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Temperature dependence of charge conversion during NV-center relaxometry in nanodiamond
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Temperature-dependent nitrogen-vacancy (NV)-center relaxometry is an established tool to characterize
paramagnetic molecules near a sensing diamond, gaining momentum in different fields of science. However,
recent results indicate that conversion between NV-center charge states impedes these measurements and
influences the results for the T1 time. While the temperature dependence of NV centers’ T1 time is well
studied, additional contributions from temperature-dependent charge conversion during the dark time may further
affect the measurement results. We combine temperature-dependent relaxometry and fluorescence spectroscopy
at varying laser powers to unravel the temperature dependence of charge conversion in nanodiamond for
biologically relevant temperatures. While we observe a decrease of the T1 time with increasing temperatures,
charge conversion remains unaffected by the temperature change. These results allow the temperature-dependent
performance of T1 relaxometry without further consideration of temperature dependence of charge conversion.
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I. INTRODUCTION

The negatively charged NV center in diamond is an es-
tablished tool for spatially resolved mapping of temperatures
[1], magnetic fields [2], and electric fields [3] as so-called
quantum sensors [4]. Because of their small sizes, nanodia-
monds provide an advantageous NV host for different fields
of science. Nanodiamonds can be brought into cells or or-
ganelles [5–7] and trace chemical reactions via NV-center
relaxometry [8,9], which is the measurement of the NV cen-
ters’ longitudinal spin-relaxation time T1 [10]. In a chemical
reaction, not only the formation of a paramagnetic prod-
uct, but also changes in the temperature or the pH may
contribute to a T1 change [9]. Moreover, recent studies indi-
cate that another mechanism challenges T1 relaxometry: the
illumination-induced charge conversion between NV-charge
states during a pulsed-laser measurement [11–13]. These ion-
ization processes between the negatively charged NV− and the
neutrally charged NV0 impact the NV− fluorescence recorded
during the T1 measurement. With temperatures potentially
increasing during reactions, the question arises whether an
additional contribution due to temperature-dependent charge
conversion must be considered when interpreting changes in
the relaxometry signal.

In our work, we perform NV fluorescence spectroscopy to
derive ratios of NV− and NV0 and compare them for different
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temperatures. We perform relaxometry at different laser pow-
ers to derive the longitudinal spin-relaxation times for an NV
ensemble in nanodiamond and the recharge times from NV0 to
NV− in the dark for biologically relevant temperatures [9,14]
from 20 ◦C to 75 ◦C (294 K to 348 K). The combination of
these two techniques allows us to trace the ratio [NV−]/[NV0]
during the relaxometry sequence as a function of the temper-
ature. The temperature dependence of the ratio [NV−]/[NV0]
for lower temperatures has recently been investigated in
Refs. [15,16] using photoluminescence spectra. Depending
on the sample constitution, the findings on the temperature
dependence of the [NV−]/[NV0] ratio diverge. In our study,
we give a detailed insight into the dynamics of NV charge
conversion in nanodiamond for temperatures above room tem-
perature, which has significance for biological applications.

We nonresonantly excite the negatively charged NV cen-
ter ensemble in our sample with a 520 nm laser from their
triplet ground state to their triplet excited state [4,17]. Due
to the spin-state dependent transition rates between the NV−

states [18,19], spin polarization toward the mS = 0 state is
achieved [10]. This spin polarization relaxes over the typical
time scale T1 until the population decays to a thermally mixed
state [10]. During laser illumination, ionization from NV−

to NV0 can take place [20–23], and recharging from NV0

to NV− in the dark then contributes to the measured NV−

fluorescence signal [11–13]. While common T1 measurement
schemes include a microwave-π pulse between laser pulses to
mitigate influences from background fluorescence [24,25], the
microwave pulse is often omitted in biological applications
to avoid undesired heating of samples [6–8]. Therefore, these
all-optical T1 measurements are susceptible to influences from
charge conversion. With the temperatures potentially rising
during chemical reactions, the NV− fluorescence signal could
be influenced by T1’s temperature dependence [24–26] and
charge conversion changing with increasing temperature.
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II. METHODS

