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With the advent of quantum technology, nitrogen vacancy (N-V) centers in diamond turn out to be
a frontier that provides an efficient platform for quantum computation, communication, and sensing
applications. Due to the coupled spin-charge dynamics of the N-V system, knowledge of N-V charge-
state dynamics can help to formulate efficient spin-control sequences strategically. Here, we report two
spectroscopy-based deconvolution methods to create charge-state mapping images of ensembles of N-V
centers in diamond. First, relying on the fact that an off-axis external magnetic field mixes the electronic
spins and selectively modifies the photoluminescence (PL) of N-V−, we perform decomposition of the
optical spectrum for an ensemble of N-V and extract the spectra for N-V− and N-V0 states. Next, we
introduce an optical-filter-based decomposition protocol and perform PL imaging for N-V− and N-V0.
Previously obtained spectra for N-V− and N-V0 states are used to calculate their transmissivities through a
long-pass optical filter. These results help us to determine the spatial distribution of the N-V charge states
in a diamond sample.
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I. INTRODUCTION

By virtue of having remarkable quantum properties at
room temperature and a spin-dependent optical response,
the nitrogen-vacancy (N-V) center in diamond provides
an efficient platform to implement protocols of quan-
tum technology [1,2]. A long coherence time [3], photo-
stable single-photon-emitting capability [4], the possibil-
ity of addressing and manipulating spins via optical and
microwave excitation [5–7], the possibility to read out the
spin states by different methods [8], and efficient integra-
bility into photonic structures [9] have led to applications
of N-V centers in several aspects of quantum technol-
ogy. Notably, N-V centers exhibit promising applications
in quantum-information processing [10,11], magnetometry
[12,13], biosensing [14,15], thermometry [16,17], and so
on. The negatively charged state of the N-V center (N-V−)
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is widely investigated, allowing optical- and microwave-
excitation-controlled preparation, manipulations, and read-
out of its spin states in an efficient way, whereas qubits
associated with the neutral charge state (N-V0) and their
quantum control have not been well-explored experimen-
tally, although theoretical proposals have been put forward
[18,19].

In magnetometry applications, ensembles of N-V−
centers being operated under ambient conditions show
excellent efficiency in field imaging with high spatial res-
olution [14,20] and sensitivity up to 1 pT/

√
Hz [13,21].

An ensemble of N N-V centers can generate N times the
number of photons per unit time compared with a sin-
gle center, and therefore, increases the sensitivity by a
factor of

√
N [12]. Moreover, an ensemble of N-V with

four different crystal orientations allows one to perform
direction-sensitive magnetic field sensing [22]. Although
N-V− is the target state for sensing applications, the sensi-
tivity is reduced by the presence of the neutral charge state,
as N-V0 centers add a spin-independent photolumines-
cence (PL) background to the desired signal, which affects
the field-detection sensitivity [23]. The N-V photophysics
results in an interconversion dynamics between these two

2331-7019/22/17(2)/024046(10) 024046-1 © 2022 American Physical Society

https://orcid.org/0000-0003-3579-5643
https://orcid.org/0000-0003-2601-3718
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.17.024046&domain=pdf&date_stamp=2022-02-16
http://dx.doi.org/10.1103/PhysRevApplied.17.024046


T. CHAKRABORTY et al. PHYS. REV. APPLIED 17, 024046 (2022)

charge states [24]. Thus, the N-V− spin properties, and
hence, the sensing efficiency, is affected by the coupled
spin-charge dynamics of the N-V0–N-V− composite
system [25–28].

The concentration of N-V− and N-V0 centers can vary
in different diamond samples, depending on the prepara-
tion conditions and processing parameters [29]. In fact, for
a given diamond substrate, there can be a local variation
of the charge-state ratio, depending on local crystal strain,
impurities, the crush force, and so on [30]. Moreover, as
a function of various parameters, like optical power, mag-
netic field, illumination wavelength [24,25], and temper-
ature [31], interconversion mechanisms of ionization and
recombination [24] are involved, which cause N-V− →
N-V0 and N-V0 → N-V− conversions, respectively. Since
the charge-state conversion (CSC) influences the N-V spin-
relaxation behavior, and hence, its sensing efficiency, it is
required to tailor the CSC dynamics by tuning the above-
mentioned parameters in such a way that the sensitivity is
maximized. In this context, it is necessary to obtain a quan-
titative picture of N-V− and N-V0 charge states of the N-V
ensemble under given experimental conditions.

