].

Utilizing a confocal microscope, we probe the fluorescence
of NV− centers by optical excitation with a green laser. By
scanning the laser over the diamond we obtain a confocal
microscopy image as shown in Fig. 1(a) (sample A). Fol-
lowing the procedure reported by Osterkamp et al. [45], we
estimate the NV− concentration based on photon emission
averaged over a confocal scan like shown in Fig. 1(a) and
calibrating the method with the emission of a single NV−

center under identical experimental conditions. As a result,
we find approximately 12 ppb and 16 ppb for sample A and B,
respectively. In total we investigate three NV− ensembles per
diamond sample labeled A1,2,3 and B1,2,3, respectively. For
the coherence time T2 measured by a Hahn-Echo, we obtain
15 µs for sample A and 10 µs for sample B. The analysis of the
dark spin environment is first demonstrated using ensemble
A1 and B1 as an example and later extended to the remaining
ensembles.

Considering the thickness of the doped layers and the
dimensions of our confocal volume [300 x 300 x 500 nm3

(FWHM)], the layers studied in this paper are completely
illuminated by the laser and lie entirely in the confocal volume
with respect to depth, i.e., can be considered as optically two
dimensional. With microwave pulses we control the spin state
of the NV− centers in the interrogated volume by magnetic
resonance. Dark, paramagnetic defects like Ns

0 and NVH−,
can also be addressed by microwaves but, due to the lack of
spin-dependent fluorescence, no direct optical readout of their
spin state has been reported at room temperature. The defect
Ns

0, however, causes a quasistatic magnetic field that can be
sensed by NV− centers scattered around [Fig. 1(b)] [13,16].
Therefore, one can exploit the dipolar coupling between the
fluorescent NV− centers and the dark spins to estimate the
density of the latter ones [13,16,19]. For this we employ opti-
cally detected three-pulse DEER [13,16] where the first pulses

on NV− (π/2 − π ) correspond to the usual Hahn echo, and
the last π/2 converts the magnetization from the equatorial
plane to the z direction for optical readout [Fig. 1(c)]. Without
any π pulse on the bath, the Hahn echo decouples the NV−

ensemble from the quasistatic, local magnetic field created by
the bath spins Bdip [13,16]. The corresponding phase accu-
mulated for the NV−-spin state on the Bloch sphere during
the Hahn echo sequence reads at the time t = 2τ as ϕ2τ =∫ 2τ

t=0 BNV
dip dt , with BNV

dip = (Bdip,−Bdip) in the first (t < τ ) and
second part of the sequence respectively. Consequently, the
phases accumulated in the two segments, [0, τ ] and [τ, 2τ ],
of the Hahn echo cancel each other [Fig. 1(c)]. Adding the
resonant bath π pulse, however, leads to the simultaneous in-
version of Bdip with the NV− spin state resulting in a nonzero

phase ϕ2τ = ∫ 2τ

t=0 BNV
dip dt �= 0, which translates into decoher-

ence [Fig. 1(c)]. The coherence left after recoupling Bdip of a
spin bath with the density nbath to the NV− ensemble is called
DEER intensity and can be written as [13,16]

CDEER = Cτ exp

(
−AγNVγ nbathT

〈
sin2

(
θ

2

)〉
L

)
, (1)

with Cτ = C0 exp(−2τ/T2), A = 2πμ0 h̄/9
√

3, T as the tim-
ing of the bath π pulse relative to the NV− π/2 pulse
[Fig. 3(b) below], and γNV = gNVμB/h̄, γ = gμB/h̄ as the
gyromagnetic ratios for NV− and the bath spins, respectively.
The constant h̄ is the reduced Plank constant, μ0 the vacuum
permeability, μB the Bohr magneton, gNV and g are the g
factors of the NV− centers and the bath spins, respectively.
The factor C0 in Cτ represents the maximal contrast obtained
from the NV− centers and the term exp(−2τ/T2) accounts
for the loss of coherence during the DEER sequence (t = 2τ )
that is not related to the partial inversion of the bath spins.
The parameter θ is the flip angle induced by the pulse on
the bath spins [13]. It is worth remarking that sin2(θ/2) in
Eq. (1) corresponds to the probability of spin inversion by
the applied π pulse. Thus, for a dark spin ensemble, the
sine term in Eq. (1) represents the fraction of spins that are
successfully inverted. In the ideal case (θ = π ) the inverted
fraction is 1. Practically, however, proper inversion is attained
only for spin species that are well on resonance with the pulse
carrier frequency. To consider the actual distribution of flip
angles across the dark spins, averaging of sin2(θ/2) needs
to be performed over the full, inhomogeneously broadened
spectrum denoted by the brackets 〈〉L in Eq. (1).