We excite ensembles of NV centers in a sin-
gle nanodiamond of size ∼750 nm (Adamas Nano,
NDNV/NVN700nm2mg) with a 520 nm laser and collect
their fluorescence. According to the manufacturer, the
nanodiamonds contain ∼0.5 ppm of NV centers and ∼37 ppm
of substitutional nitrogen. The laser beam is focused to a spot
size of ∼700 nm (1/e2 diameter) with a maximum laser
power of 4 mW, and we adjust lower laser powers with an
acoustooptic modulator (AOM). We simultaneously record
fluorescence spectra of NV− and NV0 in the range between
550 nm and 775 nm. Moreover, we decompose and analyze
the fluorescence spectra according to Ref. [27], allowing us
to calculate fractions of [NV−] and ratios of [NV−]/[NV0]
at specific laser powers and temperatures. Additional details
on the spectral analysis in this work are given in Appendix A.
We perform a common relaxometry sequence for NV-center
relaxometry, including 520 nm-laser pulses generated with an
AOM and a microwave-π pulse.

To detect the fluorescence of NV− and NV0 separately
in two single-photon-counting modules (SPCMs), we split
the fluorescence and equip the beam paths with a 665 nm
longpass filter (NV− fluorescence) and a 600 nm shortpass
filter (NV0 fluorescence). Details on the experimental setup
and the pulsed sequence are described in [13]. Using the
described method in [13], we map the NV-charge-state ratio
obtained from fluorescence spectroscopy to count-rate ratios
in the SPCMs. This mapping allows us to trace the ratio
[NV−]/[NV0] during the relaxometry sequence and get an in-
sight into charge conversion within the relaxation time. In this
analysis, we correct fluorescence counts for the wavelength-
dependent absorption of neutral density filters we employ to
keep the SPCMs below saturation. Additionally, we consider
dark counts recorded with each SPCM. Microwave signals are
generated, amplified, and brought close to the nanodiamond
with a microwave antenna which is similar to the design
described in Ref. [28]. We employ a temperature-controlled
sample holder to perform temperature-dependent fluorescence
spectroscopy and relaxometry. Built-in Peltier elements are
used to heat the sample and keep the temperature constant
at temperatures between room temperature and ∼350 K. We
derive the temperature at the nanodiamond location via op-
tically detected magnetic resonance (ODMR) spectroscopy
employing the temperature dependence of the NVs’ zero-field
splitting (ZFS) of (−74.2 ± 0.7) kHzK−1 [29]. We perform
all experiments in a magnetic bias field in the order of 8 mT
to split the NV centers’ spin resonances and avoid cross relax-
ations [24].

III. RESULTS AND DISCUSSION

A. Temperature-dependent spectra decomposition

The decomposed fluorescence spectra of NV− and NV0

are shown in Fig. 1 for temperatures of 294 K and 348 K.
We observe an increase in the NV− and NV0 zero-phonon
line (ZPL) widths and a shift of their positions to higher
wavelengths caused by the temperature increase as previously
described by [30–34], see also Appendix B. The fractional
concentration of NV− with respect to the sum of [NV−] and

FIG. 1. Decomposed fluorescence spectra for NV− and NV0 for
temperatures of 294 K and 348 K. The ZPLs of NV− and NV0 at
575 nm (�) and 639 nm (�), respectively, are broadened and shifted
to higher wavelengths at 348 K compared to 294 K.

[NV0] is derived by the fractional contributions c− and c0 of
NV− and NV0 to the composed fluorescence spectrum with

[NV−]

[NV−] + [NV0]
= c−

c− + κ520c0
, (1)

where c− + c0 = 1, and κλ (here, λ = 520 nm) is a correction
factor that describes the photoluminescence ratios of NV− and
NV0 [27]. In the spectral analysis, we calculate κ520 similarly
as described in Ref. [27] and our previous work [13]. For this,
we record fluorescence spectra at laser powers well below sat-
uration [35] and correct them for the exposure times they were
recorded with. We decompose the spectra into contributions
from NV− and NV0 and calculate fluorescence intensities for
NV− and NV0 for each laser power. We fit the fluorescence
intensities of NV− and NV0 as a function of the laser power
in a weighted linear fit and directly compare the slopes of
the integrated fluorescence intensities of NV− and NV0. By
forming the quotient of these slopes, we obtain κ520.

