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Discovery of ST2 centers in natural and
CVD diamond

Check for updates

Jonas Foglszinger1 , Andrej Denisenko1, Georgy V. Astakhov2, Lev Kazak3, Petr Siyushev4,
Alexander M. Zaitsev5, Jens Fuhrmann3, Matthias Schreck6, Fedor Jelezko3,7, Roman Kolesov1 &
Jörg Wrachtrup1,8

TheST2 center is an optically addressable point defect in diamond that facilitates spin initialization and
readout at room temperature. However, while this study presents the discovery of photostable ST2
centers first observed in a natural diamond and provides a reliable technique for artificially creating
them, its chemical structure remains unknown. To assess the potential of ST2, we map out its basic
optical characteristics, reveal its electronic level structure, and quantify the intrinsic transition rates.
Furthermore, we investigate its response tomicrowaves, staticmagnetic fields, and the polarization of
excitation laser light, revealing twelve inequivalent orientations of the ST2 center. Simultaneous
exposure to microwaves and static magnetic fields also reveals an exceptionally wide acceptance
angle for sensing strongmagnetic fields, unlike thewell-establishedNV center, which is sensitive only
within a narrow cone alignedwith its symmetry axis. This finding establishes the ST2 center as a highly
promising candidate for nanoscale quantum sensing.

Exploring the intricacies of condensed matter physics at the smallest scales
has driven the pursuit of nanoscale sensors1–3. Spatial resolution is inherently
dependent on the physical dimensions of the sensor unit. Thismakes sensors
based on single defects exhibiting optically detected magnetic resonance
(ODMR)4, commonly found in insulating materials like diamond and SiC,
particularly advantageous5,6. At present, the field is dominated by diamond-
based sensors utilizing nitrogen-vacancy (NV) centers, which have
demonstrated exceptional performance across a range of sensing
applications7–9,10,11. The development of NV centers embedded in
fluorescence-collectingpillars on cantilevers has alreadyprogressed to a level,
where they are commercially available12,13. However, strong magnetic fields
misaligned with the NV center’s symmetry axis induce sub-level mixing,
which disrupts spin initialization via spin pumping14. This causes a loss of
ODMR contrast, impairing the sensor’s functionality in the presence of
strongmagneticfieldswith arbitrary orientations. For instance, a 10mTfield
at an angle of 10° causes a 60% reduction in sensitivity. The TR12 center, an
intrinsic defect in diamondwith a sharp zero-phonon-line (ZPL) at 471 nm,
discovered in 195615, was shown in a prior study to exhibit high ODMR
contrast even in the presence of strong arbitrarily oriented magnetic fields.
Thismakes it a viable substitute forNVcenters in sensing scenarios involving
strong magnetic fields. However, when building on these prior findings, we

found that the TR12 center lacks sufficient photostability, making it less
favorable for single-defect applications. The TR12 center’s ability to sense
strong, arbitrarily oriented magnetic fields is primarily tied to its electronic
level structure. With this in mind, we investigated the ST2 center - short for
Stuttgart - as a potential replacement. Discovered in 2019 in Stuttgart, it
shares the same electronic level structure as the TR12 center, along with a
sharp ZPL at 446 nm, high ODMR contrast and a wide acceptance angle to
strongmagneticfields. So far, no signs of photoinstability have beenobserved
- even over timescales of several weeks under continuous excitation.

We conducted a comprehensive study on individual ST2 centers in
diamond. A reliable method for creating ST2 centers is established. The
resulting centers were characterized in terms of their optical and magnetic
properties, revealing their electronic level structure. Additionally, we mea-
sured their sensing capabilities for magnetic and electric fields, as well as
temperature, supported by a theoretical framework.

