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Impact of charge conversion on NV-center relaxometry
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Relaxometry schemes employing nitrogen-vacancy (NV) centers in diamonds are essential in biology and
physics to detect a reduction of the color centers’ characteristic spin relaxation (T1) time caused by, e.g.,
paramagnetic molecules in proximity. However, while only the negatively charged NV center is to be probed
in these pulsed-laser measurements, an inevitable consequence of the laser excitation is the conversion to the
neutrally charged NV state, interfering with the result for negatively charged NV centers’ T1 time or even
dominating the response signal. In this paper, we perform relaxometry measurements on an NV ensemble in
nanodiamond combining a 520 nm excitation laser and microwave excitation while simultaneously recording
the fluorescence signals of both charge states via independent beam paths. Correlating the fluorescence intensity
ratios to the fluorescence spectra at each laser power, we monitor the ratios of both charge states during the
T1-time measurement and systematically disclose the excitation-power-dependent charge conversion. Even at
laser intensities below saturation, we observe charge conversion, while at higher intensities, charge conversion
outweighs spin relaxation. These results underline the necessity of low excitation power and fluorescence
normalization before the relaxation time to accurately determine the T1 time and characterize paramagnetic
species close to the sensing diamond.
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I. INTRODUCTION

The negatively charged nitrogen vacancy (NV) center in
diamond constitutes a versatile tool for the detection of mag-
netic [1–9] and electric [10] fields with high sensitivity and
spatial resolution. Measurement of the NV centers’ spin re-
laxation (T1) time is widely applied in different fields of
science to detect magnetic noise [11,12]. Various so-called
relaxometry measurement schemes employ a reduction of the
NV centers’ T1 time with the host nanodiamond exposed to
paramagnetic molecules fluctuating at the NV centers’ res-
onance frequency [13–15]. Thus, relaxometry schemes have
been used to detect a superparamagnetic nanoparticle [16]
or paramagnetic Gd3+ ions [15,17–20]. Further, relaxometry
with NV− centers has been utilized to trace chemical reactions
involving radicals [21,22]. Also, the NV centers’ T1 time as
a measure for the presence of paramagnetic noise gains mo-
mentum in biological applications [7,12]. Individual ferritin
proteins have been detected [23] and relaxometry has been
applied to detect radicals even inside cells [24–27].

Especially in the field of biology, T1 measurement schemes
are often conducted only with optical excitation of the NV−

centers, while the readout of their spin states is realized
by detection of the ensemble’s fluorescence intensity. This
all-optical NV relaxometry avoids microwave pulses for con-
venience and undesired heating of biological samples [21,26].
However, recent results indicate that a second process im-
peding the NV− centers’ fluorescence signal is present in
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relaxometry measurements [20,28–31]. The laser pulse that
is fundamental for preparation of the NV− centers’ spin state
can additionally ionize the NV− center to its neutrally charged
state, NV0. The physics of this NV-center charge conversion
has been studied in Ref. [32]. Here, we show the impact of
this charge-state switching on relaxometry. Conversion under
illumination and back conversion in the dark influence the
NV− centers’ fluorescence signal, complicating a seemingly
simple measurement. A quantitative determination of the un-
wanted contribution of the NV0 state to the NV− relaxometry
data is, however, elusive. In this paper, we compare the re-
sults of two relaxometry schemes well-known in literature
for the same nanodiamond at varying laser powers. Addition-
ally, we introduce a method to extract the ratio of the two
NV charge states from the NV centers’ fluorescence spectra
throughout the entire measurement sequence to give an in-
sight into the vivid NV charge dynamics we observe in our
data.

A level scheme of the NV center in diamond is depicted
in Fig. 1, including the negatively charged NV− [33–35], the
neutrally charged NV0, and transitions from NV− to NV0

under green illumination [36,37]. We include transitions from
the NV0’s ground state to NV− without green illumination,
reflecting the observation of recharging processes in the dark
in Refs. [28,29] and in this paper. Using a 520 nm laser,
we nonresonantly excite the NV− centers from their triplet
ground state 3A2 to the electronically excited state 3E . Because
3E ’s states mS = ±1 are preferentially depopulated via the
NV− centers’ singlet states 1A1 and 1E , illumination with
a green laser will spin polarize the NV− centers into their
ground spin state mS = 0 [35]. The T1 time describes how
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FIG. 1. Level scheme of the NV center in diamond. Depicted are
levels of the negatively charged NV− and the neutrally charged NV0

and transitions between the two charge states. Gray arrows show
transitions between NV−’s triplet and singlet states, mediated via
intersystem crossing (ISC). Green arrows denote transitions driven
by a green laser, red and orange arrows mark the fluorescence of
the NV charge states. Light-green dashed arrows between mS states
are transitions driven by microwave radiation at 2.87 GHz at zero
magnetic field. Additionally, the light-green dashed arrows represent
the relaxation of the spin-polarized state to a thermally mixed state
without illumination (T1). The purple dashed arrows denote charge
transfer processes in the dark.

long this spin polarization persists until the spin population
decays to a thermally mixed state [35]. It can reach up to
6 ms in bulk diamonds at room temperature [38] and is influ-
enced by paramagnetic centers within the host diamond or on
its surface [39,40]. In the simplest T1 measurement scheme,
spin polarization is achieved by a laser pulse, followed by a
second readout-laser pulse after a variable relaxation time τ .
Besides different durations, the two laser pulses are identical.
Therefore, the readout pulse is capable of spin-polarizing and
ionizing the NV-center ensemble as well as the initialization
pulse. Additionally, the spin-polarization pulse provides in-
formation about the charge-conversion processes during laser
excitation.

To determine the T1 time of NV− centers of a specific
orientation in the diamond crystal, coherent spin manipu-
lation is introduced in these measurements [39]. Here, a
resonant microwave π pulse transfers the population of these
NV− centers from mS = 0 to mS = +1 or mS = −1 after
the spin-polarization pulse. A second laser pulse is used for
the readout of the spin state. Repetition of the sequence
with the π pulse omitted and subtracting the readout sig-
nals from each other yields a spin-polarization signal as a
function of τ that is robust against background fluorescence
[39,41].

In the following, we present our experimental system in
Sec. II. Our results are divided into two main parts. We first
analyze fluorescence spectra of NV centers in a single nanodi-
amond to assign concentration ratios to count ratios measured
with SPCMs in Sec. III. This knowledge allows us to quantify
the NV0 contribution during the spin-relaxation dynamics in
Sec. IV.