We perform this spectral analysis for different tempera-
tures ranging from 294 K to 348 K. The values obtained for
κ520 show a relatively constant value around κ520 ∼ 1.65, see
Fig. 2. The error of the temperatures is derived from the fit
error of the resonances measured with ODMR spectroscopy
and the uncertainty of the temperature dependence of the
NVs’ ZFS [29]. We derive the standard error for κ520 from
linear fitting of the fluorescence intensities we obtain for NV−

and NV0, weighted with the statistical error of the intensities
we obtain in the spectral analysis (inverse-variance fit). The
mean value of κ520 = (1.65 ± 0.06) we find deviates from
κ532 = (2.5 ± 0.5) given in Ref. [27]. We attribute the differ-
ence between the two values to the analysis of bulk diamonds
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FIG. 2. Calculated κ520 as a function of the temperature. We
derive κ520 from spectral analysis at each temperature as described
in the main text.

in Ref. [27] and nanodiamonds in our study. Our reported
value of κ520 in this paper agrees with the determined value
of κ520 = (2.2 ± 0.5) for the same kind of nanodiamonds in
our previous work [13].

Additionally, we record NV fluorescence spectra for laser
powers up to 4 mW at each temperature. Using the values
for κ520 we obtain for each temperature and the decomposed
spectra, we calculate the fractional concentration of NV−

according to Eq. (1) for each laser power and temperature. We
obtain the error for the [NV−] fraction from the errors for κ520,
c−, and c0. The result for the [NV−] fraction as a function of
the laser power is shown in Fig. 3(a) for 294 K. At very low
laser powers of ∼8 µW, the fraction of [NV−] is above 60 %,
while it decreases to 20 % at high laser powers of ∼4 mW.
This photoionization process of NV− to NV0 is known to
be laser-power dependent and was previously described in
Refs. [21,22,36]. To examine the temperature dependence of
this charge-conversion process, we plot the [NV−] fraction at
a constant laser power of 4 mW as a function of the tempera-
ture in Fig. 3(b). Since the [NV−] fraction does not change
significantly with increasing temperature, we conclude that
the [NV−] fraction is constant as a function of the temperature
in our sample. To point out differences between temperatures
in more detail, we show the variance σ 2 of the [NV−] frac-
tions between all eight temperatures for all laser powers in
Fig. 3(c). With σ 2 staying in the order of 10−6 for all laser
powers, we confirm that the [NV−] fraction as a function of
the laser power does not depend on the temperature in our
sample. Although the fluorescence spectra in Fig. 1 change
visibly with increasing temperature, the fractions of [NV−]
qualitatively show the same behavior as a function of the laser
power for all temperatures.

B. Temperature-dependent relaxometry

To get an insight into the temperature dependence of the
T1 spin-relaxation time and charge conversion in our sample,
we perform T1 relaxometry using a common sequence shown
in Fig. 4(a) [24,25] at different temperatures and laser pow-
ers. A laser pulse of 200 µs spin polarizes the NV− centers
to their mS = 0 states. After 1 µs, a 5 µs laser pulse probes
the fluorescence intensity before the variable relaxation time
τ for normalization. The π pulse performed during τ acts
upon NV− centers of a specific orientation in the diamond

(a)

(b)

(c)

FIG. 3. Fraction of [NV−] for different laser powers and temper-
atures derived from spectra analysis. The arrows in (a) and (c) mark
the laser power examined in (b). (a) Calculated fraction of [NV−]
as a function of the laser power at 294 K. (b) Fraction of [NV−] at
4 mW laser power as a function of the temperature. (c) For every laser
power, we measure the [NV−] fraction for various temperatures in
the range between 294 K and 348 K. The curves are almost identical,
and we compute the variance σ 2 over the whole temperature range
and plot it as a function of the laser power (lines are a guide to the
eye).

lattice and excites their population from mS = 0 to mS = +1
or mS = −1 of the electronic ground state. Another 5 µs laser
pulse reads out the fluorescence intensity after τ in the sig-
nal detection windows. Between readout and subsequent spin
polarization, a pause time tp of 1 ms is inserted to mitigate
build-up effects during the cycle. Each cycle is repeated 50000
times and the complete sequence is swept multiple times. By
subtraction of the NV− fluorescence in the signal detection
windows, we obtain a difference in fluorescence between
mS = 0 and mS = +1 or mS = −1 states as a measure of the
spin polarization of the NV− centers excited by the π pulse
[24,25]. Using the second half of the sequence, we obtain
a normalized fluorescence of NV− by division of the signal
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(a)