Results
Creation of ST2 centers
We initially discovered ST2 centers in a natural diamondof unknownorigin
and unclear treatment history by observing their sharp zero-phonon line in
emission and reaction of their fluorescence to a magnetic field. The
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formation process of these centers was therefore unknown. Through sys-
tematic characterization of multiple synthetic diamond samples, we later
discovered a method to reliably generate ST2 centers. The identified pro-
tocol was to implant the diamond with 10 keV 12C ions at levels slightly
above the graphitization threshold (2.5 × 1015 ions/cm2), followed by
annealing at 1200 °C for 1h (Methods section “Production” and Supple-
mentary Notes 1 and 2). ST2 center creation was confirmed by locating
individual centers in a confocal scan (Fig. 1a) and comparing their fluor-
escence spectrum to that of centers from the natural diamond (Fig. 1b)
(more details in Methods section “Optical Characterization” and Supple-
mentary Note 3). After the initial finding, we turned our attention to
improving the efficiency of ST2 center production due to the low yield
observed in the first attempts. In the following investigations, ST2 centers
were never observed directly after implantation. They only emerged after
sample annealing at 1100 °C or higher, as illustrated in Fig. 1c. When the
annealing temperature exceeded 1300 °C, slight graphitization of the dia-
mond’s surfacemade it challenging to evaluate the formation efficiency, due
to the partial destruction of the center-containing layer. Consequently, the
observed reduction in yield at 1400 °C versus 1300 °C is derived from very
limited data. At 1600 °C, a single sample with higher implantation energies,
confirmed a noticeable drop in overall efficiency compared to 1200 °C and
1300 °C despite a significant increase in overall implantation damage also
due to higher implantation energies. The highest yield was achieved after
1300 °C annealingwith around 35Centers in a 10 μm× 10 μmfield. To gain
deeper insights into the formation process of ST2 centers, the sample was
etched in incremental steps, evaluating the remaining concentration of ST2
centers at each stage. The results, illustrated in Fig. 1d, revealed that the
distributionof ST2 centers corresponds closelywith the total vacancyprofile
resulting from implantation as simulated using SRIM-TRIM16. This sug-
gests that the formation of ST2 centers is directly proportional to the
implantationdose and independent of vacancy or interstitialmigration. The
exclusive use of carbon and the absence of foreign elements for the
implantation, as described in Supplementary Note 1, suggest that these
centers are intrinsic defects, comprising only interstitial sites and vacancies
within the diamond lattice. This also fits the correlation between the con-
centration of ST2 centers and the vacancy profile. However, a significant
challenge arises fromthe relatively lowproportionality constant between the
implantation dose and the resulting ST2 center concentration of about
2 × 10−8 centers/ion for 10 keV implantation energy. As the implantation
dose increases, the sample starts to graphitize, forming amorphousdiamond
and non-diamond carbon phases where ST2 centers cannot form. This
theoretically limits the maximum achievable yield of ST2 centers with this
method, effectively capping the local density of these defects at an estimated

threshold of around 6 × 104 centers per cubic micron or 120 centers in a
10 μm× 10 μm field for 10 keV implantation as pointed out in Supple-
mentaryNote 2. A first attempt to optimize the yield led to an increase from
30 to roughly 50 centers in100 squaremicrons, almost 50%of the theoretical
maximum. Given these relatively low numbers, the current production
method presents challenges for the scalability and practical deployment of
ST2 centers in high-density sensing scenarios. Even applications that rely on
single defects are impacted by this issue, due to the inherent statistical nature
of the production process and the extensive lattice damage formed around
the defect.

Optical properties of ST2 centers in zero magnetic field
Due to the low yield of ST2 centers, we observed them exclusively as single
defects. A low-power antibunching measurement confirms their single-
photon nature and reveals an excited state lifetime of 1.4 ns (Fig. 2b). The
brightness of these defects, when optically saturated, was significantly
affected by an externalmagneticfield, showing up to a twofold increase. The
observed effect implies the presence of a sensitive spin state. Given that this
effect occurs onlyduring saturation, this spin state shouldbe anexcited state.
Based on earlier observations in molecules17, ST118,19 and TR12, the elec-
tronic level structure illustrated in Fig. 2a was suggested as the simplest
explanation for the results observed thus far. This model, which includes a
single ground state, an excited singlet state, and a metastable triplet, has
consistentlymatched all subsequent data.Wewill therefore assume that this
model is correct, while pointing out where our data serves as a consistency
check. It is crucial to highlight that thefluorescence observed originates only
from the transition between the singlet states. Consequently, the brightness
of the centers is proportional to the total population in these singlets. For
different lifetimes of the triplet sub-levels, CW ODMR causes a shift of
population from longer-lived to shorter-lived states, which shows up as up
to three separate ODMR lines in the spectrum. Experimental data from
multiple single defects confirm this, with two transitions being detected at
495.3MHz and 2267.5MHz (Fig. 2c). The ODMR contrast also disappears
when the laser-power is reduced, indicating that the triplet is an excited state
which is only significantly populated under saturation conditions. The spin
Hamiltonian of a triplet (S = 1) state at zeromagnetic field is represented by
H ¼ DðS2z � SðSþ 1Þ=3Þ þ EðS2x � S2yÞ. The parametersD = 1636.6MHz
and E = 896.6MHz can be deduced from the measured ODMR resonance
frequencies as confirmed in the next subsection.Whenmicrowave radiation
is applied at both observedODMR frequencies, the center displays coherent
population trapping (CPT), as illustrated in Fig. 2d. This points to the
existence of two long-lived states (Supplementary Note 4). It is clear from
the width of the CPT resonance that these states have a lifetime of about