(a) (b)

FIG. 2. Experimental setup for recording NV fluorescence spec-
tra and relaxometry data. In both setups, the excitation is the same
but the detection sections are different for the respective application.
(a) NV centers in a single crystal nanodiamond are excited by a 520-
nm laser in combination with an acousto-optic modulator (AOM).
The light stemming from the sample is filtered by a dichroic mirror
(DM), a long-pass filter (LP), and a notch filter (NF) with given
wavelengths and passes a nonpolarizing beamsplitter (NPBS). The
remaining fluorescence is spectrally resolved on a camera chip. This
setup is used for the measurement of the NV fluorescence spectra.
(b) The NV fluorescence is split into two arms of a beamsplitter,
additionally filtered with an LP or a shortpass filter (SP) and de-
tected with fiber-coupled SPCMs. The SP is tilted to only transmit
fluorescence below 600 nm. To keep the detectors below saturation,
neutral-density (ND) filters are used. Luminescence above 665 nm
(NV− fluorescence) is detected in SPCM2, while light below 600 nm
(NV0 fluorescence) is detected in SPCM1. Transitions of the NV−

centers’ spin states mS are driven with a microwave (MW) antenna.
This setup is used for the measurement of the charge-state-dependent
relaxometry.

II. EXPERIMENTAL SYSTEM

We perform our studies on a single nanodiamond crystal
of size 750 nm commercially available from Adamas Nano
as water suspension (NDNV/NVN700nm2mg). As specified
by the manufacturer, the nanodiamonds’ NV concentration
is [NV] ≈ 0.5 ppm, which is about 2 × 104 NV centers per
diamond. For sample preparation, the suspension is treated in
an ultrasonic bath to prevent the formation of crystal agglom-
erates. We spin coat the nanodiamonds to a glass substrate and
subsequently remove the solvent by evaporating the residual
water on a hot contact plate.

To probe the NV centers in a single nanodiamond, we use
a microscope consisting of an optical excitation and detection
section and a microwave setup, as shown in Fig. 2. A CW-laser
source of wavelength λ = 520 nm is used to optically excite
the NV centers with a maximum laser power of 4.9 mW. The
laser power was measured directly in front of the microscope
objective (Nikon N20X-PF). The laser beam is focused to
a spot-size diameter of 700 nm (1/e2 diameter), reaching a
maximum intensity of ∼2500 kW/ cm2 . Pulses are generated
by an AOM with an edge width of about 120 ns. Laser light
is guided through an objective (NA = 0.5, WD = 2.1 mm)
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and focused at the position of the nanodiamond. Fluorescent
light stemming from the sample is guided back through the
objective and filtered by a dichroic mirror with a cut-on
wavelength of 550 nm. Next, the fluorescence light is filtered
by an additional 550-nm-long-pass filter and a 514-nm-notch
filter to prevent detection of reflected laser light. The filtered
fluorescence light is branched at a 50:50 nonpolarizing beam-
splitter, giving the possibility to further filter the luminescence
and collect it in two separate detectors. In particular, our setup
allows for tailoring the transmitted wavelengths to the spectral
regions, where either photon emission from the neutral or
the negative NV charge state dominates in each beam path
individually. Thus, we can easily discriminate between the
emission of both charge states in our measurements. In this
paper, we make use of different detectors. While for spectral
analysis of the NV centers’ fluorescence, we use a spec-
trometer [Fig. 2(a)], we employ two single-photon counting
modules (SPCMs) as detectors for our spin-relaxation mea-
surements [Fig. 2(b)] in combination with a time-to-digital
converter.

Microwave signals are generated, amplified, and brought
close to the nanodiamond using a microwave antenna struc-
ture written on a glass substrate. All experiments are carried
out under ambient conditions and in an external magnetic
field in the order of 12 mT caused by a permanent magnet
to split the NV centers’ spin resonances. The resonances are
detected by optically-detected magnetic resonance (ODMR)
spectroscopy. In our ODMR spectrum, eight resonances ap-
pear because of the four existing orientations of NV centers
in the single diamond crystal. We select one resonance to
drive Rabi oscillations, from which we determine a π -pulse
length of 170 ns. An ODMR spectrum and Rabi oscillations
are provided in Appendix A.

III. FLUORESCENCE SPECTRA

A. Setup

To spectrally resolve the NV centers’ fluorescence, we
use a spectrometer. Details on the setup can be found in
Appendix C 1.

B. Concentration ratio assignment

Corrected fluorescence spectra of a monocrystalline nan-
odiamond for excitation laser powers from 0.05 mW to
4.9 mW are depicted in Fig. 3(a). Two features, the NV0s’
ZPL at ∼ 575 nm [42] and the NV−s’ ZPL at ∼ 639 nm
[43] are clearly visible. The overlapping fluorescence spectra
of both NV charge states show phonon broadening. Con-
forming with the observation in Ref. [1], the NV0s’ ZPL
intensity increases with higher laser power with respect to
the NV−s’ ZPL in our sample. These results indicate a lower
[NV−]/[NV0] ratio at higher laser powers and thus an increas-
ing charge conversion for higher powers. In Ref. [31], similar
experiments were performed on shallow NV centers, and the
opposite effect was observed. However, due to the different
samples used in Ref. [31], our results do not contradict the
findings in this paper. Moreover, our results perfectly agree
with the results previously recorded in Ref. [1].

(a)

(b)

FIG. 3. NV fluorescence spectra. (a) Spectra recorded at laser
powers from 0.05 mW to 4.9 mW. One hundred spectra were
recorded at different laser powers in steps of ∼ 0.05 mW. The NV0s’
ZPL at ∼ 575 nm and the NV−s’ ZPL at ∼ 639 nm are evident and
marked in the spectrum. For better visibility, spectra were normalized
to the sum of the NV charge states’ ZPL intensities. (b) Area-
normalized decomposed basis functions for NV0 and NV−.