(b)

FIG. 4. NV-center relaxometry scheme and result for 1/T1 as
a function of the temperature. (a) The pulsed scheme uses laser
spin-polarization and readout pulses. Additionally, we apply a mi-
crowave π pulse in the first half of the sequence. The T1 time,
accessed with the π pulse, is obtained by forming the difference
of the fluorescence counts in the two signal detection windows and
fitting a monoexponential function to the result. Further, with the
same measurement, we recover the all-optical T1 time in the sec-
ond half by dividing the fluorescence counts in the signal detection
window by the fluorescence counts in the normalization detection
window and fitting a monoexponential function to the result. (b) Re-
sult for 1/T1 for each temperature, evaluated with the π pulse
applied and without. The red solid line is a fit as explained in the
main text.

fluorescence counts by the normalization fluorescence counts
for all NV-center orientations. This analysis corresponds to an
all-optical T1 measurement scheme as often employed in biol-
ogy [6,7,9]. We conduct the sequence with low laser powers
of ∼8 µW to prevent charge conversion from prevailing. We fit
both decays we obtain from the two evaluation methods, with
and without the π pulse, with a monoexponential function for
each temperature to derive the T1 time for NV−. The results
are shown as 1/T1 in Fig. 4(b). We derive the error for 1/T1

for each temperature from the standard error of T1 we obtain
from the exponential fit. Within the ranges of their fit errors,
1/T1 is equal for both evaluation methods at each temperature.
This result concludes that NV− spin relaxation is dominant
due to the low laser power applied, and charge conversion is
negligible. Additionally, we observe an increase of 1/T1 with
the temperature.

The temperature dependence of 1/T1 over a wide tempera-
ture range has previously been investigated in Refs. [24,25]
for NV centers in bulk samples of different defect con-
centrations and further described in [26]. It was found in
Refs. [24,25] that the observed behavior can be assigned to
two-phonon Raman and Orbach-type processes, and the data

fit according to

1

T1
= A1(S) + A2

e�/kT − 1
+ A3T 5. (2)

Here, only the parameter A1(S) depends on the sample, while
A2, A3, and � are universal parameters [24,25]. Moreover,
recent studies link the temperature dependence of the NV
centers’ photoluminescence intensity and spin contrast to sim-
ilar electron-phonon interactions [37]. We take the values for
A2, A3, and � as given in [24] and fit the function to our
measurement data sets. The resulting function with a mean
parameter of A1 from the signals with and without the π pulse
can be seen as a red solid line in Fig. 4(b). Qualitatively,
this fit models our data well. We find A1 = (657 ± 13) s−1,
which generally lies within the orders of magnitude given
in Refs. [24,25]. We note that the value for A1 found for
our nanodiamond sample is higher compared to A1 found
in a bulk diamond of comparable NV-center concentration
[24,25]. Possible reasons for this discrepancy may be the dif-
ferent alignment of the external magnetic field relative to the
NV-center axes in our experiments or a different concentration
of substitutional nitrogen atoms in our sample. Additionally,
recent studies show that the high-temperature annealing of
our sample affects the NV centers’ T1 time [38], which could
also result in a different A1 compared to the samples in
Refs. [24,25].

To enhance and trace charge conversion during relaxome-
try, we perform the same sequence in Fig. 4(a) with a higher
laser power of 0.56 mW, omit the microwave π pulse, and col-
lect the NV− and NV0 fluorescence in two separate detectors.
At high laser powers, NV− is converted to NV0 during the
spin polarization pulse [12,20]. During the relaxation time τ ,
recharge occurs from NV0 to NV−, causing the NV0 fluores-
cence to decay over τ , while the NV− fluorescence increases
[12,13]. We interpret this decay of the NV0 fluorescence in
the dark as the recharging time of NV0 to NV− [11]. In
our nanodiamond sample, the decay of the normalized NV0

fluorescence cannot be sufficiently described with a mono-
exponential function [13]. Therefore, we fit a biexponential
function to the normalized NV0 fluorescence as a function
of τ to obtain the characteristic recharge times TR,1 and TR,2

