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ABSTRACT

The negatively charged diamond nitrogen-vacancy (NV~) center plays a central role in many quantum sensing applications,
though much is still unknown about the energy levels in this system. The ionization energy of the 'E singlet state in the
NV~ center has only recently been measured to be between 2.25 and 2.33 eV. In this work, we reduce this uncertainty by mea-
suring the 'E ionization energy as a function of excitation laser wavelength and diamond temperature via magnetically mediated

spin-selective photoluminescence (PL) quenching that transfers population from the 'E in the NV~ into the neutral NV° charge

configuration. Measurements are performed for excitation wavelengths between 450 and 470 nm, and between 540 and 566 nm in

increments of 2nm, and for temperatures ranging from about 50 to 150K in 5K increments. We determine the 'E ionization
energy to be between 2.29 and 2.33 eV, which provides about a twofold reduction in uncertainty of this quantity. Distribution

level: A. Approved for public release; distribution unlimited.

1 | Introduction

The nitrogen-vacancy (NV) center in diamond is a highly effective
quantum sensor due to its good thermal properties [1-3], stable
fluorescence [4], and high spin contrast [5], making it a sensitive
and adaptable measurement tool for a variety of applications [6, 7].
Understanding the energy level structure of the NV center is critical
for quantum sensing with the NV center, enabling the development
of measurement techniques like spin-to-charge conversion and
photoelectric detection of magnetic resonance (PDMR) that possess
a higher contrast and signal count rate relative to typical fluores-
cence sensing [5, 8-11]. The 'E singlet state in the negative NV
charge configuration (NV~) is of key importance to optically
detected magnetic resonance (ODMR) quantum sensing with
the NV center, and yet it remains the least well understood of
the known energy levels. Previous work on this subject has shown,
via direct photoionization, that the ionization energy of the 'E is

between 2.25 and 2.33eV [12]. These measurements were per-
formed with a combination of gas, dye, and solid state lasers,
and possessed an average wavelength resolution of approximately
13nm and an average temperature resolution of approximately
50 K. This course resolution left a large uncertainty in the measured
value of the 'E ionization energy. In this manuscript, we report a
twofold reduction in the uncertainty in the 'E ionization energy by
measuring photoluminescence (PL) spectra over two wavelength
ranges, 450-470 and 540-566 nm, with 2nm wavelength incre-
ments. Measurements are performed at two laser powers of 0.1
and 1.0 mW, and at 5K temperature steps from 50 to 150 K.

2 | Experimental Section

The NV~ charge configuration has four electronic spin states,
which include the triplet ground state (3A,) and the triplet excited
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FIGURE1 | Energy level diagram of the nitrogen-vacancy system in
the negative (NV~) and neutral (NV°) charge configurations. Solid
straight arrows indicate transitions mediated by one photon, whereas
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Valence Band

dashed straight arrows indicate transitions mediated primarily by pho-
nons. Curved dashed arrows indicate transitions between charge
configurations.

state (’E) which both possess a S=1 spin [13-15], as well as a
singlet (S=0) excited state (1A;) and the metastable 'E singlet
state. When optically illuminating the system with wavelengths
between 470 and 637 nm, an NV absorbs a photon and transitions
from 3A, to 3E while conserving electronic spin. The system can
either relax back to 3A, via photon emission or into 'A; via the
upper intersystem crossing (ISC) and then into 'E. The transition
into 1E via the upper ISC and !A; is a nonradiative process in the
visible wavelength band. For the m, = +1 spin sublevels of 3E,
relaxation to 'E via the upper ISC is more likely than relaxation
to 'E from the m,=0 spin sublevel of the 3E. The decay rate
back to 3A, from 'E via the lower ISC is relatively slow, giving
the 'E a lifetime that is an order of magnitude larger than any
other NV~ state besides the *A, ground state [16]. Under suitable
optical illumination, these processes lead to the preparation of the
NV~ electronic spin state into m, =0, and also allow the NV~
spin state to be readout via PL measurement (Figure 1).
While the photophysics of most NV~ states is well established
[17, 18] 'E ionization is the subject of debate in the literature
[19-23], with the 'E ionization energy only recently determined
[12, 24-29].