For the DEER spectrum measured for NV− ensemble A1
in Fig. 1(d), we fix T ∼ τ in the Hahn echo and vary the
frequency of the bath π pulse around the transition frequency
of a free S = 1/2 electron spin in a static, external mag-
netic field B0 = 330 G, here νfree = 924 MHz. Subtracting the
DEER intensity obtained with a 3π/2 pulse before the op-
tical readout in Fig. 1(c) from the results with a π/2 pulse
instead yields the NV echo contrast shown in Fig. 1(d). We
observe four major and one broad, small signals around νfree

in the DEER spectrum [Fig. 1(d)]. Since 15N0
s is expected

to be the most abundant paramagnetic defect in 15N-doped
diamond [13,14,16,19], we fit Eq. (1) to the experimental data
in [Fig. 1(d)] using the MATLAB toolbox Easyspin [46], the
actual duration of the bath π pulse, and the spin Hamilto-

nian for 15N0
s , Ĥ = gμB �B0Ŝ + Ŝ

↔
A Î [23] with S = 1/2 [23],
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FIG. 2. (a) High resolution DEER spectrum acquired at 330 G
aligned along 〈111〉 and π pulse length of 975 ns using τ = 10 µs.
The numbers 1 – 5 label the most prominent resonances in the spec-
trum and are assigned to the spin transitions represented by pink
arrows in (b). (b) Level scheme of the S = 1/2 electron spin of
15NVH−. The spin states mS = ±1/2 get split each into four sub-
levels due to hyperfine interaction with 1H and 15N.

g = 2.0024 [23], I = 1/2 [23], A‖ = -159.73 MHz [23], and
A⊥ = –113.84 MHz [23] to calculate 〈sin2(θ/2)〉L by numer-
ical evaluation of the pulse propagator, as described in the SM
[44]. The numerical approach is an extension to the analysis
of the DEER intensity reported in Stepanov et al. [13] as we
are able to consider forbidden transitions and simultaneous
driving of multiple transitions in our refinement. Examining
the vanishing residual around the four major dips in Fig. 1(d)
confirms 15N0

s to mostly constitute the spin bath in sample A,
an observation that is also valid for sample B with the higher
nitrogen concentration (see the SM [44]). Using that for a
15N0

s bath (S = 1/2 and g = 2.0024 [23]) the factor AγNVγ

in Eq. (1) becomes 0.292 MHz/ppm [13,16], we extract the
15N0

s concentrations given in Table I from the quantitative fit
with Eq. (1), as shown for sample A in Fig. 1(d).

By contrast, examining the spectrum in Fig. 1(d) be-
tween 900 and 950 MHz, we find a significant residual
comparing model and experiment. Although considering
a forbidden 15N0

s transition around 930 MHz, the signal
observed between 910 MHz and 930 MHz seems not be ex-
plained by 15N0

s only. Interestingly, the same spectrum is also
observed for sample B, cf. SM [44]. To further investi-
gate the DEER intensity between 900 MHz and 950 MHz,

TABLE I. The concentrations of 15N0
s and 15NVH− obtained

from fitting the DEER spectrum (spec.) and the π -shift method (π ).
For 15N0

s , the allowed transitions as for example in Fig. 1(d) are fitted
while for 15NVH− only the region between 900 MHz and 950 MHz
is used [Fig. 2(a)]. The full set of fit parameters are provided in the
SM [44] . In case of the π -shift method for 15N0

s the experiments
are performed on each resonance line [cf. Fig. 1(d)] and the results
summed up. For 15NVH−, the experimental data from a single π -shift
experiment is fitted using Eq. (2) with the calculated fractions of
inverted spins xN0

s
, xNVH− [Fig. 3(a)].

