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The nitrogen-vacancy (NV) center in diamond, a well-studied, optically active spin defect, is the prototypical
system in many state-of-the-art quantum sensing and communication applications. In addition to the enticing
properties intrinsic to the NV center, its diamond host’s nuclear and electronic spin baths can be leveraged
as resources for quantum information rather than considered solely as sources of decoherence. However,
current synthesis approaches result in stochastic defect spin positions, reducing the technology’s potential for
deterministic control and yield of NV spin bath systems, as well as scalability and integration with other
technologies. Here, we demonstrate the use of theoretical calculations of electronic central spin decoherence
as an integral part of an NV spin bath synthesis workflow, providing a path forward for the quantitative design of
NV center-based quantum sensing systems. We use computationally generated coherence data to characterize the
properties of single NV center qubits across relevant growth parameters to find general trends in coherence time
distributions dependent on spin bath dimensionality and density. We then build a maximum likelihood estimator
with our theoretical model, enabling the characterization of a test sample through NV T ∗

2 measurements. Finally,
we explore the impact of dimensionality on the yield of strongly coupled electron spin systems. The methods
presented herein are general and applicable to other qubit platforms that can be appropriately simulated.

DOI: 10.1103/PhysRevMaterials.8.026204

I. INTRODUCTION

Defect color centers in diamond [1,2] have been demon-
strated as quantum magnetometers [3–11] and nodes in
quantum communication networks [12–16]. Quantum ap-
plications of the negatively charged nitrogen-vacancy (NV)
center, with a spin-photon interface and coherent operation up
to and above room temperature [1,17–19], will benefit from
interfacing the central NV spin qubit with accessible dark
spins in the diamond lattice for quantum memories [20–22]
and many-body metrological states [23–25]. These applica-
tions could enable scalable quantum networks and quantum
sensing beyond the standard quantum limit. Explorations
of such multispin systems have relied on NV centers that
are either naturally occurring [15,16,21,22,26,27], preclud-
ing scalability, or that are formed via nitrogen implantation
[28–35], introducing qubit decoherence sources, associated
with crystal damage [36].

Diamond-based quantum applications benefit greatly from
the ongoing optimization of bottom-up color center synthe-
sis via plasma-enhanced chemical vapor deposition (PECVD)
[37–40]. Delta (δ) doping studies [41–43] have demonstrated
vacancy diffusion-limited spatially localized NV centers,
while avoiding the crystal damage and processing inherent to
aperture mask or focused implantation [42,44–49]. PECVD
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of diamond quantum systems has enabled engineering of NV
center spin environments via isotopic purification [41,50,51],
dimensionality control [41,52,53], and codoping techniques
[54–56]. However, the development of these techniques has
outpaced computational efforts to model spin-bath-induced
decoherence [57,58], and theoretical approaches have not yet
been applied to investigate diamond qubit synthesis. Cluster
correlation expansion (CCE) methods provide an accurate
approach to model decoherence in varied and tailored electron
and nuclear spin bath environments [59]. Such methods have
recently been applied to study material systems relevant for
quantum applications [58,60–62], indicating that CCE may
indeed be a powerful tool to enable more efficient synthesis
procedures, which are crucial for the design of quantum ma-
terials [63].

In this work, we apply CCE methods, as implemented in
the open source framework PyCCE [60], to predict and char-
acterize bottom-up solid-state spin qubit synthesis. We first
introduce the computation and materials growth techniques.
We then explore a common electronic spin defect created dur-
ing NV center synthesis: the neutrally charged substitutional
nitrogen N0

s with electron spin S = 1
2 (P1 center). Using theo-

retical predictions, we investigate the P1 center electron spin-
bath-induced decoherence [57,64] of NV centers in diamond
across the parameter space of our growth regime (P1 density
and layer thickness). We focus on low-dimensional spin bath
geometries, finding central spin lifetime-limited coherence
times and a nontrivial dependence of single-spin coherence
times on dimensionality. Obtained dependencies enable the
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FIG. 1. Growth process workflow. The current process steps
(blue) for synthesizing a diamond NV sample. Iterations of growth
and SIMS analysis are required to confirm nitrogen doping densities.
The theoretical predictions and density maximum likelihood esti-
mation (MLE) model in this work (green) enable a nondestructive
feedback process to circumvent SIMS and allow for an efficient
experimental design.

use of coherence time distributions as descriptors of these
systems for determining the growth parameters. To this end,
we develop a maximum likelihood estimation (MLE) model
based on Ramsey T ∗

2 coherence times and apply it to charac-
terize nitrogen incorporation in an experimental test sample.
We then study low-dimensional electron spin baths as hosts
to strongly coupled electron spin systems, demonstrating how
our computational techniques can help improve the yield of
future quantum devices and aid in experimental design.