We obtain area-normalized extracted spectra for NV− and
for NV0 from our recorded data as shown in Fig. 3(b). We
conduct the spectra decomposition analysis of our spectra
according to Alsid et al. and follow the nomenclature given in
Ref. [44]. The fraction of [NV−] of the total NV concentration
[NVtotal] is defined by

[NV−]

[NVtotal]
= [NV−]

[NV−] + [NV0]
= c−

c− + κ520c0
. (1)

Thus, the concentration ratio between NV charge states
[NV−]/[NV0] can be described with

[NV−]

[NV0]
= c−

c0

1

κ520
. (2)

Here, c− and c0 describe the coefficients of the basis func-
tions of NV− and NV0 used to assemble an area-normalized
composed spectrum at arbitrary laser power with the condi-
tion c− + c0 = 1. The correction factor κ520 translates this
fluorescence ratio c−/c0 to the ratio of NV concentrations
[NV−]/[NV0], taking into account the different lifetimes and
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FIG. 4. Fraction of [NV−] as a function of the laser power we de-
rived from spectral analysis. The inset shows the ratio [NV−]/[NV0]
as a function of the fluorescence count ratio in the two SPCMs
applied as detectors. Using the fit curve, we map the fluorescence
count ratio to an NV ratio during relaxometry measurements. Fitting
the [NV−]/[NV0] concentration ratio with f (x) = axn, we obtain
a = (0.0143 ± 0.0002) and n = (1.325 ± 0.005).

the absorption cross sections of the two NV charge states [44].
Note the different subscripts in our paper for the excitation
wavelength of 520 nm compared to κ532 in Ref. [44]. Using ten
spectra recorded at laser powers below the saturation intensity
and the deviations from the linearity of the charge states’
fluorescence intensity with the applied laser power, we find
κ520 = (1.97 ± 0.07). The error denotes the statistical error
from a weighted fit we performed on our measurement data.
For a detailed description of the determination of κ520, see
Appendix C 2. This value is within the reported value for
κ532 = (2.5 ± 0.5) for an excitation wavelength of 532 nm
[44]. We use our value for κ520 to calculate the fractions of
[NV−] and [NV0] and the concentration ratio [NV−]/[NV0]
as a function of the laser power.

In Fig. 4, we show the fraction of [NV−] as a function
of the laser power. Since we neglect any other charge states
of the NV center in this analysis, the sum of [NV−] and
[NV0] is assumed constant. As shown in Fig. 4, the fraction
of [NV−] is high for low laser powers and decreases with
higher laser powers. At the lowest laser power of 5 µW, about
73 % of the total NV concentration is [NV−], while at the
highest laser power, only about 21 % [NV−] remain. Already
at laser powers of 0.10 mW (∼ 51 kW/ cm2 ), which is below
saturation intensity (≈100 kW/ cm2 ) [45], [NV0] outweighs
[NV−]. Therefore, a significant influence due to charge con-
version is to be considered in relaxometry measurements.

To verify this laser-power-dependent charge conversion in
our nanodiamond samples, we perform this experiment for
ten additional nanodiamonds of similar sizes and provide the
results in Appendix C 3. Overall, we observe similar behav-
ior in all examined nanodiamonds. Additionally, we derive
κ520 = (2.2 ± 0.5) as a mean value for all nanodiamonds. The
error denotes the standard deviation.

Together with the recorded fluorescence-count-rate ra-
tio of both SPCMs for each laser power, we assign each
count-rate ratio ρSPCM2/ρSPCM1 a ratio [NV−]/[NV0]. The
results are shown in Fig. 4 in the inset. With an in-

FIG. 5. Longitudinal spin relaxation time (T1) measurement
schemes applied in this paper. The beginning of the second half of
each sequence is indicated by a dashed line. (a) Sequence P1. The NV
ensemble is spin polarized by a laser pulse. Next, the fluorescence is
detected by a control pulse (orange). Within the variable relaxation
time τ , a resonant π pulse is applied (light green). The spin state
is read out by a third laser pulse (purple). The sequence is repeated
with the π pulse omitted after a pause time tp. (b) Sequence P2. As
opposed to P1, the readout pulse has the same length as the spin-
polarization pulse. The control collection windows III within the
initialization pulse and VI within the readout pulse will be compared
in this paper.

creasing ratio of ρSPCM2/ρSPCM1 , the ratio [NV−]/[NV0]
increases. We fit a power law (inverse-variance-weighted
fit) to the ratio [NV−]/[NV0] to be able to trace the NV-
concentration ratio over a broad range of count-rate ratios
during the spin-relaxation measurements. Thereby, we are
able to quantitatively trace the contribution of NV0 during the
spin-relaxation dynamics of the NV− centers in the following.

IV. SPIN-RELAXATION MEASUREMENTS

A. Setup and measurement sequences

To separately detect the fluorescence of NV− and NV0

throughout our measurements, different filters are used in
the optical beam path as depicted in Fig. 2(b). After passing
a 50:50 nonpolarizing beamsplitter, the sample’s transmit-
ted fluorescence light is guided through a 665-nm-longpass
filter, and mainly NV− fluorescence is detected. For the lu-
minescence reflected by the beamsplitter, we use a tilted
625-nm-shortpass filter to collect NV0 fluorescence below
600 nm. Neutral-density filters are added in front of the beam-
splitter and within its transmitted beam path to keep the
SPCMs below saturation.

For determining the longitudinal spin relaxation time T1,
we conduct and compare two different and frequently used
pulsed-measurement schemes, which we term P1 and P2 in the
following. These two pulse sequences are depicted in Fig. 5.

In the pulsed sequence P1, we choose an initialization pulse
of 200 µs duration to spin polarize the NV-center ensemble to
their spin states mS = 0. We apply a 5 µs normalization pulse
1 µs after the initialization pulse to probe the fluorescence

075411-4



IMPACT OF CHARGE CONVERSION ON NV-CENTER … PHYSICAL REVIEW B 108, 075411 (2023)

intensity before a variable relaxation time τ in collection win-
dow I. To assure a depopulation of the NV− centers’ singlet
states, we choose the time between the two pulses to be longer
than the singlet lifetimes of τmeta ≈ 150 ns at room tempera-
ture [46]. Approximately 1.5 µs into τ , a resonant π pulse is
applied. After τ , a readout pulse of duration 5 µs probes the
fluorescence of both NV centers’ charge states in collection
window II. Subsequently, the sequence is repeated with the π

pulse omitted, obtaining fluorescence intensities in collection
windows III and IV. The spin polarization as a function of τ

for NV− is obtained by subtracting the fluorescence counts in
II from the counts in collection window IV. Details on mea-
surement sequence P1 can be found in Refs. [39,41]. Sequence
P1 provides a technique for determination of the NV− centers’
T1 time robust against background fluorescence [39,41] and is
believed to be unaffected by charge-state conversion [29].

Analysis of the second half of P1 represents an all-optical
T1 measurement scheme as often applied in biology [7,24,27].
Further, using only the second half of this sequence, we are
able to obtain the fluorescence evolution as a function of τ

for NV− and NV0, including effects caused by the charge-
state conversion. Only taking into account the signal without
the π pulse applied, we obtain the fluorescence evolution
by dividing the fluorescence counts in collection window IV
by the counts in collection window III. Charge conversion
during the relaxometry measurement has an effect on the NV−

fluorescence as well as on the NV0 fluorescence during the
relaxation time τ . Therefore, by only evaluating P1’s second
half, we gain information about the charge conversion taking
place alongside the spin relaxation. However, to obtain the
NV− centers’ T1 time, the full sequence P1 is evaluated.