To measure the 'E ionization energy, a wavelength-resolved direct
photoionization method was previously developed [12]. This
method involves applying a bias magnetic field of at least
100 mT, aligned approximately along the diamond [001] axis, so
that the my=0 and my= —1 spin sublevels [30-32] in the
3E triplet excited state are mixed for NV~ centers along all four
diamond crystallographic axes. This choice of a bias field
magnitude applied along the [001], [010], or [100] (demonstrated
previously using a field oriented perpendicular to the square sur-
face of the diamond sample [12]) directions ensures a significant
increase in the 'E population via its ISC with 3E, resulting in a
measurable enhancement in NV° PL due to 'E photoionization.
The orientation of the field along the [001] axis in this work allows
the diamond plate to lie flat on the sample holder between the
magnetic field poles.

2.1 | Measurement Procedure

The present work employs an expanded version of the method
used in Ref. [12]. The procedure for measuring the 'E energy pro-
ceeds in two steps. The first step involves recording a reference
PL spectrum from the NV~ centers with no bias magnetic field,
and optical illumination from one candidate ionization wave-
length (Figure 2a). This PL spectrum defines the reference mea-
surement, creating a steady-state charge configuration ratio
between NV~ and NV? at the applied ionization wavelength
for a system with negligible 'E population. Due to the lack of
population in 'E, the only photoionization pathways available
to the NV system for this combination of experimental parame-
ters are either direct single photoionization from the 3A, triplet
ground state to the conduction band [13, 17] for sufficiently large
ionization energies, or two-photon Auger ionization proceeding
from 3A, to the conduction band via the 3E triplet state for lower
ionization energies [17]. The second step involves recording a PL
spectrum with an applied magnetic field of about 100 mT for the
same jonization wavelength as the reference measurement. The
bias field induces mixing of the *E |0) and | — 1) spin states, thus
more readily populating the 'E sublevel so that the system may
ionize from there [12] (Figure 2b,c), opening an additional two-
photon ionization pathway for the NV system. In this second
step, the system proceeds from 3A, to 3E via one photon
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FIGURE2 | Ionization measurement sequence for spectroscopic analysis of the ' E singlet state. (a) Bias magnetic field off reference PL measurement

compared to field on signal measurement (b,c). (b) If the photon energy is less than the 'E ionization threshold, 'E protects 3E from Auger ionization,

leading to decreased NV° PL output relative to the reference. (c) If the photon energy is greater than the 'E ionization threshold, ' E ionizes in addition to

3E, leading to increased NV° PL output relative to the reference.
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absorption and then decays to 'E via the upper ISC with 3E. Once
in 'E, the NV~ can either ionize via absorption of a second pho-
ton of sufficient energy, or remain in 'E (and later decay to 3A,) if
the second photon energy is too small to trigger ionization.

If the photon energy (i.e., illumination wavelength) is insufficient
for NV~ ionization from the !E state, then 'E occupancy protects
the NV~ from two-photon Auger ionization by reducing the
steady-state population in the 3E state during optical illumina-
tion (Figure 2b) in a process typically referred to as “!E shelving”.
This shelving mechanism shifts the charge configuration ratio in
favor of NV~ reducing the contribution of NV° to the measured
PL spectrum in comparison to the reference PL spectrum. If the
photon energy is sufficient to ionize the 'E, this results in an
additional increase in the NV° population, resulting in a larger
contribution to the measured PL spectrum when compared to the
reference PL spectrum measured in the first step (Figure 2c).