In Fig. 1, we show the strategy adopted in this work to
improve upon the current NV synthesis and experiment de-
sign process. The blue boxes show the commonly adopted
process for generating single NV centers. After identifying
a desired sample density and geometry, iterations of growth
and secondary ion mass spectrometry (SIMS) are necessary
to confirm the nitrogen doping density. In practice, we have
observed large variations in SIMS results that reduce the ef-
ficacy of this approach, as discussed in Sec. II B. Here, we
show that it is beneficial to incorporate theoretical spin bath
predictions as well as an in situ density characterization tool
into our workflow (green boxes). The understanding of low-
dimensional spin bath decoherence obtained through theory
and computation improves initial experiment design, and the
local density feedback enabled by the MLE model circum-
vents the need for SIMS characterizations of doping density.
This method for in situ measurement of spin bath density
additionally opens a path to study postgrowth modification of
spin bath environments [65].

II. RESULTS

A. Validation of theoretical calculations

Within the CCE approach [66,67] the coherence function
L(t ) = 〈0|ρ̂(t )|1〉

〈0|ρ̂(0)|1〉 , defined as the normalized off-diagonal ele-
ment of the density matrix of the qubit ρ̂(t ), is approximated
as a product of irreducible contributions of bath spin clusters,
where the maximum size of the cluster n corresponds to the
order n of the CCEn approximation [Fig. 2(a)]. We converge
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FIG. 2. Computational and diamond growth methods.
(a) Schematic representation of the cluster correlation expansion
(CCE) approach. (b) Example of the Hahn-echo coherence
calculated using the PyCCE code [60] for various 14N P1 spin baths.
The values of T2 times are extracted from a stretched exponential
fit of the form exp [−( t

T2
)n] (dashed line). (c) T2 and T ∗

2 coherence
times overlaid with corresponding experimental data [57], validating
our computational methods. (d) Schematic of isotopically pure (12C)
PE-CVD (100) diamond overgrowth with isotopically tagged 15N
nitrogen δ doping. This sample geometry with varying nitrogen
incorporation density and thickness is considered throughout
this paper. (e), (f) Carbon (top) and nitrogen (bottom) isotope
concentrations measured via SIMS on characterization sample,
demonstrating isotopic purification of host material and isotopically
tagged nitrogen incorporation. Carbon SIMS is used to calibrate the
growth rate, shown in (d). The nitrogen concentration is quantified
with NV coherence measurements in Sec. II E.
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the calculations with respect to the size of the bath and the
order of CCE approximation. We find that the Ramsey signal
of the electron spin in the electron spin bath is converged at
first order (CCE1), when each P1 is treated as an isolated spin.
We can thus solve the P1-limited Ramsey decoherence ana-
lytically and compute T ∗

2 as a sum of the couplings between
the NV center and the weakly coupled P1 centers. The Hahn-
echo signal is instead simulated at the CCE4 level of theory
(see Methods for more details).

We validate our theoretical calculations against a reference
data set of NV center ensemble coherence times in bulk
14N P1 spin baths [57]. We extract T2 from the coherence
curve by fitting the signal to a stretched exponential function
exp [−( t

T2
)n], as shown in Fig. 2(b). Computed ensemble T ∗

2
and T2, averaged over a set of random P1 positions, are over-
laid in Fig. 2(c) with experimental data, taken from Ref. [57].
We find excellent agreement with the experimental data in the
P1-limited coherence regime, showing that the first-principles
calculation with the CCE method yields a quantitative descrip-
tion of the decoherence due to P1 spin baths. The stretched
exponent parameter of the computed Hahn-echo decay is be-
tween n = 1.2–1.3, in excellent agreement with the data of
Ref. [57].

B. Diamond growth and defect synthesis

The sample studied in this paper, shown schematically in
Fig. 2(d), was grown with a 3-min, 10-sccm 15N2 flow at a
time corresponding to a depth of ≈50 nm. Nitrogen δ doping
is achieved by introducing 15N2 gas (99.99 % chemical purity,
99.9 at. % isotopic purity) during diamond growth. According
to the SIMS characterization of a calibration sample, shown in
Figs. 2(e) and 2(f), this creates a 3.8(2)-nm-thick (compared
to 1.3+2.2

−0 nm predicted from growth calibrations) 15N-doped
layer at a depth of 50.2(1) nm, with a SIMS-quantified
[15N] density of 0.39(2) ppm to 4.16(7) ppm (dependent on
third-party SIMS measurement, detailed in the Supplemental
Material, Sec. S.II.A [68]) within 12C isotopically purified
diamond overgrowth ([12C] = 99.993 at. %). These values
are obtained from a calibration sample processed and grown
identically to the sample studied in this paper.