As opposed to P1, P2 uses a normalization probe
after the readout of the NV centers’ fluorescence
[19,21,47]. We choose the laser readout pulse to have
the same duration as the initialization pulse (200 µs) and
carry out the readout collection windows II and IV in
the first 5 µs and the normalization probes V and VI in the
last 5 µs of the readout pulse. Scheme P2 assumes the NV
centers to have the same fluorescence intensity at the end of
the second pulse as at the end of the first pulse. To test this
notion, we apply second normalization collection windows,
I and III, within the last 5 µs of the initialization pulse and
compare the results for both normalized data.

Between readout and the upcoming initialization pulse, we
insert a pause time tp between the sequences of 1 ms, which
is in the order of T1, to minimize build-up effects from spin
polarization during the cycle for both sequences. Each cycle
is repeated 50 000 times and the whole measurement is swept
multiple times. The sequences are repeated for different laser
powers, ranging from 5 µW to 0.54 mW.

B. Results and discussion

In this section, we present and compare the experimental
results for the spin-relaxation measurements for both se-
quences, P1 and P2. Using our experimental setup as described
in Sec. IV A, we observe laser-power-dependent dynamics in
the NV− and NV0 fluorescence throughout our measurement.

FIG. 6. NV0 fluorescence as a function of τ as recorded with
sequence P1 (second half) by division of the fluorescence counts in
IV by the counts in III for 0.54 mW laser power. With a biexponential
fit function, we find TR,1 = (109 ± 7) µs and TR,2 = (2.1 ± 0.1) ms.
The inset shows the same measurement data and fit functions with the
offset subtracted in a semilogarithmic plot to illustrate the necessity
of a biexponential fit function in our analysis.

1. Sequence P1

Figure 6 depicts an example for the fluorescence as a func-
tion of τ for the NV0 fluorescence recorded at a laser power
of 0.54 mW with sequence P1. These results show the normal-
ized fluorescence as a function of τ obtained from the second
part of the measurement sequence without a microwave π

pulse, dividing the fluorescence counts in collection window
IV by the counts in collection window III. The normalized
fluorescence as a function of τ decays exponentially. Different
from the dynamics of the NV− center, we observe similar
behavior for the NV0 fluorescence at all laser powers. We fit a
biexponential function of type

f 0(τ ) = A e−τ/TR,1 + B e−τ/TR,2 + d (3)

to our measurement data and obtain two recharge times in the
order of TR,1 = 100 µs and TR,2 = 2.0 ms for all laser powers.
We plot the NV0 fluorescence as well as f 0(τ ) with the offset
d subtracted in a semilogarithmic plot as an inset in Fig. 6.
This presentation shows that a biexponential fit function is
required to describe our measurement data. We assign these
time constants TR to an electron-recapturing process of NV0

during the dark time τ , after an ionization from NV− to NV0

has previously taken place in the initializing laser pulse. Re-
markably, this process occurs even at the lowest laser power.
Presumably, the presence of two components of TR is due to
the different environments of NV centers concerning charge
transfer sites. Vacancies or electronegative surface groups on
the diamond surface are known to promote a charge con-
version of NV− to NV0 [48,49]. We assume that the NV
environment similarly affects the recharging process in the
dark. Therefore, we attribute one component of TR to NV
centers closer to the nanodiamond surface and the other to
NV centers more proximate to the center of the crystal. We
emphasize that for both TR,1 and TR,2, we match previously
reported values for TR of 100 µs [28] and (3 ± 1) ms [20] and
underline that they simultaneously appear as two components
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in our sample. We find that neither TR,1 nor TR,2 changes as
a function of the laser power. The coefficients of the expo-
nential functions A and B do not change significantly from
0.05 mW to 0.54 mW laser power. However, for the lowest
laser power of 5 µW, A and B are smaller. We attribute this
to little NV0 fluorescence observed at this low laser power
due to less charge conversion, resulting in a lower signal-
to-noise ratio (SNR) for the NV0 fluorescence. To confirm
this observed biexponential decay in the NV0 fluorescence,
we conduct the same sequence P1 on ten additional nanodia-
monds of similar sizes under similar conditions. We provide
the results in the Appendix D. In all examined nanodiamonds,
the NV0 fluorescence decays biexponentially as a function of
τ , and the two components we find for TR,1 and TR,2 are in
accordance with the values we previously observed. We find
TR,1 = (91 ± 26) µs and TR,2 = (1.7 ± 0.5) ms as mean values
for the ten additional nanodiamonds; the error denotes the
standard deviation.

Further, we present the results for the normalized NV−

fluorescence as a function of τ in Fig. 7(a) for ascending
laser powers. We conducted the experiment with sequence P1,
and this data refers to the results with the π pulse omitted.
The laser-power-dependent dynamics of NV− and NV0 result
in a drastic change of shape of the normalized fluorescence
as a function of τ . While we observe an exponential decay
in the lowest laser power, we find an inverted exponential
profile of the NV− fluorescence at 0.54 mW laser power.
In-between laser powers show both an exponential decay and
an increase, present in the fluorescence. This phenomenon of
inverted exponential components in the recorded normalized
fluorescence during a T1 measurement has been reported by
Ref. [29] and attributed to a recharging process of NV0 to
NV− during τ . However, a complete flip of the fluorescence
alone by a laser power increase has not been reported so far.
Remarkably, this behavior indicates that NV0 to NV− charge
dynamics outweigh the NV− ensemble’s spin relaxation at
high laser powers in our sample.