2.2 | Experimental Apparatus

A Hiibner C-Wave laser is used to induce 'E ionization of an
ensemble of NV~ centers in the diamond sample (Figure 3).
The laser consists of an oven-controlled, periodically polled lith-
ium niobate (PPLN) nonlinear crystal in a bow-tie cavity with an
in-line etalon. This cavity is pumped by the second-harmonic
output of a 5 W diode-pumped frequency doubled Nd:YAG laser,
forming an optically parametric oscillator (OPO) that is contin-
uously tunable within two bands in the infrared (IR), from 900 to
1040 nm and from 1080 to 1300 nm. Wavelength tuning is accom-
plished by pumping the PPLN crystal at the polling period index
associated with the desired output band, adjusting the PPLN
crystal oven temperature to tune the output within the band

FIGURE 3 | Experimental apparatus for measuring the ionization
threshold of the NV 1E state, consisting of a wavelength tunable contin-
uous wave (CW) laser, a mechanical laser power tuner, a temperature
controlled cryostat with three-axis translation stage and optical access,
a tunable uniaxial bias magnetic field, an NV diamond sample, a
wide-band low-noise optical spectrometer, and associated optical
elements.

selected by the polling period, and filtering the resulting output
wavelengths with the in-line etalon.

Once locked to the desired IR wavelength, the OPO output light
enters a second bowtie cavity where it is frequency doubled by an
additional oven-controlled second-harmonic generation (SHG)
PPLN crystal. The combined optical output of the OPO and
SHG system is thereby continuously tunable from 450 to
520 nm and from 540 to 650 nm in the visible wavelength band,
with a dead region between 520 and 540 nm around the 532 nm
pump wavelength. The tuned SHG output is coupled to a polari-
zation maintaining (PM) fiber as it exits the C-Wave laser module.

After tuning the laser output to the desired wavelength, the laser
power is stabilized by a Glan-Taylor polarizer mounted inside a
stepper-motorized rotation stage at the output of the PM fiber.
The resulting wavelenght tuned laser output is then sampled by
a 10% pick-off beam splitter and coupled to a diode power meter
for monitoring. The laser power stabilizer unit is controlled by a
software module that rotates the polarizer to tune the power out-
put to the user specified setpoint as read by the power meter, and
then continuously adjusts the power once every 25 ms to keep the
laser power within +0.25% of the power setpoint value.

The wavelength and power tuned laser output then proceeds
through a pair of steering mirrors and is reflected off a 570 nm
long pass filter into a 10x long working distance optical objective
focused through the input viewport at the top of a Montana
Instruments cryostat and onto the NV~ diamond sample. The dia-
mond sample (CVD grown by Element Six) is a 3 mm X 3 mm
X 0.5mm quantum grade diamond, isotopically enriched to
99.99% 12C content, with defects homogeneously distributed
throughout the entire sample volume and relevant defect concen-
trations of [N] ~ 16 ppm and [NV] ~4 ppm. The diamond plate is
polished so that the top face is along the [100] direction. The dia-
mond is mounted on top of a three-axis Attocube piezo stack that
moves the diamond into the focal point of the objective, with the
diamond’s [100] axis facing up, and between the poles of a con-
trollable uniaxial electromagnet whose field is both approximately
uniform between the magnet poles and aligned to within 1° of
angular displacement from the diamond’s [001] axis (max field
of =450 mT). The magnetic field magnitude and cryostat temper-
ature are controlled by a software module that tunes both the field
and temperature to user specified set points. The PL signal from
the diamond is collected by the optical objective and directed
through the 570 nm long pass filter into the fiber input of a
Ocean Optics QE Pro low-noise wide-band spectrometer with a
bandwidth between 350 and 1140 nm. PL spectra are collected
for an exposure time of 100 ms and averaged 10 times before being
saved by a software module for further analysis.