Ensemble nN0
s

(ppm) nNVH− (ppm) xN0
s

xNVH−

A1 (spec.) 7.66 ± 0.12 0.40 ± 0.02
A1 (π ) 6.65 ± 0.55 0.34 ± 0.07 0.007 0.448
B1 (spec.) 11.02 ± 0.28 0.81 ± 0.04
B1 (π ) 9.90 ± 0.87 0.67 ± 0.14 0.004 0.597

we reduce the microwave power that the bath π pulse is
two-times longer than in Fig. 1(d), i.e., 975 ns and 525 ns,
respectively. By this, we address the bath spins more pre-
cisely with limited power broadening and find at least
five resonances (1-5) [Fig. 2(a)], where peak no. 5 corre-
sponds to the forbidden transition of 15N0

s already evident
in Fig. 1(d). The remaining peaks, no. 1–4, seem to arise
from another spin species and, therefore, we extend our model
by adding the usually second most-abundant spin in 15N-
doped diamond [14], i.e., 15NVH−, with the Hamiltonian

Ĥ15NVH = gμB �B0Ŝ + Ŝ
↔
A15N Î15N + Ŝ

↔
A1H Î1H where A‖,15N =

2.9 MHz [28], A⊥,15N = 3.1 MHz [28], A‖,1H = 13.69 MHz
[28], A⊥,1H = –9.05 MHz [28]. Assuming two randomly dis-
tributed spin species of concentrations n1 and n2, Eq. (1)
extends then to

CDEER = Cτ exp (−AγNVγ T [n1x1 + n2x2]), (2)

where x1 = 〈sin2(θ/2)〉1,L and x2 = 〈sin2(θ/2)〉2,L are the in-
verted fractions for spin species 1 and 2. We have made
the approximation that both species have an isotropic and
equal g factor and therefore have the same gyromagnetic ratio
γ = gμB/h̄. Indeed, taking species 1 as 15N0

s and species 2 as
15NVH−, one obtains |g2/g1 − 1| < |2.0034/2.0024 − 1| =
5.0e − 4 � 1, which validates the approximation.

Including also 15NVH− into the model, the fit agrees well
with the experimental data in Fig. 2(a) and, therefore, we
attribute the signal observed between 910 MHz and 930 MHz
to 15NVH− spins in our doped layer. The resonances no.
1–4 are well reproduced by the model, and thus can be as-
signed to the identically labeled electron spin transitions in
Fig. 2(b). Since the 15NVH− center hosts two nuclear spins
(15N and 1H) each with I = 1/2, the two electron spin states
mS = ±1/2 split up each into four hyperfine states leading
to four transitions, represented by pink arrows in Fig. 2(b).
The major resonances, 1–4 in Fig. 2(a), correspond to the
three equivalent orientations of 15NVH− centers that are not
aligned with �B0. Since the effective hyperfine interaction be-
tween the electron and the nuclear spin (15N or 1H) depends
on the orientation of the defect with respect to the magnetic
field, the transition frequencies differ for the aligned and the
not-aligned 15NVH− centers. In particular, the aligned subset
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FIG. 3. (a) The fraction of spins inverted by a 93.4 ns π pulse as a function of the pump frequency for ensemble A1. The calculation
is performed with EasySpin using the linewidths and experimental parameters obtained from the fit in Fig. 2(a). (b) Pulse sequence of the
π -shift method and experimental results for ensembles A1 and B1. The solid lines correspond to fits with monoexponentials defined by
Eq. (2). (c) Comparison of the 15NVH− concentrations obtained from the quantitative fit method for the high resolution spectra [Fig. 2(a)]
and the π -shift method [see (b)] for six NV ensembles in sample A and B. The uncertainties correspond to fit errors (95% confidence
interval).

experiences slightly larger 1H splittings, causing weak shoul-
ders in Fig. 2(a). Additional forbidden transitions contribute to
the intensity in the central region around 925 MHz but cannot
be individually resolved. By repeating the measurements and
the fitting procedure with Eq. (2) for sample B we observe
the same hyperfine structure (see the SM [44]) and Table I
summarizes the obtained 15NVH− concentrations for ensem-
ble A1 and B1. The higher 15NVH− concentration in sample B
can be attributed to the overall higher nitrogen concentration
in sample B than in A. As a consequence, the more dense
spin bath in sample B explains also the broader Lorentzian
linewidth for 15NVH− spins, with (2.44 ± 0.18) MHz and
(1.33 ± 0.11) MHz (FWHM) for ensemble B1 and A1, re-
spectively. It should be noted that the linewidths given above
are not affected by power broadening since the effect of the
microwave power is considered in the model separately from
intrinsic inhomogeneous broadening (see the SM [44]).