Here, we demonstrate easily implementable yet pow-
erful methods to decompose the spectra of N-V centers
into the contributions from the N-V− and N-V0 oxidation
states. Earlier reports have demonstrated spectral decom-
position for N-V charge states by modifying the N-V− PL
signal using a microwave field that is resonant between
the mS = 0 and −1 states [23] and by studying a num-
ber of diamond samples with varying concentrations of
charge states [32]. However, in this work, we use the
fact that an external magnetic field influences the opti-
cal pumping process of N-V centers to perform spectral
decomposition. We demonstrate PL mapping of N-V0 and
N-V− using the field-assisted method and an optical-filter-
based approach. The transmitivities of the N-V0 and N-V−
spectra through the optical filter are required as inputs in
the second method. Here, we use the decomposed spectra
to calculate the transmitivities of N-V0 and N-V− signals.
However, to apply the filter-based charge-state imaging
method, one does not necessarily have to generate the N-V0

and N-V− spectra; rather, the spectra can be obtained from
the literature and the transmitivities can be calculated. Both
protocols have the flexibility that they can be applied for
different diamond samples and under various experimental
conditions, like temperature, magnetic field, optical power,
or illumination wavelength.

Based on the fact that an off-axis external magnetic field
reduces the N-V− spin polarization, and hence, the PL
intensity of the optical spectra, we perform spectral decom-
position to separate out N-V0 and N-V− charge states in
the spectrum. Next, we determine the transmissivity of the
PL signal from N-V0 and N-V− through an optical filter
and use it in our spectral decomposition protocol to create
charge-state mapping images for N-V0 and N-V− centers.

FIG. 1. Schematic diagram of the home-built confocal setup,
which is combined with a spectrometer. Permanent magnet is
used to apply the magnetic field to the N-V system.

II. EXPERIMENTAL METHOD

Our experiments are performed in a home-built exper-
imental setup, where confocal microscopy is combined
with optical spectroscopy. We measure ensembles of N-V
embedded in a diamond layer, which is grown by chem-
ical vapor deposition on a 〈100〉-oriented type-Ib single-
crystal diamond substrate, electron irradiated (energy ∼
16.5 MeV, fluence ∼ 8 × 1017 cm−2), and annealed (at
700 ◦C for 45 min and at 1000 ◦C for 90 min). The N-V
concentration for this sample is 20 ppm, which is estimated
by measuring the PL counts and by comparing them with
the counts obtained for a sample with known N-V con-
centration under the same experimental conditions. Figure
1 shows a simplified schematic diagram of our experi-
mental setup. We use a diode-pumped 532-nm solid-state
laser to excite the N-V centers. A high-numerical-aperture
(NA = 1.3) microscope objective (MO) tightly focuses the
excitation beam onto the diamond sample. To create PL
mapping images of the sample, the MO is mounted on a
nanopositioning piezo stage, which has a traveling range
of 100 × 100 μm2 in the X -Y plane and 20 μm along the
Z axis. The PL signal from the sample is collected by the
same MO; separated from the reflected laser signal by a
dichroic mirror and a long-pass 550-nm filter; and passes
through a pinhole, which rejects any out-of-focus signal.
Next, the signal is collimated using a lens and detected
by a Si avalanche photodiode (APD), which is sensitive
at the single-photon level. For optical spectroscopy mea-
surements, we use a flip mirror to couple the signal to the
input slit of a CCD spectrometer through an optical fiber.

III. DECOMPOSITION OF OPTICAL SPECTRA
INTO N-V0 AND N-V−

The PL emission from an N-V center varies with
the strength and orientation of an external magnetic
field [33–35]. The dependence differs for two relevant
charge states, as discussed below. In the absence of a mag-
netic field, the N-V− system is initialized to the mS = 0
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state by optical illumination. However, application of a
magnetic field that is not parallel to the N-V symmetry axis
influences the optical pumping process, which results in
a redistribution of population in the electronic spin lev-
els mS = 0 and ±1; this is termed spin mixing [33,34].
An increase in the strength of the applied field enhances
spin mixing. Hence, the probability of nonradiative transi-
tions from the excited mS = ±1 states to the ground state
through the metastable singlet state increases, which leads
to a decrease in the N-V− PL signal [33,34]. Application
of a 600-G field along the [100] axis of a diamond crystal
completely depolarizes the electronic spins, which can be
referred to as a fully-spin-mixed state. Although a change
in the applied magnetic field strength influences the ioniza-
tion process, the relative populations of the N-V0 and N-V−
charge states do not change [26]. As a result, the change in
strength of the magnetic field does not affect the N-V0 PL
intensity for an N-V ensemble [26].