While SIMS is often used for detecting low concentrations
of dopants in semiconducting materials, sample geometries
unique to our application remain difficult to characterize
accurately due to experimental limitations. Specifically, the
tradeoff between depth resolution and overall sensitivity is
dictated by the analysis or sputtering energy. Under our
characterization conditions, the ideal detection limits for
15N and 14N densities are 1×1015 cm−3 (≈0.006 ppm) and
7×1015 cm−3 (≈0.028 ppm), respectively. However, the ob-
tained densities can vary significantly as a function of sample
inhomogeneities, the presence of growth defects, and ex-
perimental conditions. While studying samples that were
nominally grown under the same conditions, SIMS quantifica-
tion of [15N] has been observed to regularly vary by at least an
order of magnitude, requiring rigorous statistics over growth
of multiple samples, a time- and resource-consuming process.
A truly local spin-defect materials characterization method is
necessary, motivating the in situ maximum likelihood estima-
tion of the density characterization presented in Sec. II E, a

capability enabled by our computational results. A recently
developed complementary approach analyzes the effect of
spin bath density and dimensionality on the shape of the expo-
nential coherence decay of ensembles of NV centers [52,53].
Our approach, in contrast, operates in a single NV center
regime, relevant for many NV center applications, and relies
on converged, experimentally verified calculations rather than
an analytical treatment based on ensemble averaging of indi-
vidual NV center spin dephasing. Both approaches address the
need for accurate characterization of quantum platforms.

C. Single-spin coherence in quasi-2D electron bath

We investigate single-spin coherence properties across
the density and thickness parameter space available for the
PECVD growth recipe adopted in this work and described
in the Methods section (Sec. IV B). We compute Ramsey
coherence time T ∗

2 [Fig. 3(a), left] for 105 spin bath config-
urations with spin bath thickness of 0.5 to 12 nm (0.5-nm
steps) and density of 0.5 to 12 ppm (0.5-ppm steps) from
the coupling between the central NV center electron spin and
weakly coupled P1 center electron spins (see Methods). We
simulate Hahn-echo measurements [Fig. 3(a), right] with spin
bath thicknesses of 1 to 10 nm (1-nm steps) and densities
of 1 to 12 ppm (1-ppm steps) (see Supplemental Material,
Sec. S.I.B, for justification of CCE order [68]).

We characterize the distributions of the coherence times
with the mean μ = 10〈log10(T2/[1 ms])〉 and the variance σ 2 =
〈log2

10(T2/[1 ms])〉 − 〈log10(T2/[1 ms])〉2 of the logarithm of
the coherence times at each density and thickness (Fig. 3).
Using the coherence time logarithm, we can directly compare
the coherence distributions at different timescales.

Figures 3(b), 3(c) and 3(d), 3(e) depict μ and σ over the
chosen range of parameters for T ∗

2 and T2, respectively. In
each case, the computed average coherence time decreases
with increasing spin density and/or increasing thickness, as
expected. In the three-dimensional limit, the average coher-
ence time is independent of bath thickness. The observed
decrease in μ as a function of thickness [Figs. 3(b) and 3(d)]
suggests the presence of a low-dimensional spin bath regime
in the chosen range of parameters.

We analytically derive the distribution of the interaction
strength between the central spin and bath spins in low-
dimensional baths in Sec. II F. In the case of T2 we predict
times >1 ms in the bottom-left half of the parameter space in
Fig. 3(d), beyond what is generally observed in experiment.
This suggests that experimental T2 times in thin, low-density
spin baths are limited by noise sources not captured in our
model, as suggested previously [57]. However, our calcula-
tions predict that, in principle, low-dimensional lightly doped
samples can realize T1 limited coherence times at room tem-
perature.

Bath dimensionality further impacts the relative distribu-
tion of coherence times, described by the standard deviation
σ . Focusing on the inhomogeneous dephasing time T ∗

2
[Fig. 3(c), right], σ exhibits unexpected behavior in the re-
gion where the thickness equals the average nearest-neighbor
distance in three dimensions, 〈rNN〉, plotted as a function of
density in the left plot. σ plateaus when the thickness is
smaller than 〈rNN〉 and decreases when thicknesses are larger.
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(a)

(b)

(c)

(d)

(e)

FIG. 3. Single-spin coherence in low-dimensional spin baths. (a) Ramsey (left) and Hahn-echo (right) microwave measurement pulse se-
quences. (b), (c) Mean of log10(T ∗

2 /[1 ms]) distributions μ = 10〈log10(T ∗
2 /[1 ms])〉 (b) and variance σ 2 = 〈log2