Fig. 1 | Identification and formation of ST2 centers in diamond. a Confocal scan
image of thefirst synthetic diamond, covering a (27 μm× 27 μm) region. Several ST2
centers have been identified. Excitation was performed at 410 nm and fluorescence
was collected from 450 to 525 nm.Other signatures observed in the scan, which were
created by the same process, did not exhibit any particularly interesting features and
were not investigated further. b Fluorescence spectra of two single ST2 centers—one
in the natural diamond where the ST2 center was first discovered (black), and one in
a synthetic diamond (red)—both recorded at room temperature under 410 nm
excitation. c Dependence of the ST2 creation yield on the annealing temperature

(1 h) for two different implantation doses, both at an implantation energy of 10 keV.
d Depth profile of ST2 centers produced by one dose above and one below the
graphitization threshold, followed by annealing at 1200 °C. The solid orange lines,
derived from SRIM-TRIM simulations using the same proportionality constant a1,
fit both observed ST2 center distributions. The cyan profile of implanted carbon
ions, derived from the same SRIM-TRIM simulations and displayed only for the
lower dose, does not fit the observed data. At the dose above the graphitization
threshold, an amorphous diamond layer was formed, inhibiting further ST2 center
formation closer to the surface.
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10 μs or longer. The decay of the metastable population is directly observed
by turning off the laser for a variable time τ. As the laser excitation is
restored, there is a resulting temporary increase in fluorescence as the
population in the singlets is increased, as depicted in Fig. 2e. The fit reveals
only one decay time of roughly 27 μs. It is reasonable to assume that the
short-lived sub-level Tz is minimally populated. Consequently, the lifetimes
of the two long-lived states can be observed in isolation by applying a
microwave π-pulse, derived from Rabi oscillations, to shift the population
from the long-lived states Tx and Ty to the short-lived Tz (see Fig. 2f). The
successful fitting of a double-exponential decay to this data, reveals all three
lifetimes τx = 27 μs, τy = 34 μs and τz = 2.6 μs. It confirms that the Tz state is
the least populated state when the center is excited continuously. While the
lifetime difference between Tx and Ty is minimal, it should lead to a weak
ODMR signal when driving the transition between these states. None-
theless, no ODMR signal has been observed at this frequency. The most
reasonable explanation is that the effect is canceled due to the disparity in
population strength between these states. Considering the transition rates
into the metastable sub-levels Ti (γi), and out of these sub-levels (Γi) as
illustrated in Fig. 2a, this requires the condition γx/Γx = γy/Γy to be fulfilled
(Supplementary Note 10). However, directly assessing the rates into the
metastable triplet states γx, γy and γz is not straightforward. It can only be
assessed indirectly through simulations that reproduce the ODMR contrast
of the resonance lines. This comparison clearly contradicts the above rela-
tion and instead leads to γx = γy, which is required tomatch the difference in
ODMR contrast observed in Fig. 2c (Supplementary Note 9).

The fluorescence intensity of the center at low excitation powers
revealed the characteristics of a dipole transition when the linear polariza-
tion of the excitation laser is rotated (see Fig. 3b). Six distinct and recurring

polarizations were observed for ST2 centers, one of which is shown in Fig.
3b. This finding offers an initial indication of the center’s relatively low
symmetry, which is further examined in the next subsection.