Signal and reference PL spectral pairs are collected for every com-
bination of laser powers of 0.1 mW and 1 mW, and wavelengths
from 450 to 470 nm and from 540 to 566 nm, in 2 nm increments.
Every combination of laser power and wavelength is also mea-
sured as a function of diamond temperature at 5K increments
between 50 and 150 K, for a total of 1050 PL spectral pairs across
21 diamond temperatures, 25 laser wavelengths, and 2 laser
powers. The wavelength accuracy for the laser when measured
by a wavemeter was approximately 0.5nm and the maximum
thermal drift of the sample stage when measured by a built-in
thermocouple over the duration of each spectral pair measure-
ment, was less than 1K.
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3 | Results & Discussion

The measured NV° PL amplitude is directly proportional to the
relative NV° population [12], and therefore serves as the primary
experimental metric used to distinguish changes in NV charge
configuration ratio resulting from different experimental set-
tings. Unlike the Bayesian analysis technique highlighted in pre-
vious work [12], the analysis method in this manuscript does not
explicitly separate the full measured PL spectra into separate
NV~ and NV° PL spectra. The present method leverages the fact
that there is a region of the full PL spectrum between 575 and
605nm in which the the NV~ PL amplitude is negligible but
the NVO PL amplitude is appreciable. By taking the ratio of
the full measured PL spectrum in the bias field on configuration
to the full spectrum in the field off configuration (called the ratio
spectrum), amplitude changes in the NV°-only spectral region
resulting from the application of the bias magnetic field result
in a change of that same spectral region the ratio spectrum.
This method is used in the present study because the
Bayesian analysis method [12] fails when the PL signal-to-noise
ratio in the NV? spectral region is low for samples with less NV©
centers due to the relative concentration of other defects like the
substitutional nitrogen (P1) center [23]. Furthermore, the ratio
spectrum method uses less computational resources and thus
runs more quickly than the Bayesian method, which requires
the calculation of multiple double integrals and employs
advanced statistical methods on large arrays of possible model
parameters.

The ratio spectrum in the wavelength region between 575 and
605nm (the NV° band) becomes greater than one when the
NV PL contribution is increased in the signal spectrum relative
to the reference spectrum. Given that the only experimental dif-
ference between the signal spectrum and the reference spectrum
is the presence or absence of the bias magnetic field, changes in
the ratio spectrum directly correspond to changes in the ratio of
NV charge configuration populations (NV° and NV ™). A ratio
spectrum of greater than one in the NV° band implies increased
NV? population when the bias field is on, indicating that 'E ion-
ization is occurring. Conversely, when the ratio spectrum is less
than one in the NV band, ionization is not occurring due to 'E
shelving. When the ratio is near unity, the ionization behavior is
indeterminant.

We define Cyyo in Equation (1) as the normalized 'E ionization
contrast for a given combination of experimental settings, where
Ion(Ig) is the arithmetic mean of the measured NV° PL for the
bias field on (field off) setting over the NV° band (between 575
and 605 nm): positive values of Cyyo that are at least one standard
deviation above zero indicate ionization suppression due to the
IE state protecting the NV~ charge configuration from Auger
ionization (i.e., ' E shelving); negative values of Cyyo greater than
one standard deviation below zero indicate 'E ionization; and
Cyve values that are within one standard deviation of zero are
considered indeterminant 'E ionization behavior.

Cavo =1—TIon /Togr @

Cnve is determined from measured signal and reference PL spec-
tral pairs for every combination of diamond temperature, laser
wavelength, and laser power. Representative measured PL spec-
tral pairs (Figure 4a,c,e) and their associated Cyyo values

(Figure 4b,d,f) demonstrate Cyye greater than, less than, and
approximately equal to zero, respectively. A similar determina-
tion is made for the normalized 'E ionization contrast parameter
Cnv-, derived from the measured NV~ PL over the NV~ band
between 680 and 740 nm, as shown in Figure 4b,d.f.