So far, we have demonstrated that 15NVH− can be detected
in submicron thick 15N-doped diamond layers using optically
detected DEER with NV− as atomic-sized sensors. The pre-
sented method, however, is also applicable to detect 14NVH−

in 14N-doped diamond. Studying a sample grown with identi-
cal parameters as sample A but using 14N as dopant, yields
the DEER spectra in the SM [44]. Due to the I = 1 nu-
clear spin of 14N we observe an additional allowed transition
arising from 14N0

s that overlaps with half of the 14NVH−

spectrum [28]. Using the quantitative fitting method with

Eq. (2) and the hyperfine tensor derived from 15NVH− [28],
confirms successfully the measured DEER signal to arise from
14NVH−.

An alternative method for determining the spin bath con-
centrations is shifting the resonant bath π pulse by T with
respect to one of the NV− π/2 pulses [Fig. 3(b)]. The NV-
echo contrast CDEER follows then a monoexponential decay
given by Eq. (1) or (2), for the case of one or two bath spin
species, respectively. For the allowed transitions of 15N0

s , the
spectral overlap with 15NVH− is negligible [Fig. 1(d)], so
that Eq. (1) can be used. This technique has been used in
several studies to analyze the Ns

0 bath in diamond layers
[16,19,22,47] and we here refer to it as π -shift method. Per-
forming the π -shift method on each Ns

0 transition frequency
and fitting Eq. (1) to the experimental data in the SM [44], we
extract a total 15N0

s bath concentration of (6.7 ± 0.6) ppm and
(9.9 ± 0.9) ppm, for sample A and B, respectively (Table S9
within the SM [44]). The Ns

0 concentrations obtained from
the quantitative fits of the spectra in Table I agree well with
the results from the π -shift method.

As a result, one should be able to estimate the 15NVH−

concentration in the same way. However, unlike for Ns
0, the

15NVH− resonances lie spectrally very close together and
overlap with the forbidden transitions of 15N0

s [Fig. 2(a)].
Additionally, the expected concentration of NVH− is smaller
by one order of magnitude than that of 15N0

s (Table I). Hence,
we apply a π pulse with a duration of 93 ns and frequency of
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919.1 MHz that we drive simultaneously transition no. 1 and
2 in Fig. 2(a) to enhance the DEER contrast from 15NVH−

spins. Figure 3(a) shows the calculated inverted fractions xN0
s

and xNVH− in Eq. (2) applying a 93-ns long π pulse depending
on the bath pump frequency. For the calculation of xi we use
in EasySpin the linewidths obtained from the fit in Fig. 2(a)
for ensemble A1. Due to the strong π pulse in Fig. 3(a),
transition no. 1 and 2 merge to one peak and applying the π

pulse with 919.1 MHz results in a spin inversion of 44.8%
and 0.7% for 15NVH− and 15N0

s , respectively. Varying the
pulse timing T , the NV echo contrast in Fig. 3(b) follows
a monoexponential decay that is fitted with Eq. (2). For the
15N0

s concentration we use the value from the π -shift method
(Table I) and obtain for 15NVH− (0.34 ± 0.07) ppm. Com-
paring with the concentration, (0.40 ± 0.02) ppm, previously
obtained from the quantitative fit of the spectrum in Fig. 2(a),
it can be seen that both methods agree with each other. Our
results demonstrate that the π -shift method is applicable also
in the case of overlapping resonances of two species, provided
the concentration of one of them has been separately deter-
mined. Repeating the analysis for sample B with the higher
nitrogen content, we observe a faster decay than for sample
A in Fig. 3(b) resulting after analysis in a significant higher
15NVH− concentration of (0.67 ± 0.14) ppm. As for sample
A, the result agrees well with the (0.81 ± 0.04) ppm from the
quantitative fit of the DEER spectrum. Repeating the spin bath
analysis for the NV ensembles A2,3 and B2,3 yields within
one method consistent 15NVH− concentrations for sample A
and B. Comparing the results of both approaches, however,
we find systematically higher values for the DEER spectrum
than for the π -shift method [Fig. 3(c)].