To better understand the NV− power-dependent behavior,
we use the results from the spectral analysis to map the ratios
of [NV−]/[NV0] to our relaxometry measurement data of
sequence P1. Thus, we trace [NV−]/[NV0] as a function of τ

for all laser powers. Figure 7(b) shows the ratio [NV−]/[NV0]
at the final τ divided by the ratio at the initial τ . The result
for [NV−]/[NV0] as a function of τ can be found in the
Appendix D. For all laser powers, even for the lowest, which
lies well below saturation intensity, we observe an increase of
[NV−]/[NV0] from shortest to longest τ in the readout pulse
IV by a factor of ∼2, see Fig. 7(b). We conclude that during τ ,
a reconversion from NV0 to NV− takes place in the dark, after
ionization of NV− had occurred in the initialization pulse. The
ratios [NV−]/[NV0] we find in control pulse III as a function
of τ also show a power-dependent behavior. While the ratio
increases from shortest to longest τ at the lowest laser power,
it is constant in the control pulse for the highest power. These
power-dependent recharge processes in the control pulse we
observe appear most likely due to build-up effects during the
measurement cycle, as we explain in the following. At low
powers, the initializing laser pulse spin polarizes the NV−

(a)

(b)

FIG. 7. (a) NV− fluorescence as a function of τ , obtained from
the second half of P1 at different laser powers. We observe a transition
from an exponential fluorescence decay to an inverted exponential
profile with rising laser powers. For 5 µW laser power, we perform
a monoexponential fit and obtain T1 = (1.42 ± 0.06) ms. For laser
powers above, we fit a sum of three exponentials as explained in the
text. (b) Changes of the NV-charge-state ratio during the relaxometry
measurement from lowest to highest τ in sequence P1.
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centers but does not ionize to a steady state of NV− and NV0.
For short τ , the reconversion in the dark of NV0 to NV−

has not completed, and the following laser pulse continues to
ionize the NV− centers. However, at the highest power, each
initialization pulse efficiently ionizes to a steady state of the
two NV charge states, reaching a constant ratio [NV−]/[NV0].
These results clearly show that the normalization in the se-
quence we perform is mandatory to only detect the change
in the relative fluorescence during the relaxation time τ and
minimize influences due to charges passed through cycles.

At the lowest laser power of 5 µW, we observe the highest
ratio of [NV−]/[NV0], see Appendix D, and therefore expect
the most negligible influences of charge conversion on the
NV−s’ spin relaxation. Thus, we fit a monoexponential func-
tion to the relative fluorescence as a function of τ and obtain
T1 = (1.42 ± 0.06) ms for the NV− ensemble in the nanodia-
mond. To further underline the necessity of a normalization of
the fluorescence intensity, we fit a monoexponential function
to the non-normalized bare NV− fluorescence detected in IV
at 5 µW laser power. We obtain a T1 time of (0.94 ± 0.05) ms,
see Appendix D, which is drastically lower than the T1 time
retrieved with normalization by the fluorescence counts in III.

For higher laser powers, we fit the normalized data with a
function of type

f −(τ ) = −A e−τ/TR,1 − B e−τ/TR,2 + C e−τ/T1 + d (4)

and restrict the time constants to TR,1 = 100 µs, TR,2 = 2.0 ms,
and T1 = 1.4 ms. With this, we assume that the decay of [NV0]
causes an increase of [NV−] and, therefore, their fluorescence.
Thus, the NV− fluorescence is best described by a sum of an
exponential decay due to the loss of spin polarization and a bi-
exponential inverted component due to the recharging process
of NV0 to NV− in the dark. As shown in Fig. 7(a), our fit func-
tion Eq. (4) describes the measurement data from 0.05 mW
to 0.54 mW laser power very well. We emphasize that the
measurement data for 0.05 mW laser power does not visibly
appear to show this triexponential behavior. Fitting a mono-
exponential function to the NV− fluorescence at 0.05 mW
laser power, however, results in T1 = (1.28 ± 0.06) ms (see
Appendix D), which deviates significantly from the value
obtained at lower laser power.

Measurement sequence P1 is a well-established method to
accurately measure the T1 time of the NV− centers excited by
a resonant π pulse [39]. Since the π pulse only acts on the
negatively charged NV centers, it is said to be independent of
charge conversion processes alongside the spin polarization
[29]. We compare the results we obtain in the complete mea-
surement sequence P1, subtracting fluorescence intensities in
II from the counts in IV, to the result we gave for the T1 time
above without the π pulse taken into account. Remarkably,
although in Fig. 7(a) we observe vivid dynamics ranging from
exponential decay to an inverted exponential profile in the
NV− fluorescence as a function of τ , the complete sequence
P1 yields a monoexponential decrease for all laser powers,
see Appendix D. For the lowest laser power, we obtain T1 =
(1.5 ± 0.1) ms for sequence P1 comparing the fluorescence
intensity with and without the resonant π pulse. This value
matches the previously determined T1 time when only consid-
ering the normalized signal without the π pulse for the lowest

FIG. 8. SNR and T1 time as a function of the laser power, ob-
tained from measurements performed in sequence P1. With higher
laser power, the SNR decreases, and so does the T1 time. The standard
error of T1 that we obtain from monoexponential fits increases with
higher laser power. The data is extracted from equal numbers of
repetitions of relaxometry measurements for each laser power.

laser power. It does not match the T1 time obtained from
the monoexponential fit we performed on the measurement
data for 0.05 mW laser power, stressing the effects of NV
charge conversion within this measurement and the necessity
for consideration of the two components TR,1 and TR,2 in a
triexponential fit function.

However, the measurement sequence P1 is not entirely
unaffected by the charge conversion process. Although the
resonant π pulse does not directly act on the NV0 center (we
observe no difference in the signals with and without the π

pulse), the fluorescence contrast in the measurement decreases
because of NV0 to NV− conversion. This lower contrast
becomes noticeable (see Appendix D) due to the decaying am-
plitude of the monoexponential function with increasing laser
power. The effect of NV− spin depolarization due to charge
conversion has been previously investigated in Refs. [28,36].
As a measure for the reliability of our measurement result, we
use the area under the curves showing spin polarization as a
function of τ for each laser power as a fluorescence contrast
in the respective measurement. We divide this value by the
root mean squared error (RMSE) value we obtain from the fit
result to account for fluctuations in our measurement data and
define this value contrast/RMSE as the SNR. In Fig. 8, we
show the SNR as a function of the laser power. In addition,
we display the value for T1 we obtain in the same graph. With
the SNR decreasing, we observe a decrease in T1, accompa-
nied by a larger standard deviation with higher laser power.
We conclude that the T1 time we measured at the lowest laser
power is the most reliable one due to the highest SNR. In addi-
tion, we note that T1 seems to decay as a function of the laser
power, although T1 should be independent of the excitation
power. We attribute this decay of T1 to the lower SNR in the
measurements at higher laser power due to increased charge
conversion. Additionally, effects of spin polarization may play
a role next to charge conversion during illumination.