We use this charge-state-selective change in the PL
signal due to an off-axis magnetic field to separate the con-
tributions from N-V0 and N-V− to the measured PL spectra
for an N-V ensemble. Under constant excitation with a
532-nm laser, we measure spectra of an N-V ensemble
at different strengths of magnetic field that is not paral-
lel to the N-V axis. We measure N-V centers, the axes
of which are equally distributed along the four possible
crystallographic directions in a diamond crystal oriented
in the [100] direction. The magnetic field is applied along
the [100] direction of the diamond crystal, making equal
angles with the four different N-V orientations. To reduce
the effect of optical and electrical noise, each measure-
ment is averaged over 3000 nominally identical spectra.
For each scan, the measurement time is 10 ms and the
laser intensity is 4.8 mW μm−2. To make sure that the
applied field results in notable spin mixing, and we can
capture an observable change in N-V− PL as a function of
the field, we vary the magnetic field through a large range
(≈ 800 G) of steps, keeping its direction fixed, and measur-
ing the spectra. As long as the spectra captured at the field
values give a significant change in N-V− PL, and there-
fore, a high signal-to-noise ratio (SNR), the analysis can be
performed. The low field does not necessarily have to be
the zero field. We denote the spectra measured at low and
high fields as Alow B(λ) and Ahigh B(λ), respectively; they
are shown in Fig. 2(a).

We write the spectrum at low field (≈ 170 G) as a
composition of the N-V− and N-V0 spectra AN-V0(λ) and
AN-V−(λ), respectively:

Alow B(λ) = AN-V0(λ) + Alow B
N-V−(λ). (1)

We aim to decompose Alow B(λ) into AN-V0(λ) and
Alow B

N-V−(λ). In Ahigh B(λ), the N-V− PL intensity is selectively
modified by enhancing spin mixing with a higher magnetic
field (≈ 975 G), while the N-V0 signal is not significantly
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FIG. 2. (a) Measured N-V emission spectra at low (∼ 170 G)
and high (∼ 975 G) magnetic fields shown by green and red
curves, respectively. Spectra show the ZPL for N-V0 at 575
nm and for N-V− at 637 nm. Blue curve denotes the spectrum
obtained by subtracting the spectrum at high field from the one
recorded at low field. Inset shows an expanded view of the region
near the N-V0 ZPL. (b) Extracted N-V0 (blue curve) and N-V−
spectra (red curve). N-V− spectrum is manually shifted along the
y axis to make both spectra visible.

affected, as discussed earlier. Hence, one can express

Ahigh B(λ) = AN-V0(λ) + Ahigh B
N-V− (λ), (2)

where Ahigh B
N-V− (λ) is the PL contribution to the total spectrum

from N-V− centers at high field. We quantify the change in
the N-V− signal as �N-V− , as a result of changing the field
by subtracting Ahigh B(λ) from Alow B(λ):

�N-V− = Alow B(λ) − Ahigh B(λ),

= Alow B
N-V−(λ) − Ahigh B

N-V− (λ). (3)

Figure 2(a) reveals that �N-V− does not show any sig-
nature of N-V0 zero-phonon line (ZPL). The inset of
Fig. 2(a) shows an enlarged view of the ZPL for Alow B(λ),
Ahigh B(λ), and �N-V− , and in the presence of low and high
magnetic fields, where one can observe hardly any differ-
ence in ZPL intensity between these two cases. Since the
�N-V− data contain the PL contribution solely from N-V−
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centers, it is possible to determine a scaling factor, f , a real
positive number, such that the following two equations are
satisfied:

Alow B
N-V−(λ) = f �N-V− , (4)

AN-V0(λ) = Alow B(λ) − f �N-V− . (5)

Proper evaluation of factor f determines the efficiency of
the decomposition analysis by assuring that AN-V0(λ) and
Alow B

N-V−(λ) do not have any contributions from the PL of N-
V− and N-V0, respectively. For this purpose, we follow
a trial-and-error optimization method, where we vary the
value of f in small steps, and for each value of f , the oper-
ations described in Eqs. (4) and (5) are performed. We find
f = 6.2 to be optimal. A higher or lower value results in a
dip or peak at 637 nm, the ZPL of N-V−, in the AN-V0(λ)

curve. Using f = 6.2 in Eqs. (4) and (5), we can obtain
the individual spectra of Alow B

N-V−(λ) and AN-V0(λ), which are
shown in Fig. 2(b).