The main difference between the spectrum and the π -shift
method is the applied microwave power to excite the spin bath.
In case of ensemble A1, for instance, using a ten-times shorter
π pulse for acquiring the signal in Fig. 3(b) (93 ns) than for the
spectrum in Fig. 2(a) (975 ns), the contribution to the DEER
intensity from off-resonant driving of allowed 15N0

s transitions
is expected to be bigger for the π -shift method than for the
DEER spectrum. In Fig. 3(a) we consider the nonresonant
excitation of 15N0

s spins, but we assume rectangular-like π

pulses for calculating xi = 〈sin2(θi/2)〉L in EasySpin. As in
the experiment the pulse shape can deviate from our assump-
tion, the calculated inverted spin fractions might be not exact
for high microwave powers leading to a possible overestima-
tion of the contribution from 15N0

s to the DEER intensity in
Fig. 3(b). But considering the small difference between the
concentrations from the spectrum and the π -shift method in
Fig. 3(c), the assumption of rectangular-like pulses seems to
be a reasonable approximation for determining the 15NVH−

concentration with a short, high power microwave pulse in
Figs. 3(a) and 3(b). In fact, a higher microwave power re-
sults in a stronger NV echo contrast and, therefore, shorter
data acquisition time. The DEER spectrum for sample A in
Fig. 2(a), for example, has been measured for more than one
day while the π -shift method like in Fig. 3(b) takes only a
few hours. Once the typical linewidth of the NVH− spins in
a given sample is determined, the inverted fractions can be
calculated, and one could rely on the π -shift method only to
analyze the spin bath around various NV− ensembles in an
time-efficient way. This works under the assumption that large

variations of the spin concentration can be excluded as this
might influence the linewidths. For heterogeneous diamond
layers, one should stick to the quantitative fit of the DEER
spectrum as it considers directly the linewidths of the spin
species and is therefore more robust.

For samples with defect concentrations lower than in the
present study, the pulse spacing τ in Fig. 1(c) has to be
increased for both approaches. To maximize the signal mea-
sured in a given time, it should be chosen such that 2τ ≈
T2,NV, as this ensures a high DEER intensity [T ≈ τ in Eq. (2)]
while preserving enough NV echo contrast and thus a suffi-
cient signal-to-noise ratio. Since we expect typically a longer
T2,NV in diamonds with lower nitrogen content, matching the
2τ ≈ T2,NV condition will result in a sensitivity improvement
for DEER partially compensating the overall lower density of
bath spins to be detected. Additionally, dynamical decoupling
sequences [48] could enhance T2,NV even further and, as a
consequence, the DEER techniques presented in this paper are
not restricted to the nitrogen concentrations of sample A and
B, 13 and 17 ppm respectively, and can be therefore applied
to even more dilute N-doped diamond layers of in principle
any thickness. It can be hypothesized that nitrogen is present
in the sample in form other than Ns

0, NVH− or NV−, as
the charged N+

s , which has been reported to be present in
CVD crystals, e.g., by Edmonds et al. [20]. However, N+

s
is nonparamagnetic thus cannot be detected in DEER, and
the infrared absorption technique used by Edmonds et al. to
quantify N+

s lacks the sensitivity for reliable estimation in our
submicron thick layers.

In conclusion, we have shown that optically detected
DEER with NV− centers can be applied for detecting and
investigating NVH− centers in submicron-thick diamond lay-
ers. Since the method relies on NV− centers as local magnetic
field sensors, optically detected DEER is decoupled from the
sample volume and works, therefore, even on the nanoscale.
The ability to estimate the concentration of NVH− in the
range of a few hundreds of ppb, opens the possibility to com-
pare and engineer spin bath environments aiming for higher
N-to-NV conversion ratios without the need for thick bulk
samples. This might boost the understanding of the defect
generation during CVD diamond growth and pave the way
for better diamond material for quantum applications. Fur-
thermore, being sensitive not only to Ns

0 but also NVH−,
optically detected DEER could be employed for imaging dark
spins using a wide-field microscope offering entirely new
insights into defect correlation and material heterogeneity on
the mesoscale.
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