From the results of sequence P1, we conclude that the
normalization in the T1 measurement is essential to reflect
the charge-state processes alongside the NV− ensemble’s spin
relaxation.
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2. Sequence P2

Besides P1, sequence P2 is used in literature to determine a
single NV center’s [47] or an ensemble’s [19] T1 time. While
the π pulse is often omitted in these sequences, we chose
to implement it for low laser powers for better comparison
to the results obtained in P1. For laser powers starting from
0.15 mW, we repeated the sequence without the π pulse and
calculated the mean values of the control and readout data
taken. The results for sequence P2 with a π pulse included
for 5 µW laser power are shown in Appendix D. Using the
data for 5 µW laser power and subtracting II from IV, we
obtain T1 = (1.45 ± 0.09) ms, which is the same result as in
sequence P1. Since both sequences are used in the literature
to measure an NV− ensemble’s T1 time, we expect them to
produce the same result for our NV ensemble when neglect-
ing additional effects due to charge conversion. At this low
laser power, charge conversion is inferior to spin relaxation.
Therefore, the T1 times we obtain from both sequences do not
differ. However, with higher laser power, charge conversion
prevails, and both NV charge states’ fluorescence signals are
greatly affected by recharge in the dark.

To evaluate the result of sequence P2 without the π pulse
applied, we normalize the fluorescence intensities. To this end,
we divide the counts in IV obtained by the counts measured
during the two control collection windows III or VI, yielding
two normalized fluorescence signals for each NV charge state.
This way, we obtain two normalized fluorescence signals as a
function of τ . If no charge conversion effects were present
in this measurement, both signals for the normalized fluo-
rescence should be equal. However, as pointed out, charge
conversion is prominent in our sample, not only for high
laser powers. We show the NV− fluorescence as a function
of τ we obtain from sequence P2 in Fig. 9(a). Qualitatively
similar to sequence P1, we see a smooth transition from an
exponential decay at low laser powers to an inverted expo-
nential profile at high laser powers. Similarly as in P1, we
derive T1 = (1.54 ± 0.06) ms for normalization with III and
T1 = (1.50 ± 0.07) ms for normalization with VI for the low-
est laser power. We emphasize that all T1 times we derive
from the normalized NV− fluorescence in both sequences
are equal within their standard errors. In addition, the values
for TR,1 and TR,2 we obtain from the NV0 fluorescence with
sequence P2 are the same as in sequence P1. We fit the NV−

fluorescence for laser powers from 0.05 mW to 0.54 mW in
the same manner as for P1 using Eq. (4) and restrict T1, TR,1,
and TR,2 to the aforementioned values. This triexponential fit
function models our data well, regardless of the normalization
we use.

However, the amplitudes of the respective exponential
functions differ depending on the normalization, III or VI,
employed. Thus, the shapes of the fluorescence as a func-
tion of τ differ with the collection windows used for
normalization, which is especially visible at 0.20 mW laser
power. To understand the difference in the measurement re-
sults that the positions of the normalization collection window
cause, we take the ratios [NV−]/[NV0] into account.

(a)

(b)

FIG. 9. (a) NV− fluorescence as obtained from the second half
of P2 for both normalization detection windows. Fitting monoex-
ponential functions to the fluorescence normalized by the counts
in III or VI yields T1 = (1.54 ± 0.06) ms or T1 = (1.50 ± 0.07) ms
for the lowest laser power, respectively. The NV− fluorescence at
higher laser powers is fit with a sum of three exponential functions.
(b) Changes of the NV-charge-state ratio during the relaxometry
measurement from lowest to highest τ in sequence P2.
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We trace the ratio [NV−]/[NV0] as a function of τ for
sequence P2 and summarize this data as the ratio at longest
τ divided by the ratio at shortest τ in Fig. 9(b) for each laser
power. Additionally, Appendix D presents [NV−]/[NV0] as a
function of τ for sequence P2. The ratios as a function of τ

behave similarly to as observed with sequence P1 discussed
above.

However, we note that the ratios and their change from
shortest to longest τ we obtain in our measurement for the two
control collection windows III and VI are different. We find
that in Fig. 9(b) the changes of [NV−]/[NV0] as a function
of the laser power are higher for VI than for III for low
powers and converge to the same value for higher laser pow-
ers. We therefore attribute the difference in the normalized
fluorescences in Fig. 9(a) when normalizing to III or VI to
the differences in [NV−]/[NV0] for III and VI, respectively.

To explain the behavior described above in more detail, we
analyze the ratio [NV−]/[NV0] as a function of τ in Appendix
D. For τ � 1 ms the ratio [NV−]/[NV0] is smaller for VI than
for III, while for values τ � 1 ms the opposite is the case.
For the same reasons discussed in sequence P1, this effect
is prominent in laser powers up to 0.20 mW. In contrast, for
the highest laser power, the ratios in the control collection
windows are approximately constant with τ and do not differ
significantly. As pointed out in the discussion of P1, the results
indicate that the first laser pulse does not ionize into a steady
state of [NV−]/[NV0], and the second laser pulse continues to
ionize NV− into NV0. Therefore, especially for small values
of τ , the ratio [NV−]/[NV0] is smaller in VI than in III. For
larger values of τ , recharge dynamics of NV0 to NV− in the
dark add to the different ratios of [NV−]/[NV0] for both con-
trol collection windows. We do not exclude additional effects
due to continued spin polarization of NV− in the second laser
pulse, especially for low laser powers.

Both the results from measurement sequences P1 and
P2 and the simultaneous mapping of [NV−]/[NV0] indi-
cate that a charge conversion from NV− to NV0 during
the spin-polarization pulse of a spin-relaxation measurement
is inevitable. We emphasize that a normalization collection
window is mandatory to correctly display the fluorescence
dynamics of NV0 and NV− as a function of τ . Comparison
of the two control collection windows III and VI shows that
the normalized fluorescence signal depends on the positions
of the collection window used for normalization because of
charge conversion processes that take place alongside the
NV− ensemble’s spin relaxation.

V. CONCLUSIONS

This paper examines laser-power-dependent dynamics of
NV charge conversion within spin-relaxation measurements
of the negatively charged NV centers in a single nanodia-
mond. We present a method of tracing the ratio of [NV−]
to [NV0] during our sequence, in which we extract the rel-
ative concentrations of NV− to NV0 from their fluorescence
spectra and perform a mapping to fluorescence count ratios in
two separate detectors. From the analysis of low-excitation
intensity spectra of several nanodiamonds, we find κ520 =
(2.2 ± 0.5). This correction factor κ520 allows us to translate

the fluorescence ratio of NV− to NV0 to a concentration ratio,
taking into account different lifetimes and absorption cross
sections for the two charge states. Combining our results, we
conclude that ionization of NV− to NV0 during the optical
initialization and readout is inevitable and occurs even at low
laser powers. A recharge process in the dark of NV0 to NV−