We perform the decomposition of N-V spectra into N-V0

and N-V− for a range of magnetic field values and use these
results to study the field dependence of the PL from N-
V0 and N-V−. This analysis also provides us a quantitative
estimation of the scaling factor, f , for a change in mag-
netic field from B1 to B2, where B2 > B1. We express the
N-V spectra, AN-V(λ), as a linear combination of the con-
tributions from N-V0 and N-V− emissions in the following
way:

AN-V(λ; B) = C0(B)ŜN-V0(λ) + C−(B)ŜN-V−(λ). (6)

ŜN-V0(λ) and ŜN-V−(λ) are the normalized base spectra,
which are derived from the N-V0 and N-V− spectra we
obtain earlier in this section by analyzing the spectro-
scopic results at magnetic fields of 170 and 975 G, such
that

∫
ŜN-V0(λ)dλ = ∫

ŜN-V−(λ)dλ = 1. C0(B) and C−(B)

quantify the contributions to the PL spectra from N-V0 and
N-V− states.

By expressing Eq. (6) for magnetic fields B1 and B2, and
using them in Eqs. (3)–(5), it is straightforward to express
f for a change in magnetic field from B1 to B2 as

f (B1; B2) = C−(B1)

C0(B1) + C−(B1) − C0(B2) − C−(B2)
. (7)

We determine C0(B) and C−(B) by fitting the PL spec-
tra measured at different magnetic fields to AN-V(λ; B).
The experimental spectrum measured at 170 G and the
fit to AN-V(λ; B) are shown in Fig. 3(a). We fit AN-V(λ; B)

to spectra measured at different magnetic fields and esti-
mate the values of C0(B) and C−(B), which are shown
in Fig. 3(b). The plot suggests that N-V− PL decreases
with increasing magnetic field strength, which supports

spin-mixing-induced PL reduction, as discussed earlier in
this section. At a certain field value, the N-V− PL reaches
a minimum, which indicates the fully-spin-mixed state.
However, with a further increase in the magnetic field,
we see a slight enhancement in the N-V− PL, which can
happen due to the influence of the magnetic field on the
singlet-to-triplet-state transition rate at the excited state of
N-V [36]. It is worth noting that there is no observable
change in the PL from N-V0 as a function of magnetic field,
which allows us to rewrite Eq. (7) as

f (B1; B2) = C−(B1)

C−(B1) − C−(B2)
. (8)

To quantify the factor f (B1; B2) in different magnetic field
regimes and intervals, we use the values of C−(B1) and
C−(B2) obtained with Eq. (8) and calculate f (B1; B2). B1
is varied from 170 to 550 G, where B2 is varied from 248
to 975 G. Complete spin mixing, i.e., total depolarization
of the electronic spins, depends on the strength, orienta-
tion, and relative concentration of N-V with four possible
axis orientations in the ensemble. In this case, complete
spin mixing happens at 829 G, which corresponds to the
minima in the field-dependent C−(B) values shown in
Fig. 3(b) and f values shown in Fig. 3(c). One can see
from Fig. 3(c) that f (B1; B2) decreases with increasing
field difference until the fully-spin-mixed state is reached.
Afterwards, f (B1; B2) increases with increasing (B2 − B1)

due to the N-V excited-state singlet-triplet transition rate
dependence on magnetic field [36]. Notably, for the same
variation in magnetic field, f (B1; B2) can take different val-
ues, depending on B1. The data point representing the value
of f (170 G; 975 G) ≈ 6.2, which we use in our analysis, is
denoted by a square box. Equations (4) and (5) suggest that
f is small for a large value of �N-V− . Hence, a lower value
of f (B1; B2) signifies a considerable variation in N-V− PL
upon changing the magnetic field, which suggests that the
spectra measured at 170 and 975 G provide a good SNR in
our N-V−–N-V0 spectral decomposition analysis. By com-
paring the decomposed N-V0 and N-V− spectra we obtain
for different values of B1 and B2, we conclude that there is
no evidence of changes in the shape of the N-V spectra as a
function of the strength of the applied field. This supports
our assumption that factor f does not depend on λ.