for our sample. The result is shown in Fig. 5 as 1/TR,1 and
1/TR,2. We calculate the errors for 1/TR,1 and 1/TR,2 from the
standard errors we obtain for TR,1 and TR,2 in the biexponential
fit. Details on the NV0 fluorescence and the fitting function
can be found in Appendix C. It can be clearly seen in Fig. 5
that 1/TR,1 and 1/TR,2 are constant as a function of the temper-
ature. From this, we conclude that the charge dynamics in our
pulsed measurement are independent of the temperature in the
observed range. In our previous work, several nanodiamonds
were investigated with the same measurement scheme and a
similar biexponential decay of the NV0 fluorescence was ob-
served [13]. Therefore, we expect other nanodiamonds of the
same kind to exhibit an analogous behavior with increasing
temperature.

The suggested mechanism for the NV− to NV0 charge-
conversion process is tunneling, mediated by substitutional
nitrogen atoms in the diamond lattice [22,39]. This effect de-
pends on the nitrogen concentration in diamond [20,39], and is
not influenced by an increase of the temperature in our sample.
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FIG. 5. Derived values of 1/TR,1 and 1/TR,2 as a function of the
temperature. We obtain the recharge rates from a biexponential fit to
the normalized NV0 fluorescence, recorded with the relaxometry se-
quence (π pulse omitted) at 0.56 mW laser power. The inset displays
the characteristics of the pulsed sequence applied.

The temperature dependence on NV-center charge conversion
has previously been investigated for temperatures below room
temperature [15,16]. While charge conversion did not show
any temperature dependence in [16], an exponential increase
of the [NV−]/[NV0] ratio with decreasing temperature was
found in a different sample in [15]. Since we examine the
temperature dependence of charge conversion above room
temperature, our findings conform with both observations
mentioned above. To get an insight into the temperature de-
pendence of charge conversion in our sample below room
temperature, measurements at cryogenic temperatures will
have to be performed.

To examine the effect of increasing temperature on
charge dynamics, we trace the ratio [NV−]/[NV0] during
the relaxometry measurement at different temperatures. For
this, we use the results from the spectral analysis to de-
rive [NV−]/[NV0] during the relaxometry sequence in the
signal detection window in the second half of the relaxom-
etry measurement scheme. This way, we gain insight into the
charge dynamics during the relaxation time τ . Conforming
with the decrease of the NV0 fluorescence during τ , we ob-
serve an increase of the ratio [NV−]/[NV0]. We plot the ratio
[NV−]/[NV0] at the last τ divided by the ratio [NV−]/[NV0]
at the first τ for 0.56 mW laser power as a function of the
temperature in Fig. 6. We calculate the errors in Fig. 6 from
the standard fit errors we obtain from mapping the ratio of
[NV−]/[NV0] to count rate ratios in a fit of form axn + c
for each temperature. The fit is weighted with the errors
for the ratio of [NV−]/[NV0] we obtain from the spectral
analysis and the standard deviation of the count rates we
measure in the SPCMs. As shown in Fig. 6, the increase of

FIG. 6. Charge-state ratio of [NV−] to [NV0] at the longest τ

divided by the ratio at the shortest τ as a function of the temperature.
The data is derived from spectral analysis and relaxometry recorded
with 0.56 mW laser power.

the ratio [NV−]/[NV0] within the full measurement sequence
is around 1.8, and constant with the temperature for a laser
power of 0.56 mW. Similarly, for a lower laser power of 8 µW,
we observe that the increase of the ratio [NV−]/[NV0] during
τ is independent of the temperature. The temperature increase
does not affect the charge dynamics during the relaxometry
sequence in our sample.