10(T ∗
2 /[1 ms])〉 − 〈log10(T ∗

2 /[1 ms])〉2

(c) as a function of P1 density and layer thickness. Values are linearly interpolated between data points. The black dashed line in (c) indicates
the thickness equal to the average nearest-neighbor bath spin distance 〈rNN〉 = 0.554ρ−1/3 for each density ρ (see text, Sec. II F), demonstrating
a boundary between dimensionalities. At right in (b) and (c) are line cuts of μ and σ at densities of 1, 5, and 9 ppm. Inset in (c) is σ at multiple
densities with thickness normalized by 〈rNN〉, demonstrating universal behavior versus dimensionality. (d), (e) The same data as (b) and
(c) presented for T2 coherence times.

The inset in Fig. 3(c), right, demonstrates the universal be-
havior of coherence times relative to the bath dimensionality.
The x axis is normalized to 〈rNN〉. This indicates that two-
dimensional (2D) spin baths naturally have a wider spread of
NV center coherence times. While thin and less dense samples
may optimize coherence times, they typically also lead to
greater fluctuations in single-qubit coherence properties.

We see similar trends in Hahn-echo T2 times [Fig. 3(e),
right]. We find in general that σT ∗

2
> σT2 . In the Supplemental

Material, Sec. S.I.C [68], we find convergence for T ∗
2 and T2

at 12 and 100 bath spins, respectively, suggesting heuristically
that Ramsey measurements are sensitive to the variation of
a fewer number of spins. In general, one expects a smaller
standard deviation in physical quantities that are sensitive to
larger numbers of randomly placed spins due to the central
limit theorem. We thus expect a larger impact of the stochas-
ticity in the P1 position on the T ∗

2 distributions. These results
inform solid-state qubit synthesis characterization, where both
T ∗

2 and T2 are standard measurements performed on multiple
NV centers.

Our theoretical results constitute a full computational char-
acterization of spin-bath-induced coherence times across a
range of bath geometries and densities. Our computational
strategy is not limited to NV centers in diamond and can
be applied to other spin defect systems, as well as other
spin bath measurements, as long as the appropriate pulse se-
quence can be simulated using the PyCCE code. Additionally,
our approach will inform future diamond growth and NV
synthesis. Rather than extrapolating from bulk data [57] or
measurements on single δ-doped NV centers, growth may
now be informed by the theoretical predictions of coherence
time distributions.

D. Sample characterization

We characterize the coherence of an exemplar sample
grown under the conditions outlined in Sec. IV B. Figure 4(a)
presents frequency-dependent double electron-electron reso-
nance (DEER) measurements of a single NV center in a P1
center bath. This measurement essentially performs electron
spin resonance (ESR) spectroscopy on target spins (here P1
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(a) (c)

(b)

FIG. 4. NV center measurements. (a) DEER spectroscopy with
NV center confirming the presence of a P1 center electron spin bath.
Marked values of fP1 correspond to P1 ESR transitions correspond-
ing to the static magnetic field of 311 G and internal P1 hyperfine
parameters. (b) Ramsey interferometry measurement to extract T ∗

2

coherence time. (c) Compiled decoherence rates for eight measured
NV centers (red squares, the two rightmost points overlap) and the
probability function P, drawn directly from the histogram of com-
puted coherence times for parameters determined in Sec. II E.

center electron spins) by recoupling their dipolar interactions
to the NV center probe spin, which are otherwise decoupled
by the Hahn-echo sequence. At the experimental magnetic
field of 311 G, and given 15N P1 hyperfine couplings, we
expect, based on the possible P1 Jahn-Teller axis directions
and 15N nuclear spin states (see Methods), transitions near
935 MHz and 954 MHz for the four possible 〈111〉 crystal-
lographic axes, respectively, and the nitrogen nuclear spin
state + 1

2 probed here. We observe resonances at microwave
light frequencies fP1 of 934.8 MHz ( fP1,3/8) and 953.1 MHz
( fP1,1/8). The subscripts indicate the fraction of the bath
probed at that frequency. This confirms the presence of 15N
P1 centers in our sample.

We measure T ∗
2 times for a set of eight single NV centers

in the same test sample. Figure 4(b) shows characteristic
Ramsey interferometry data for one of these NV centers.
Data are fit to a Gaussian decay with oscillations capturing
the coupling to single nearby P1 centers, as in the Ramsey
analysis in Sec. II. While the 15NV center exhibits a ≈3 MHz
splitting from its nitrogen nuclear spin, it does not contribute
to NV center decoherence rate and thus is not included in
CCE calculations. We are careful to drive with 909 kHz Rabi
rate pulses to avoid mixing nuclear hyperfine effects into our
measurement. This NV center exhibits T ∗

2 =25 ± 2 µs (see
Supplemental Material, Sec. S.III, for details of measurements
[68]). This process is repeated for eight NV centers.