The f (B1; B2) values that correspond to B2 = 829 G for
different B1 are fitted to the following expression, and the
result is shown by the dashed curve in Fig. 3(c):

f (B1; B2) = 3.3 + 195.7e−(B2−B1)/150.34. (9)

Equation (9) allows us to estimate the values of f (B1; B2)

for B1 when 0 < B1 < 829 G and for B2 = 829 G.
Our analysis provides the ratio of emissions from N-

V0 and N-V−, which allows us determining the ratio,
RN-V−:N-V0 , of the concentrations CN-V− and CN-V0 of the
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FIG. 3. (a) N-V spectrum (red curve) measured at an applied
field of 170 G and its fit to AN-V(λ; B) (black curve). (b) Vari-
ation of N-V− and N-V0 PL as a function of applied magnetic
field strength. (c) Dependence of f (B1; B2) on magnetic field
variation. Dashed curve connects data points that correspond to
B2 = 829 G for different B1 values.

N-V− and N-V0 charge states, respectively [32]:

RN-V−:N-V0 = CN-V−

CN-V0
= C−(B)

κλ(B)C0(B)
. (10)

The ratio of PL from the N-V−-to-N-V0 centers is κλ(B),
which depends on the applied field strength and excita-
tion wavelength λ. Since in this case λ = 532 nm, we
use κ532nm(0) = 2.17 from Ref. [32] in our analysis. Now,
using Eq. (8) and the fact that C0(B1) = C0(B2) we write

RN-V−:N-V0 = C−(0)

κλ(0)C0(0)
= C−(B2)

κλ(0)C0(B2)

f (0; B2)

[f (0; B2) − 1]
.

(11)

The value of RN-V−:N-V0 does not differ for different val-
ues of B2 as the steady-state population of the N-V− and
N-V0 ensemble do not vary with the strength of the field.
For instance, for B2 = 829 G, we calculate f (0; 829 G) =
4.1 from Eq. (9). Thus, from Eq. (11), we obtain
RN-V−:N-V0 = 0.271 at the location where we measure the
spectra. Since RN-V−:N-V0 does not change with mag-
netic field strength [26], Eq. (10) allows us to calculate
κ532 nm(B) = 1.94 when B = 170 G.

The above protocol of separating out the N-V− and
N-V0 spectral components can be used to perform charge-
state imaging for N-V centers. We assume I low B(X , Y) and

Counts/s Counts/s

(a) (b)

(c) (d)

FIG. 4. PL maps for an N-V ensemble at (a) 170 G and (b) 975
G magnetic fields. Contribution of (c) N-V0 and (d) N-V− PL to
the map shown in (a).

I high B(X , Y), as shown in Figs. 4(a) and 4(b), are spatial
maps captured for an N-V ensemble in low (170 G) and
high (975 G) magnetic fields, and we aim to decompose
I low B(X , Y) into maps for N-V− and N-V0. To enhance
the SNR, at each field, the maps are collected 4 times and
added up. Provided that, apart from N-V centers, there are
no other defect centers or other impurities that generate PL
under 532-nm laser excitation, one can write

I low B(X , Y) = I N-V0
(X , Y) + I N-V−

(X , Y), (12)

where I N-V0
(X , Y) and I N-V−

(X , Y) are the PL matrices that
consist of contributions of PL from N-V0 and N-V− centers
only. Following the arguments made earlier in this section,
we can calculate I diff(X , Y), as

I diff(X , Y) = I low B(X , Y) − I high B(X , Y), (13)

which should be a pure N-V− PL signal.
For a fixed strength and orientation of the applied field,

we measure spectra at arbitrary positions of the diamond
sample and observe a nearly uniform ratio of C− : C0
over the region of microscopy. Hence, assuming that the
value f = 6.2 does not vary over the 20 × 20 μm2 area
we measure, we create maps of the charge states N-V−

and N-V0, I N-V−
(X , Y) = f I diff(X , Y) and I N-V0

(X , Y) =
I low B(X , Y) − f I diff(X , Y), and show their contributions to
I low B(X , Y) in Figs. 4(c) and 4(d). The maps show that
the populations of N-V− and N-V0 centers vary spatially
in this 20 × 20 μm2 area. However, for diamond crys-
tals like the high-pressure high-temperature grown ones,
there can be a nonuniform spatial distribution of the N-V0 :
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Ratio of concentration of          to

N-V–:N-V0R

FIG. 5. Mapping ratio of concentrations of N-V− to N-V0

centers.