significantly affects the NV− ensemble’s fluorescence during
the spin-relaxation measurement. We find the recharging in
the dark to be biexponential with two components TR,1 and
TR,2 in all examined nanodiamonds. At high laser powers,
the effect of charge conversion outweighs spin relaxation,
making it impossible to accurately measure a T1 time, even
with a scheme involving a π pulse for two reasons. First,
recharging effects of NV0 to NV− in the dark dominate the
NV− fluorescence signal. Second, the measurement of T1 is
crucially impeded by a diminished fluorescence contrast due
to charge conversion. To determine the NV− centers’ T1 time
at low laser powers, we find it necessary to conduct a pulsed
sequence with a normalization collection window included.
We prove the normalization mandatory to accurately reflect
the charge-state dynamics as a function of τ and mitigate
additional effects due to charge-state accumulation during
the measurement cycle. Additionally, comparing two pulsed
sequences often used in the literature, we find that the position
of the normalization collection windows plays an essential
role due to charge conversion during the measurement. We
emphasize that including a normalization collection window
directly after the spin polarization before the relaxation time
τ is a simple method to accurately display the fluorescence
dynamics during the relaxation time. This way, comparing the
fluorescence counts in the readout collection window to the
counts in the control collection window reliably reflects the
spin relaxation and the charge dynamics in the relaxometry
measurement.

Overall, we emphasize that the results presented in this
paper impact relaxometry schemes widely used in biology,
chemistry, and physics. To further extend this work, the ef-
fects of different duration of the spin-polarization pulse and
the readout pulse can be examined and give insight into the
steady-state dynamics of the NV centers. Further, the ex-
citation of NV− can be conducted at longer wavelengths,
changing the charge-state dynamics [50] and impacting the
spin relaxation results. The influence of different NV and
nitrogen concentrations in diamonds of different sizes on the
charge dynamics can be considered to unravel the mechanisms
of charge conversion in the dark. In addition, the SNR re-
duction observed in our measurements at high laser powers
deserves systematic studies on several nanodiamonds.

The data plotted in the figures is available on Zenodo [51].
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APPENDIX A: ODMR AND RABI OSCILLATIONS

Before relaxometry, we have performed ODMR spec-
troscopy and measurements of Rabi oscillations on the NV
centers in the single nanodiamond. A typical ODMR spec-
trum recorded in an external magnetic field as well as Rabi
oscillations are shown in Fig. 10.

(a)

(b)

FIG. 10. Typical ODMR spectrum and Rabi oscillations for the
single nanodiamond investigated in this paper in an external mag-
netic field, recorded with 0.05 mW laser power. (a) ODMR spectrum
recorded with 6.3 W microwave power at the output of the mi-
crowave amplifier. Using a sum of eight Lorentzians, we determine
the magnetic-field amplitude to (11.89 ± 0.01) mT. The resonance
at 2.811 GHz was chosen for Rabi oscillations and relaxometry.
(b) Rabi oscillations at 2.811 GHz and a microwave power of 16 W.
Using a fit function of form Ae−t/T2 cos(�t + �) + c, we determine
the π -pulse duration to 170 ns. The motivation for this short π pulse
at high microwave power is to achieve a fast transition from the
system’s spin ground state to its spin excited state in a short duration
compared to the system’s coherence time. This way, we can achieve
high contrast in our relaxometry measurements.

FIG. 11. NV fluorescence spectra recorded at laser powers from
5 µW to 50 µW. The laser power is kept well below saturation inten-
sity with a maximum laser power of ∼ 50 µW (∼ 25 kW/ cm2 ). The
spectra were corrected for different camera exposure times used. An
overall increase in the fluorescence counts is observed with increas-
ing laser power.

FIG. 12. Determination of κ520. Fluorescence counts as a func-
tion of the laser power for NV− and NV0. The red curve displays the
fluorescence counts obtained from scaling the counts at the lowest
laser power with the laser power. The blue curve depicts the fluores-
cence counts for NV− and NV0 as a function of the laser power as we
obtain it from the spectra. Error bars are derived from the statistical
errors for c− and c0 and are smaller than the data points shown in this
graph.
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FIG. 13. Fraction of [NV−] as a function of the laser power
for ten additional nanodiamonds derived from the spectral analysis
described in the main text. In all examined nanodiamonds, we see a
decrease in the [NV−] fraction as a function of the laser power.

APPENDIX B: METHODS

To understand the NV centers’ fluorescence evolution as
a function of τ in terms of charge conversion, we map the

(a)

(b)

FIG. 14. Sequence P1. (a) NV0 fluorescence as a function of τ ,
measured with ten different nanodiamonds with a laser power of
∼0.50 mW. Solid lines show biexponential fits to the experimental
data. (b) Semilogarithmic presentation of the data in (a). We sub-
tracted the offset from the measurement data and the fit function. The
inset shows the same data for low values of τ . Dashed lines represent
the mean values for all ten nanodiamonds we obtain for TR,1 and TR,2

and their amplitudes.

FIG. 15. NV-charge-state ratios as a function of τ , obtained from
relaxometry measurements with sequence P1 and spectra analysis.
The ratios in IV and III are derived from the count-rate ratios
of both SPCMs in the respective collection windows. The ratio
[NV−]/[NV0] increases in the readout collection window IV for all
laser powers as a function of τ . For lower laser powers, the ratio
[NV−]/[NV0] increases in the control collection window III, while
for the highest laser power, it is constant. While for the lowest power,
the ratio [NV−]/[NV0] is always larger than 1 over the variation of
τ , [NV0] outweighs [NV−] at 0.54 mW laser power throughout the
entire relaxation measurement.

fluorescence count ratio detected in both SPCMs to a ratio of
NV− and NV0 throughout the spin-relaxation measurement.
For this, we combine the results of recorded NV spectra
and spin-relaxation measurements. We choose a single nan-
odiamond and record fluorescence spectra at different laser
powers using the setup in the configuration shown in Fig. 2(a).
Both charge states, NV− and NV0, contribute to the recorded
spectra between 500 nm and 750 nm because of the charge
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FIG. 16. NV− fluorescence obtained from sequence P1 at 5 µW
laser power in collection window IV. The data shown was not
normalized by division by the fluorescence counts in detection
window III. Fitting a monoexponential function to the data yields
T1 = (0.94 ± 0.05) ms, which deviates drastically from the T1 time
obtained in the full sequence P1 and in the case of normalization
with III.

states’ overlapping phononic sidebands. For further analysis,
we decompose the obtained spectra into NV− and NV0 ba-
sis functions as described by Ref. [44] using the spectra we
recorded at the highest and lowest laser powers. Employing
our extracted basis functions, we obtain the fluorescence ratio
of both NV charge states for all other laser powers with the
help of MATLAB’s function nlinfit. We access the NV-charge-
state ratio from the fluorescence ratio after determining the
necessary correction factor κ520 [44]. A detailed description
of κ520’s derivation is given in Appendix C 2.