(a) (c)

(d)

(b)

FIG. 5. Maximum likelihood estimation. (a) Likelihood of data
set in Fig. 4(c) calculated for each set of bath parameters from
theoretical results. (b) Likelihood restricted to a thickness of
tSIMS = 4 nm [from Fig. 2(e)], from which we extract a density of
4.1 ± .8 ppm. (c) Calculated error of density estimation across full
density range with fixed thickness, calculated for 200 random data
sets at each density. (d) MLEs on a test data set of four NV centers
generated from calculations of coherence times for a 3-nm-thick
5-ppm bath. The combined MLE (right), where the likelihood is
calculated joint across both data sets, is the most sensitive. Scale bars
are the same as in (a).

Decoherence rates for the set of measured NV centers are
plotted in Fig. 4(c) along with the calculated probability distri-
bution function (PDF) that best fits the measured distribution
as determined via MLE, discussed in the next section. The aim
of the following section will be to determine which calculated
distribution best fits this data set.

E. Maximum likelihood estimation

Using the theoretical dependence of the coherence time
distributions on thickness and P1 density, in this section we
develop the maximum likelihood estimation (MLE) model to
recover the growth parameters of the given sample. Taking
interpolated distributions P(1/T ∗

2 ), recovered from the nu-
merical data, the likelihood of a given bath configuration is
calculated as the joint probability of the {T ∗

2 } data set for each
pair of bath thickness t and density ρ as [69]

L(t, ρ) =
∏

i

P(1/T ∗
2,i|t, ρ). (1)

The MLE procedure determines what coherence distri-
bution best predicts the measured distribution in Fig. 4(c).
In Fig. 5(a), we plot L(t, ρ) over the computational phase
space for the coherence times in Fig. 4(c). We find a band of
potential bath geometries that satisfy the observed coherence
time distribution rather than uniquely predicting a single set
of values. Based on the CVD growth discussed in Sec. IV B,
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we estimate the bath thickness at tSIMS = 4 nm and plot the
line cut of L in Fig. 5(b). This provides a measure of the bath
density of 4.1 ± .8 ppm, where the error is found by fitting
L(tSIMS, ρ) to a normal distribution. This density estimation is
not sensitive to the variation in SIMS measurements discussed
in Sec. II B.

We benchmark the error in the MLE procedure versus the
number of coherence time samples in Fig. 5(c). For each num-
ber of samples N and set of bath parameters, 200 random T ∗

2
data sets of N coherence times are chosen from the numerical
data sets used in Sec. II. Then, the likelihood is calculated for a
fixed thickness t0, and the relative error for one data set is cal-
culated as ε2

ρ0
= (ρMLE − ρ0)2/ρ2

0 , where ρMLE is the density
such that L(t0, ρMLE) = max[L(t0, ρ)]. This is averaged over
a range of tested densities, plotted in Fig. 5(c). We calculate
the error for eight samples to be 25 %, corresponding to an
uncertainty of 0.9 ppm for the density estimate from Fig. 5(a).
This is similar to the error from fitting L and is stable when the
thickness is varied. We fit the average error as AN−p, shown
over the calculated error in Fig. 5(c), finding a N−0.55 trend.

In Fig. 5(d), we explore the addition of more complex
coherence measurements to the MLE procedure. Making use
of simulated Hahn-echo and Ramsey coherence times for four
NV centers chosen randomly from the 3-nm-thick, 5-ppm spin
bath computational data set in Fig. 3, we perform MLE with
just Hahn-echo times (left) and just Ramsey times (center),
as well as the joint probability of both data sets. We find that
the combined set more precisely predicts both bath density
and thickness compared to the individual data sets, suggesting
that incorporating more time-expensive (both computationally
and experimentally) coherence measurements may remove the
need for ex situ growth characterization.

F. Strong coupling yield

Entangled qubit-based sensors promise to greatly enhance
quantum sensing capabilities as compared to the current state
of the art [24,25]. The applicability of these schemes is en-
abled by the high-yield synthesis of strongly coupled quantum
systems (NV center spins and multiple single bath spins). We
consider the impact of growth dimensionality on the yield of
such systems analytically, quantifying our results with numer-
ical predictions. In our calculations we consider central NV
center spins and P1 center bath spins, but our approach is
easily generalized to other spin systems.

Each bath spin couples to the NV center with a dipolar
coupling strength Ai

z. The NV center coherence in the absence
of dynamical protocols and coupled to a bath of many weakly
coupled spins can be described as a product of individual
coupling contributions (see Methods).