N-V− population ratio. Hence, one has to take into account
spatial variation of factor f in the above mapping anal-
ysis. For this purpose, spectral decomposition has to be
performed at different positions of the sample, and the
spatial variation of factor f has to be determined in the
form f (X , Y). We create a map of the ratio of concen-
trations of N-V−-to-N-V0 centers at 170 G by using the
relation RN-V−:N-V0(X , Y) = I N-V−

(X , Y)/κ(B)I N-V0
(X , Y),

as shown in Fig. 5. From our earlier analysis, we use
κ532nm(B) = 1.94 when B = 170 G.

IV. OPTICAL-FILTER-BASED SPECTRAL
DECOMPOSITION

Here, we demonstrate a protocol to decompose the
steady-state N-V0 and N-V− signals and construct sepa-
rate PL images for these two charge states. We capture
the PL mapping image of an ensemble of N-V centers
extended over an area of 20 × 20 μm2, which we denote as
M0(X , Y) and show in Fig. 6(a). We capture spectra at dif-
ferent spatial positions of this N-V ensemble and observe
the clear signature of the ZPLs for N-V− and N-V0. Hence,
the 20 × 20 μm2 PL mapping image consists of signal con-
tributions from both N-V− and N-V0, which we like to
separate using our method. We express

M0(X , Y) = MN-V0(X , Y) + MN-V−(X , Y), (14)

which signifies that M0 is the sum of the two component
signals MN-V0(X , Y) and MN-V−(X , Y), which map the sig-
nals from N-V0 and N-V− centers, respectively. Next, we
include a 645-nm long-pass filter (LPF), which has differ-
ent transmissions for the signals from N-V0 and N-V− and
record a PL image of the same 20 × 20 μm2 area. We call
this image matrix MLPF(X , Y) and show it in Fig. 6(b). We
write t0 and t− for the average transmissivity of the PL
signals from N-V0 and N-V− through the LPF. We then
express MLPF(X , Y) as

MLPF(X , Y) = t0MN-V0(X , Y) + t−MN-V−(X , Y). (15)

Counts/s Counts/s

(a) (b)

(c) (d)

FIG. 6. Measured PL mapping images (a) without and (b) with
the 645-nm long-pass filter. Mapping image of the fraction of
PL-signal contributions from (c) N-V0 and (d) N-V− centers into
the image shown in (a), as calculated using our decomposition
method.

To calculate t0 and t−, we use the decomposed spectra
of N-V0 and N-V−, shown by the thin red and blue curves
in Fig. 7 and the thick red and blue curves, ALPF

N-V0(λ) and
ALPF

N-V−(λ), in Fig. 7, which represent the spectra after the
645-nm LPF. Thus, the ratio of the integrated area under
the filter-modulated curve to the corresponding original
spectrum gives us the filter transmitivity:

t0 =
∫ 850

550
ALPF

N-V0(λ)dλ/

∫ 850

550
AN-V0(λ)dλ, (16)

t− =
∫ 850

550
ALPF

N-V−(λ)dλ/

∫ 850

550
Alow B

N-V−(λ)dλ. (17)

Upon solving Eqs. (14) and (15), it is straightforward
to calculate MN-V0(X , Y) and MN-V−(X , Y), which are
given by

MN-V0(X , Y) = MLPF(X , Y) − t−M0(X , Y)

t0 − t−
, (18)

MN-V−(X , Y) = t0M0(X , Y) − MLPF(X , Y)

t0 − t−
. (19)