IV. CONCLUSIONS

We conduct temperature-dependent fluorescence spec-
troscopy and relaxometry of an NV-center ensemble in
nanodiamond. With this, we examine the temperature de-
pendence of charge conversion between NV− and NV0 in a
biologically relevant temperature range from 294 K to 350 K.
We perform fluorescence-spectra decomposition at different
temperatures and find that κ520, which describes the photo-
luminescence ratio between NV− and NV0, is temperature
independent. Derived from fluorescence-spectra analysis, we
observe that the NV− fraction decreases with increasing laser
power but is not susceptible to the temperature. While we
notice a temperature dependence of 1/T1 in our sample, the
recharge rates 1/TR,1 and 1/TR,2 in the dark are not influenced
by the temperature increase. Therefore, an additional factor in
temperature-dependent relaxometry caused by charge conver-
sion between NV-charge states does not need to be considered
in applied temperature-dependent nanodiamond relaxometry.
Since the substitutional nitrogen concentration influences the
charge-conversion process, systematic studies of diamonds of
different nitrogen concentrations will give us further insight
into the mechanism of this process. Expanding the tempera-
ture range from the biologically relevant region to cryogenic
temperatures will unravel the temperature dependence in more
detail, allowing us to obtain fundamental knowledge about
charge conversion.

The data plotted in the figures is available on Zenodo [40].
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APPENDIX A: SPECTRAL ANALYSIS

Before our spectral analysis, we corrected the fluores-
cence spectra for wavelength-dependent properties of optical
elements in our beam path. Additionally, we subtract a back-
ground from each fluorescence spectrum. We decompose the
fluorescence spectra into basis functions of NV− and NV0

according to Ref. [27] and follow their nomenclature. As de-
scribed in Ref. [27], an area-normalized spectrum Îpre

0 (λ), that
we recorded with 4 mW laser power, and an area-normalized
spectrum Îpre

− (λ), that we recorded with 8 µW laser power, are
employed to construct the basis function for NV− with

I−(λ) = Îpre
− (λ) − δ0 Îpre

0 (λ). (A1)

For unambiguous data evaluation, we optimize δ0 for all
temperatures separately and use their mean as a constant δ0

for all temperatures. Further, as described in Ref. [27], the
NV− basis function is area-normalized to Î−(λ) and the basis
function for NV0 calculated with

I0(λ) = Îpre
0 (λ) − δ− Î−(λ). (A2)

The value for δ− is kept constant throughout our analysis
presented in this paper.

In our previous work in Ref. [13], we investigated sev-
eral nanodiamonds of similar composition. We performed
the spectral analysis described in Ref. [27] to obtain NV−

fractions as a function of the laser power. We verified
that our results are fundamentally equal for all examined
nanodiamonds.

APPENDIX B: TEMPERATURE-DEPENDENT
SPECTROSCOPY

For better visualization, we plot the ZPL regions of the de-
composed spectra of NV− and NV0 for different temperatures
in Fig. 7. For NV− and NV0, we observe an increase in the
ZPL width and a shift to higher wavelengths with increasing
temperatures.

APPENDIX C: TEMPERATURE-DEPENDENT
RELAXOMETRY

Using our experimental setup described in Sec. II, we
trace the NV0 fluorescence as a function of τ at different
temperatures. We observe a quantitatively similar decay of
the NV0 fluorescence for each temperature. Representing all
temperatures, we show the normalized NV0 fluorescence as a
function of τ at 348 K recorded with the relaxometry sequence
presented in the main text at 0.56 mW laser power in Fig. 8.
Using a fit function of type

f 0(τ ) = A e−τ/TR,1 + B e−τ/TR,2 + d, (C1)

FIG. 7. ZPL regions of the decomposed spectra of NV− and
NV0, normalized to the spectrum intensity at 639 nm and 575 nm,
respectively, for different temperatures.

we find TR,1 = (96 ± 6) µs and TR,2 = (2.0 ± 0.1) ms for
348 K. For each temperature, the values of 1/TR,1 and 1/TR,2

are plotted in Fig. 5. In our detailed study in Ref. [13], we
pointed out that the NV0 fluorescence as a function of τ

cannot be described with a monoexponential decay in our
samples. In addition to that, this study shows that several nan-
odiamonds of similar constitution exhibit this biexponential
decay of the NV0 fluorescence. We attribute the two different
components TR,1 and TR,2 to two different local environments
of the NV centers in the nanodiamond crystal, which lead to
two different recharge rates of NV0 in the dark.

FIG. 8. Normalized NV0 fluorescence, recorded with the relax-
ometry sequence presented in the main text at 0.56 mW laser power
(no microwave pulses were applied) at 348 K. The inset shows the
characteristics of the sequence applied. We fit a biexponential func-
tion to the NV0 fluorescence as described.
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