We aim to describe how likely the coupling to the nearest
spin, A0, is to be greater than the dephasing from the rest of
the bath Abath. The distributions of nearest-neighbor distance
rNN in two and three dimensions are

g2D = exp
(−πr2

NNς
)
ς 2πrNN, (2)

g3D = exp
(−4πr3

NNρ/3
)
ρ 4πr2

NN, (3)

where ρ is the 3D density and ς = ρt is the 2D density
for bath thickness t nominally less than the average nearest-

neighbor distance. Notably, the distributions depend on the
bath dimensionality. The bath decoherence can be estimated
as follows:

�bath
2D ∝

√∑
2D

|1/r3|2 =
√∫ ∞

0
dr 2πrςr−6, (4)

�bath
3D ∝

√∑
3D

|1/r3|2 =
√∫ ∞

0
dr 4πr2ρr−6. (5)

We now define the visibility ν of the nearest-neighbor spin
as a ratio between its coupling to the central spin A0 and the
decoherence rate induced by all other spins Abath,

ν = |A0|√
2Abath

, (6)

and average ν over many bath configurations. Assuming
the point dipole approximation to compute the coupling
between central and bath spins, we find the average visibil-
ity at the given dimensionality as 〈νkD〉 = 〈|A0|/

√
2Abath〉 	

〈r−3
NN/

√
2�kD〉, where �kD (k = {2, 3}) are given by Eqs. (4)

and (5). We note here that averaging �kD assumes the de-
phasing rate due to the rest of the spin bath follows a highly
peaked distribution. We then ask if this average is larger for
lower-dimensional spin baths by evaluating

ν2D

ν3D
=

〈
r−3

NN

/
�2D

〉
〈
r−3

NN

/
�3D

〉 =
√

2. (7)

We find that the visibility of the nearest-neighbor spin is
√

2
larger in the 2D case, pointing to the fact that the yield of
strongly coupled bath spins is significantly higher in low-
dimensional systems.

We confirm these analytical predictions with numerical
simulations. Using the PyCCE code, we generate 105 50-
nm-thick P1 electron spin baths in a (001)-oriented diamond
lattice whose densities range over two orders of magnitude
and divide each bath into slices of varying thickness. For
each density and thickness, we compute visibility ν [Eq. (6)].
Representative histograms for 3-ppm spin baths are shown
in Fig. 6(a). As the bath thickness decreases, the visibility
distribution shifts to higher values, in line with the prediction
from Eq. (7). We follow the criterion laid out in the Methods
and Eq. (11) below to identify strongly coupled bath spins.
We set a threshold for the visibility at ν � 2π . At this value,
coherence goes through a full oscillation period when the
signal contrast reaches 1/e.

We plot the resulting probability of obtaining strongly cou-
pled spins in Fig. 6(b) for each density. At all densities, the
likelihood of finding a NV spin bath configuration with the
desired coupling ratio is almost three times higher in the thin
bath limit. Furthermore, there is a crossover transition for each
density from three-dimensional to two-dimensional behavior,
which intersects with the average nearest-neighbor spacing
〈rNN〉 = 0.554ρ−1/3, obtained from Eq. (3). Heuristically, as
the thickness reduces below 〈rNN〉, there are no spins proximal
to the central spin in the out-of-plane direction, only in the
plane of the central spin.

In Fig. 6(c) we further corroborate the analytical result
from Eq. (7). We plot the visibility probability distributions
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(a) (b) (c)
NN

FIG. 6. Dimensionality dependence of strong coupling. (a) Computed distribution (using PyCCE) of ratio of nearest-neighbor P1 coupling
to background decoherence rate for 105 3 ppm density P1 bath configurations with varying thickness. Curves are offset for clarity. Shaded
regions right of the dashed line indicate ν � 2π . (b) Percentage of NV-P1 bath systems with at least one strongly coupled bath spin for varying
bath density and thickness. The average spin-spin distance is marked atop curves for each density. (c) Calculated visibility distributions for 3D
and 2D spin baths (solid lines), with most likely values shown with dashed lines.

for a 3-ppm bath in the 3D (50 nm) and 2D (3 nm) limit
(solid lines), with the peak values (most likely values) shown
in dashed lines. The ratio of the most likely values is
ν2D,peak/ν3D,peak = 1.23, in agreement with the value extracted
in Eq. (7).