We perform the integration mentioned in Eqs. (16) and
(17) in the wavelength range of 550 to 850 nm, which
covers > 99% of the emission spectra (the CCD arrays in
the spectrometer cover the wavelength range of 200–1160
nm). The resulting values are t0 = 0.3 and t− = 0.8. Using
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FIG. 7. Extracted N-V0 spectrum (thin red curve) and its trans-
mission through a 645-nm long-pass filter (thick red curve),
extracted N-V− spectrum (thin blue curve) and its transmission
through a 645-nm long-pass filter (thick blue curve).

these values, we obtain separate maps of MN-V0(X , Y) and
MN-V−(X , Y). Figures 6(c) and 6(d) show the relative con-
tributions of MN-V0(X , Y) and MN-V−(X , Y) to M0(X , Y).
The images show that, in that part of the sample, there is a
linear gradient of N-V−/N-V0 concentration.

As an additional check of this method, we decompose a
simulated PL matrix that contains signals from both N-V0

and N-V−. Figure 8(a) represents the simulated PL map-
ping image M0(X , Y), where the pixels inside the letters
“NV0” and “NV−” are assigned to PL signals from N-
V0 (SN-V0) and N-V− (SN-V−), respectively, and rest of the
pixels have the value zero. These values of the PL sig-
nal represent total count rates. Now we simulate a PL
mapping image MLPF(X , Y), assuming that we place a
645-nm LPF before the detector, while keeping other con-
ditions unchanged. This is expressed by a PL matrix where
the pixels are t0SN-V0 and t−SN-V− . From Eqs. (18) and
(19), using values of t0 and t−, we obtain the matrices
MN-V0(X , Y) and MN-V−(X , Y). Figures 8(c) and 8(d) show
these maps as fractional contributions to M0(X , Y). One
can observe that Fig. 8(c) comprises N-V0 PL of equal
intensity at the pixel positions at N-V0 like in M0(X , Y),
whereas Fig. 8(d) contains only N-V− PL at the pixels
corresponding to M0(X , Y). The pixels with zero value
are zero in both MN-V0(X , Y) and MN-V−(X , Y). Hence,
we conclude that our filter-based decomposition protocol
can perform charge-state imaging for N-V centers with full
efficiency. However, the simulated image, M0(X , Y), con-
tains fully-spatially-resolved signals from N-V0 and N-V−,
which allow us to spatially decompose the charge states.
For this test, we assume that there are no other sources of
PL under 532-nm excitation, apart from N-V centers in one
of the two charge states that contribute to the PL. However,

Counts/s Counts/s

(a) (b)

(c) (d)

FIG. 8. Simulated PL mapping images (a) without and (b) with
the 645-nm long-pass filter. Mapping images for (c) N-V0 and (d)
N-V− centers decomposed using Eqs. (18) and (19).

in the case of other PL sources, like other color centers, it is
possible to modify the method by using additional optical
filters. Thus, the method has the flexibility to decompose a
PL map composed of spectra of different origins and cre-
ate PL mapping images for the elementary color centers
concerned.

V. DISCUSSION AND OUTLOOK

In case of decomposing spectra over a large area of
a diamond sample, our magnetic-field-assisted spectral
decomposition method can be advantageous compared
with the previously reported microwave-assisted technique
[23]. In the microwave-assisted technique, most com-
monly, a thin copper wire or a resonator fabricated on the
diamond substrate is used for microwave (MW) excitation
of the N-V. The driving microwave field in diamond is spa-
tially confined for N-V in close (∼ μm) vicinity of the wire
or inside the resonator. This localized excitation introduces
a potential MW field inhomogeneity and spatially limits
the flexibility of addressing N-V distributed over a large
(∼ nm) area [37–39]. Thus, in the case of imaging an N-V
ensemble, N-V in different parts of the ensemble can have
interactions with the MW field of different strengths due
to the MW field inhomogeneity [12,39–41]. To avoid the
experimental error caused by nonuniform MW fields, one
either has to account for spatial variation in the spectral
decomposition and imaging analysis [42] or design MW
resonators that can provide uniform MW field strength
over the N-V ensemble to be measured [43–46]. How-
ever, in our magnetic-field-assisted technique, since the
static magnetic field is typically more homogeneous over
the sample than the MW field, a uniform distribution of
magnetic field over hundreds of μm can easily be obtained
using a Helmholtz coil or a permanent bar magnet, which
are the most common techniques for applying magnetic
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fields. Hence, by moving the microscope objective over
the diamond sample using a nanopositioning stage, N-V at
different locations of the diamond can be addressed in the
homogeneous field. N-V charge-state decomposition over
a large diamond substrate can be performed by additionally
moving the sample with a micropositioning stage.