Next, we assign the concentration ratio to a count ratio in
our SPCM detectors. We alter the setup according to Fig. 2(b).
We illuminate the nanodiamond for 1 s with a given laser
power and record the fluorescence counts in both SPCMs.
Using the data for each laser power, we map the NV concen-

FIG. 17. NV− fluorescence obtained from sequence P1 at
0.05 mW laser power by division of the fluorescence counts in IV by
the counts in III. Fitting a monoexponential function instead of the
triexponential function yields T1 = (1.28 ± 0.06) ms, which does not
match the value determined for T1 in the full sequence P1.

FIG. 18. Spin polarization of the NV− ensemble as obtained
from the full sequence P1, subtracting the fluorescence counts in II
from the counts in IV. Unlike Fig. 7(a), we observe an exponential
decay at all laser powers in this measurement data. However, with
increasing laser power, we observe a decrease in the amplitude of the
exponential function. Fitting a monoexponential function to the data
at 5 µW laser power, we obtain T1 = (1.5 ± 0.1) ms, consistent with
the T1 time we find in Fig. 7(a) at the same laser power.

tration ratio to a count ratio in both SPCMs. At this point,
we stress that we do not obtain the NV concentration ratio
through fluorescence count ratios in SPCMs but by analysis
of the NV centers’ fluorescence spectra. This method pro-
vides the advantage that any influence of NV0 fluorescence
in SPCM2 (>665 nm) can be neglected because only a count
ratio is considered in our analysis and a mapping to previously
assigned concentration ratios performed.

075411-12



IMPACT OF CHARGE CONVERSION ON NV-CENTER … PHYSICAL REVIEW B 108, 075411 (2023)

FIG. 19. NV− spin polarization as obtained from the full se-
quence P2 at 5 µW laser power by subtracting the counts in II from
the counts in IV. Fitting a monoexponential function to the data yields
T1 = (1.45 ± 0.09) ms, which matches the previously determined
values for T1 in sequence P1.

APPENDIX C: NV FLUORESCENCE SPECTRA

1. Setup

The incoming fluorescence light is dispersed at a grating
(600 grooves/mm), and an achromatic tube lens translates the
angle dispersion into a spatial dispersion. Thus, the detection
of light of different wavelengths at different positions of a
camera’s chip is facilitated, and spectra are obtained from
500 nm to 760 nm. With this setup, we achieve a resolution
of 	λ ≈ 0.19 nm/pixel. Each spectrum consists of a mean of
at least 20 spectra recorded at each laser power. We correct
the spectra for the wavelength-dependent properties of optical
elements in the beam path and subtract a background.

2. Determination of κ520

This section describes how we retrieve the correction factor
κ520 from our measurement data. We derive κ520 similarly to
as described in Ref. [44].

We recorded fluorescence spectra of the single diamond
crystal with laser powers well below saturation intensity with
our setup shown in Fig. 2(a). To achieve these laser powers,
an additional ND filter was used in our laser-beam path. We
correct the spectra for different exposure times we set in our
camera due to the different NV luminescence intensities at
different laser powers. We show the spectra we obtain for
different laser powers in Fig. 11. As can be seen, the overall
fluorescence counts increase with increasing laser power. We
perform the spectra analysis as described in the main text to
derive the coefficients c− and c0.

Below saturation intensity, the luminescence of NV− and
NV0 should scale linearly with the laser power [44]. How-
ever, due to charge conversion, we observe deviations from
this linearity. The coefficients c− and c0 we obtain directly
represent the amount of NV− and NV0 fluorescence in the
given spectra. We scale these factors with the total integration
value of the spectra in Fig. 11 for each laser power and obtain
measured fluorescence counts for both NV charge states at
each laser power. Further, we take the fluorescence counts for
NV− and NV0 of the lowest-intensity spectrum recorded and
scale it with the laser power. This way, we obtain calculated
fluorescence counts for each NV charge state that strictly
increase linearly with the laser power.

These fluorescence counts for NV− and NV0, measured
and calculated, are shown in Fig. 12 as a function of the
laser power. We note that the measured NV− fluorescence is
lower than the calculated linear integration value, while the
NV0 fluorescence is higher. We perform a weighted linear fit
(inverse-variance weighting) for each data set and compare
the slopes to one another for each NV charge state. We divide
the two slope ratios by each other and obtain κ520 = (1.97 ±
0.07), while we derive the error from the statistical error of
the fits we performed.

3. Charge conversion: Statistics

To demonstrate statistical consistency in our measure-
ment results, we performed the spectral analysis described
in Sec. III for ten other nanodiamonds to verify the ob-
served laser-power-dependent charge conversion. We present
the result in Fig. 13. The fraction NV− decreases for in-
creasing laser power in all examined nanodiamonds. From
the analysis, as described above, we derive κ520 = (2.2 ± 0.5)
for all nanodiamonds, including the one discussed in the
main text. The error denotes the standard deviation. We per-
formed this experiment in the absence of a magnetic bias
field.

APPENDIX D: SUPPORTING RELAXOMETRY DATA

Figure 14 provides data for the NV0 fluorescence as a
function of τ as recorded with sequence P1 (second half) at
similar conditions as mentioned in the main text (no mag-
netic bias field was applied) for ten additional nanodiamonds.
For the ten nanodiamonds, we find TR,1 = (91 ± 26) µs
and TR,2 = (1.7 ± 0.5) ms. The error denotes the standard
deviation.

In Figs. 15–18, supporting data recorded with sequence P1

is shown. Additionally, we show supporting relaxometry data
in Figs. 19–21 recorded with sequence P2. We obtained the
data as described in the main text.
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FIG. 20. Sequence P2. The ratio [NV−]/[NV0] as a function of
τ behaves similarly as in sequence P1. However, the NV-charge-state
ratios as a function of τ are different in III and VI, indicating charge-
conversion processes during the measurement.

FIG. 21. Sequence P2. For better visibility, the ratios
[NV−]/[NV0] for III and VI as a function of τ are displayed from
Fig. 20. At laser powers up to 0.20 mW, the ratio [NV−]/[NV0] is
smaller for VI than for III for τ � 1 ms. For values τ � 1 ms, the
opposite is the case. For visualization, τ = 1 ms is marked with a
dashed line. At 0.54 mW laser power, the ratios [NV−]/[NV0] are
equal in III and VI.
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