III. OUTLOOK

Point defects in diamond and other wide-band-gap semi-
conductors are promising platforms for qubit-based sensors.
Deterministic synthesis of such systems will benefit from
feed-forward techniques that optimize host crystal parameters
for specific outcomes and applications. Additionally, such sys-
tems pave the way for entangled qubit-based sensors, which
hold great promise to enhance current quantum sensing capa-
bilities. In this paper, we have demonstrated holistic quantum
simulations of NV center coherence, with techniques appli-
cable to other spin defects, as a tool for quantum system
coherence characterization driven synthesis, minimizing the
need for large-scale and destructive materials characteriza-
tion. Practically, we showed how our approach allows for
the use of rudimentary T ∗

2 measurements to approximate in
situ doping densities, even with little prior sample knowledge.
Specifically, we have demonstrated a MLE model based on
a CCE-generated distribution library as an aid to process
calibration and sample characterization. This method is non-
destructive and operates at the density scales relevant for
quantum technologies.

Additionally, the coherence distribution results presented
in this paper explore the expected sample properties in
low-dimensional spin baths. By going beyond approximate
analytical treatments and sampling over a wide distribution
of random bath configurations with a range of central spin
bath couplings, the CCE calculations quantitatively capture
the connection between bath geometries and coherence time
distributions, providing an invaluable analytical tool for ex-
perimental design.

While in this work we focus on a single dominant spin
bath species in low-dimensional geometries, our MLE method
is not limited to this regime. CCE methods can readily be

extended to additional spin bath species in diamond, as well
as mixed nuclear and electronic spin baths. By calculating
coherence times in these other situations, dopant densities in
samples with multiple dominant noise sources can be char-
acterized. Furthermore, the strategy presented here can be
applied to other solid-state hosts where qubit coherence is
limited by spin bath noise.

IV. METHODS

Our work builds on two previously established techniques,
CCE calculations [66,67] and PECVD synthesis of NV cen-
ters in diamond [41], as described below and in Fig. 2. We
focus on the 15N isotope of nitrogen for the majority of the
calculations as this allows us to experimentally distinguish in-
tentionally doped defects from background occurring defects
[29,41]. In all calculations and measurements the external
magnetic field is aligned along the crystal-field axis of the NV
centers.

A. Theory

The dynamics of the system are simulated using the fol-
lowing Hamiltonian:

Ĥ = − γeBzŜz + DŜ2
z +

∑
i

a(mi )P̂z,i − γeBzP̂z,i

+
∑

i

SAiPi +
∑
i 
= j

PiJi jP j, (8)

where γe is the electron spin gyromagnetic ratio, Bz is the
magnetic field aligned with the z axis, S = (Ŝx, Ŝy, Ŝz ) are
NV center spin operators, D is the NV zero-field splitting,
P = (P̂x, P̂y, P̂z ) are spin operators of the P1 center, and a(mi )
is the hyperfine coupling between the P1 15N nuclear spin and
the P1 electron spin, dependent on the random orientation of
the Jahn-Teller axis along one of four crystal directions and
the nuclear spin state for each P1 (mi), where i runs over all the
simulated P1 centers [70]. Ai are dipolar couplings between
the NV center and P1 centers, and Ji j is the coupling between
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two P1 electron spins. The applied 50 G is sufficiently past the
high-field limit, and these calculations translate over to mea-
surements at higher fields as well (see Supplemental Material,
Sec. S.I.A [68]).

In the Supplemental Material (Secs. S.I.B and S.I.C) [68],
we show convergence tests for Ramsey and Hahn-echo sim-
ulations versus both CCE order (1 and 4, respectively) and
total number of simulated bath spins. We use CCE methods
with bath state sampling [71] to achieve convergence for the
electron spin bath. For each pure electron bath state the state
of 15N spin and the P1 crystallographic orientation is chosen at
random. At each set of bath parameters, the nitrogen density
is taken to be spatially uniform throughout the doped layer,
with local inhomogeneity introduced by randomly generat-
ing the spin distribution. More details about the method are
available in [60].

The CCE approach [66,67] approximates the coher-
ence function L(t ) = 〈σ−(t )〉

〈σ−(0)〉 = 〈0|ρ̂(t )|1〉
〈0|ρ̂(0)|1〉 , the normalized off-

diagonal element of the density matrix ρm,n of the qubit, where
m and n are either the ground or excited spin states |0〉 and
|1〉, respectively. L(t ) is approximated as a product of cluster
contributions:

L(t ) =
∏

i

L̃{i} ∏
i, j

L̃{i j} . . . , (9)

where L̃{i} is the contribution of a single bath spin, L̃{i j} is the
contribution of spin pairs, and so on for higher-order clusters
[Fig. 2(a)]. The maximum size of the cluster n included in the
expansion denotes the order of CCEn approximation.