Furthermore, the microwave-assisted technique poten-
tially influences N-V charge-state conversion dynamics,
which results in a change in steady-state N-V0 and N-
V− ensemble populations [23]. Hence, to get rid of any
N-V0 (N-V−) contribution in the extracted N-V− (N-V0)
spectrum, one needs to perform additional analyses consid-
ering a rate-equation model for the composite N-V0–N-V−
system. However, in our case, the application of a mag-
netic field does not change the steady-state populations of
N-V0 and N-V− states; this makes the spectral decomposi-
tion analysis straightforward.

Here, we discuss potential applications of our charge-
state imaging methods. Since the signal from N-V0 creates
a background PL signal that is insensitive to an exter-
nal field, an ensemble with significant N-V0 population
reduces the magnetic-field-sensing efficiency [12]. Hence,
to tune the charge-state population, one needs to opti-
mize the N-V preparation and processing parameters and
determine the spatial distribution of charge states over the
diamond. In this context, our charge-state imaging meth-
ods can efficiently be employed to perform charge-state
mapping of a diamond sample over an area around 1
cm2. The present paper demonstrates mapping of N-V0 and
N-V− states over an area of 400 μm2. A confocal micro-
scope, where the diamond is mounted on a motorized
micrometer stage, can image the charge states in differ-
ent locations of the sample in an automated way using
our methods and can combine these images to generate the
map for the whole sample with a resolution of < 1 μm.
If high-resolution mapping is not necessary, N-V charge
states can be mapped in a simplified way by using a wide-
field optical setup [47] in place of the confocal microscope.
Either filter-based or field-assisted imaging methods can
be applied in this context. Thus, for a given N-V ensemble,
one can record the change in N-V− and N-V0 distributions
as a function of the physical conditions and determine the
change in charge-state distribution.

In typical magnetic-field-sensing platforms using N-V
ensembles, a layer of the sample is prepared over N-V that
are a few nanometers below the diamond surface, and the
PL signal from N-V is recorded [12]. Knowledge of the
spatial distributions of the N-V0 and N-V− states over the
diamond sample generated by the abovementioned imag-
ing method allows one to choose a suitable N-V ensemble,
making sensing more efficient.

Our filter-based imaging method is not specific to
N-V but can have more general applications: if a PL image
consists of signals from arbitrary emitters, the spectra of
which overlap, by choosing a suitable long-, band-, or

short-pass optical filter, decomposition of the image for
the constituent emitters can be performed using our filter-
based method. One needs to input the transmitivities of the
signal from the emitters through the chosen optical filter in
the analysis.

VI. CONCLUSION

Here, we demonstrate two techniques: a spectral decom-
position technique to decompose the spectra of N-V− and
N-V0, and a deconvolution protocol to create separate PL
imaging for N-V− and N-V0. Our spectral decomposition
technique is based on the response of the PL signal from
the N-V− charge state under the influence of an off-axis
magnetic field, whereas the N-V0 center does not show any
observable change in PL as a function of magnetic field.
Importantly, for N-V spectra measured for different dia-
mond samples and different magnetic fields, our spectral
decomposition method remains applicable. Subsequently,
relying on the fact that a 645-nm long-pass filter modu-
lates the N-V− and N-V0 signals in different ways, we apply
a spectral decomposition protocol and create PL mapping
images for N-V− and N-V0 centers separately.

On one hand, it is shown that the field-assisted method
is able to decompose the N-V0 and N-V−spectra efficiently,
with hardly any contribution from the N-V0 (N-V−) signal
in N-V− (N-V0) spectra. On the other hand, the filter-based
approach is able to decompose the simulated PL map con-
sisting of signals from both N-V0 and N-V−. Hence, we
conclude that both charge-state mapping methods are effi-
cient in decomposing N-V0 and N-V− signals. However,
the field-assisted spectral decomposition and imaging tech-
nique is specific to N-V centers. The method relies on
the energy-level structure of the N-V center and the opti-
cal transitions between them as a function of the strength
and orientation of an external magnetic field, whereas the
filter-based imaging method has the advantage that it can
have more general applications in imaging emitters with
overlapping PL spectra.
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