Cyvo values determined as in Figure 4 are plotted as a function of
temperature over wavelength bands from 450 to 470 nm and 540
to 566 nm (Figure 5a,c and b,d, respectively); and for laser powers
of 0.1 mW and 1 mW (Figure 5a,b and c,d, respectively). Values of
Cyye more than two standard deviations greater or less than zero
are interpreted as temperature and wavelength regions corre-
sponding to strong 'E shelving (Figure 5 larger dark red circles)
or ionization (Figure 5 larger dark blue circles), respectively;
whereas values of Cyyo that are between one and two standard
deviations greater or less than zero represent regions of weaker
'E shelving (Figure 5 smaller pale red circles) or ionization
(Figure 5 smaller pale blue circles), respectively. Regions where
Cyyve is within one standard deviation of zero have indeterminant
ionization or shelving behavior (Figure 5 tiny gray circles). For
laser powers of 0.1 mW (Figure 5a,b), a few regions of strong 'E
ionization occur at the edge of the triplet ionization threshold
near 470 nm (2.63 eV) for temperatures above 100 K. Further,
(Figure 5d) shows trends of 'E ionization being heavily sup-
pressed between 540nm (2.29eV) and 566 nm (2.19¢€V). At
1.0 mW laser power, there is evidence of strong 'E ionization
near the edge of the triplet ionization threshold at most temper-
atures between 50 and 150K (Figure 5c). For wavelengths
between 540 and 566 nm, 'E shelving dominates at all temper-
atures (Figure 5d), indicating almost no ionization of the 'E
for wavelengths longer than 540 nm in this temperature range,
with the exception of measurements for laser wavelengths of
548 and 566 nm at temperatures of 95 and 150 K, respectively.
The anomalous data point at 548 nm likely results from laser
power drift during the measurement sequence, as discussed in
the appendix below. The physical mechanism underlying the
anomalous data point at 566 nm is undetermined and will be fur-
ther investigated in future work.

The combined weight of these measurements considerably nar-
rows the region of uncertainty for the onset of 'E ionization from
between 532 nm (2.33 eV) and 550 nm (2.25 eV) demonstrated in
previous work [12] (Figure 5b,d shaded gray region) to between
532nm (2.33 eV) and 540 nm (2.29 eV) for diamond temperatures
between 50 and 150 K. The upper energy bound of 2.33eV is
taken from previous work [12] and the lower energy bound of
2.29 eV corresponds to the long wavelength edge of the natural
dead band in the wavelength tunable laser used in this experi-
ment. This new result represents a twofold reduction in uncer-
tainty compared to Ref. [12], where the uncertainty in the Ref.
[12] result is defined as the two excitation wavelengths between
which Cyy changed from ionizing to shelving, indicating that
the ionization threshold is somewhere between those two exci-
tation wavelengths.

4 | Conclusion

By measuring the ratio between NV PL spectra measured with
and without a 100 mT bias magnetic field and for several temper-
atures (50-150K), laser excitation wavelengths (450-470 and
540-566 nm), and laser powers (0.1 and 1.0 mW), we find the
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FIGURE 4 | Representative measured PL spectral pairs (bias field on and off) in (a), (c), and (e) for indicated experimental conditions, and their

calculated Cyy values (black traces) for conditions where Cyyo >0, Cyyo <0, and Cyyo = 0, in (b), (d), and (f), respectively. Solid (dashed) horizontal
blue and red lines correspond to mean values (1 standard deviation) for Cyye and Cyy- PL contrast, respectively. Cyyo (Cny-) and their standard
deviations are calculated by taking the arithmetic mean and the sample standard deviation of Cyye (Cny-) values whose wavelengths fall within
the region bounded by the width of the blue (red) horizontal lines in the NVO (NV™) wavelength band from 575 to 605nm (680 to 740 nm). For
Cnyo >0, Cryo <0, and Cyyo =~ 0, the associated spectral pairs demonstrate decreased, increased, and mostly unchanged PL in the NV° band; this
behavior is highlighted in the inset figures in (a), (c), and (e). All results show the expected reduced PL in the NV~ band due to increased population
in the 'E singlet state.
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FIGURES5 | Cyyo asa function of temperature and wavelength for laser power 0.1 mW (a), (b) and 1.0 mW (c), (d) over wavelength bands from 450 to
470 nm (a), (c), and 540 to 566 nm (b), (d). Red circles indicate strong (large dark colored circles) or weak (small light colored circles) E shelving where
Cyo is greater than two standard deviations or greater than one but less than two standard deviations above zero, respectively. Small gray circles indicate

that Cyyo is less than one standard deviation above or below zero, corresponding to indeterminate shelving or ionization behavior. Blue circles indicate

strong (large dark colored circles) or weak (small light colored circles) ' E ionization where Cyyo is greater than two standard deviations or greater than

one but less than two standard deviations below zero respectively. Dotted gray horizontal traces indicate measurements taken within a given cryostat

temperature setpoint. Gray shaded region in (b), (d) indicates the region of uncertainty for 'E ionization energy determined in Ref. [12].