The Ramsey signal is converged at the first order of CCE.
As such, we can represent the high-field Ramsey coherence
function in the rotating frame for a bath in a fully mixed
state as [72]

L(t ) ≈
N∏
j

cos
Aj

zt

2
≈ exp

[
−A2

bath

2
t2

] n∏
i

cos
Ai

zt

2

= exp

[
−

(
t

T ∗
2

)2
]

n∏
i

cos
Ai

zt

2
, (10)

where A2
bath =

∑
j (A

j
z )2

4 , T ∗
2 =

√
2

Abath
, index i goes over only

n strongly coupled P1 centers, and index j goes over all
other P1s. We define strongly coupled bath spins as those
distinguishable from the background decoherence, setting a
threshold for its visibility [Eq. (6)] as

νi =
∣∣Ai

z

∣∣
2

� 2π
Abath√

2
, (11)

so that at least one full period of oscillation of the coherence
function is visible when the signal contrast reaches 1/e. For
each random bath configuration, we order the P1 spins by the
strength of the coupling and one by one select out the strongly
coupled spins until the condition (11) is violated. T ∗

2 is then
recovered from the coupling to the remaining bath spins.

Reference [58] shows that CCE at second order can be
used to qualitatively recover the behavior of T2 coherence
times in the P1 bath. We further extend this approach and
converge CCE Hahn-echo calculations at fourth order with

bath-state sampling [see Supplemental Material, Sec. S.I.B
and Fig. S1(c) [68]].

B. Materials growth

All defects studied in this work are doped in situ during
diamond PECVD with subsequent electron irradiation and
annealing for NV center activation. This recipe constitutes
our standard PECVD process for growing isotopically pure
diamond with isotopically tagged NV centers, as shown in
Fig. 2(d). High-purity electronic grade (� 10 ppb) diamond
substrates 2 mm by 2 mm by 0.5 mm, with 〈001〉 growth
face and 〈110〉 sides (element six) were used as starting sub-
strates. The as-received substrates were Chemical-Mechanical
Polished (CMP) to a surface roughness of Rq � 0.4 nm by
Syntek, LLC. Subsequently, these substrates were induc-
tively coupled plasma reactive ion etched (ICP-RIE) down
to remove ≈2.5 µm of damaged diamond surface using a
composite, cycled Ar/Cl2 and O2 plasma etching recipe. Pre-
growth, the samples were annealed at 1200 ◦C and triacid
cleaned to mobilize/annihilate vacancy clusters and remove
any amorphous/sp2 carbon, respectively. See Supplemental
Material, Sec. S.II, for a more detailed description of sample
processing [68].

Homoepitaxial growth of diamond was performed in a
custom-configured PECVD reactor [73] (Seki Diamond). The
growth chamber was pumped down to 8×10−8 Torr to min-
imize background contamination. Thereafter, high-purity H2

(99.99999%) was introduced into the chamber, with the
process microwave power of 11.5 W mm−2 and pressure of
25 Torr maintained throughout. The substrate temperature was
maintained in the range of 800 ± 27 ◦C as tracked by an
IR pyrometer. Before introduction of the diamond growth
precursor, the sample was submitted to a H2 and O2 etch
(4% of O2) for 5 min and a subsequent 20-min etch using
H2 only, to etch away any residual surface contaminants
and defects, and expose the growth surface atomic step
edges [38,74]. Thereafter, 12CH4 (99.9999% chemical purity,
99.99 at.% isotopic purity) is introduced as the carbon precur-
sor. The methane-to-hydrogen ratio is maintained constant at
0.1 % (H2:12CH4 = 400 sccm : 0.4 sccm) as to ensure step-
flow growth [38,73]. After CVD growth is completed and the
plasma is turned off, the sample is vacuum-annealed in the
growth chamber at a pressure of � 1×10−6 Torr and tempera-
ture of 500–600 ◦C for 3-h to out-gas hydrogen contaminants
prior to NV center synthesis. Growth rates for the obtained
films were determined to be 38 ± 10 nm h−1 via ex situ
secondary ion mass spectrometry (SIMS) analysis averaged
over six calibration substrates [e.g., 12C overgrowth shown
in Fig. 2(e)].

Postgrowth, bulk electron irradiation with a 2×1014 cm−2

dose at 2 MeV and a 2-h anneal at 850 ◦C under an Ar atmo-
sphere converts a fraction of doped nitrogen into NV centers
with [15NV] ≈ 0.01 ppb to 0.1 ppb, with the remaining ni-
trogen sites persisting as Ns (P1 centers). NV activation is
intentionally performed in a vacancy diffusion-limited regime
[42] in order to reliably obtain optically resolvable single NV
centers. As the nitrogen doping is buried 50 nm below the
diamond surface, we do not expect band-bending effects on
the defect charge states [75,76].
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The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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