IE ionization energy to be between 2.29 and 2.33 eV, representing
a twofold reduction in the uncertainty of this quantity. This result
further resolves the range of energies needed for direct spin-to-
charge conversion from the 'E singlet, which is a well-known
tool for improving the performance of quantum sensors that rely
on optically detected or PDMR measurement techniques.
Planned follow-up studies include measurement at additional
laser powers using the PL quenching method and a combined
theoretical and experimental investigation of Jahn-Teller effects
on 'E ionization.
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Appendix

The anomalous data point at 548 nm laser wavelength and 95 K (Figure 5)
is likely the result of laser power drift between measurements taken at the
two bias magnetic field values. PL data is acquired in the following way: a
cryostat temperature setpoint is entered, and while the cryostat is reach-
ing a steady temperature the laser wavelength is set to the first value in
the laser wavelength sweep. Once the laser wavelength locks and the tem-
perature has stabilized, the system tunes the laser power to the power
setpoint and changes the magnetic field to the initial reference value
of 0 mT. When the laser power is at the setpoint, the power stabilizer
software routine adjusts the power tuning polarizer’s angle to maintain
power at the setpoint. Once the laser power has been stable for 15s, the
spectrometer saves the reference PL spectrum with an overall exposure
time of 1 s (100 ms exposure at 10 frame averages). When the spectrum is

physica status solidi (a), 2026

7 of 8

85U80|7 SUOWWIOD aAeaID 8|qeo! [dde ayy Aq pausenob are ssjolie YO ‘8sn JO Se|n. 10} AreIqiT8ulUO A8]IM UO (SUORIPUCO-PUB-SWLBY/LI0D" A3 | 1M ATl 1[BU1 [UO//SANY) SUORIPUOD PUe SIS 18U} 88S *[9202/20/9T] Uo Akeiq1Taulluo AB|IM ‘ YOS PleuoY A 86005202 8ssd/z00T 0T/10p/wioo A8 |im Areiqiul|uo//sdny woly papeojumoq ‘9 ‘9z0z ‘6T9298T



saved, the magnetic field is changed to the signal value of 100 mT. After a
5sequilibration time, and if the laser power stability condition is still met,
the spectrometer saves the signal PL spectrum. Normally this results in
two PL spectra (reference and signal) taken at nearly identical laser
powers; indeed the power stability condition is that the 15s rolling aver-
age power must be within 0.25% of the set point. However, because the
power stability setpoint is based on an average of 15s of data taken at
50 ms intervals, a short-lived power excursion of a few percent will
not violate the power stability condition. If this excursion occurs at
the precise moment that one spectrum is being collected, that spectrum
will be collected at a laser power that is at least a few percent different
than the other PL spectrum. The result is that one spectrum is shifted up
or down by a few percent in amplitude relative to the other, which can
give the appearance of a large difference in contrast.

To detect these infrequent laser power excursions, two experimental heu-
ristics are employed: Cxy- does not depend strongly on excitation wave-
length or temperature for wavelengths between 540 and 566 nm and for
temperatures between 50 and 150 K [12]; and PL in the NV~ band exhib-
its a similar change to PL in the NV° band when the laser power changes,
resulting in Cyyo and Cyy- changing by the same amount in the event of
a power excursion. Comparing Cyy- in a specific measurement to other
values of Cyy- at nearby temperatures and wavelengths can thus be used
to distinguish Cyye outliers due to laser power excursions, e.g., the data
point at 548 nm and 95K (Figure 5).
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