Fluorescence dependence on the magnetic field
The previously noted dependence of the ST2 center fluorescence arises
because the appliedmagnetic field inducesmixing of the excited triplet state
sub-levels. Consequently, their lifetimes become intertwined, impacting the
overall dynamics and brightness of the center. In this experiment, a per-
manent magnet (10 × 10× 10mm3 NdFeB, magnetization 1.4 T perpendi-
cular to the sample surface) is carefully positioned above the sample using
steppermotors. As themagnet’s position changes, thefluorescence intensity
of the center is recorded, covering various magnetic field orientations (see
Fig. 3a). This data provides the means to evaluate the center’s sensitivity to
strong external magnetic fields and gives insights into its symmetry and
orientation. The dark spots in Fig. 3a result from the magnetic field being
alignedwith the principal axes of the triplet state, causing the corresponding
sub-level to remain unaffected by thefield. BymeasuringODMRspectra for
these specific orientations, we can validate the applicability of the theory for
Spin 1 systems as described by H ¼ DðS 2

z � SðSþ 1Þ=3Þ þ EðS2x � S2yÞ þ
gμBS � B to ST2 centers, incorporating the zero-field splitting parameters D
and E, the Bohrmagneton μB, electron g-factor g = 2 and S = 1. The ODMR
frequencies for each magnetic field orientation can be derived from this
Hamiltonian and its eigenstates. By comparing these frequencies with the
observedODMRdata, we can accurately assign the sub-level orientations to
the dark spots in the magnetic maps in Fig. 3a. Matching this with NV data
reveals that the center’s z-orientation corresponds to the [111] direction in
diamond (Supplementary Note 7). Additionally, this allows for the

Fig. 2 | Optical detection of electron-spin dynamics in single ST2 defects.
a Suggested level structure of the ST2 defect, featuring a singlet ground state, a singlet
excited state, and an intermediate metastable triplet state accessible via intersystem
crossing (ISC). b Lowpower anti-bunchingmeasurement performed on a single ST2
center with a simple fit 1� exp�Γjτj, exhibiting a dip at τ = 0with a value below 0.5,
indicating its single-photon nature. A more detailed analysis that accounts for the
measurement devices’ time jitter (350 ps) revealed no significant impact (see Sup-
plementary Note 13). At optical saturation (inset), the measurement reveals a dis-
tinct bunching shoulder that does not appear at lower power levels, confirming the
existence of the long lived triplet state 3T1 shown in Fig. 2a, and revelas its rate of
repopulation (details in SupplementaryNote 13). cCWODMR spectroscopy in zero
magnetic field (ZFS), displaying two resonances. A third resonance could not be
observed. d Coherent population trapping measurement revealing the presence of

two long-lived states, Tx and Ty, with lifetimes of at least 10 μs. During this mea-
surement one MW frequency ωpump is fixed at the first ZFS resonance, while the
other one, ωprobe, is swept across the second ZFS resonance. Further details are
available in Supplementary Note 4. e Decay of the total metastable population,
revealing only a single lifetime τG (blue line) consistent with the long-lived states Tx

andTy (Fig. 2f). The first inset illustrates the time-scale forfluorescence equilibration
of the center after being initialized in the ground state by turning the laser off. The
second inset displays the pulse sequence used to acquire the lifetime data. f Direct
lifetime measurements for all triplet sublevels were performed by shifting the
metastable population from one long-lived state into the short-lived Tz state using a
π-pulse derived from Rabi oscillations. The inset displays the pulse sequence used to
acquire both datasets.
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assignment of zero-field transitions, whichwas assumed to be known in the
preceding section. The g-factor g = 2 is validated by simulating themagnetic
field strength at a particular distance from the magnet and comparing the
findings toFig. 3a.Additionally, simulating the rotationof themagneticfield
based on themagnet’s position helps to derive the exact x and y orientations
in the laboratory frame. As illustrated in Fig. 3c, the y-axis of ST2 is situated
in the plane formed by two adjacent σ-bonds. Also, the entire system can be
simulated to analyze the overall dynamics and reproduce the measured
magnetic maps. This simulation is primarily based on the level structure
shown inFig. 2a and is described in greater detail in the SupplementaryNote
8. The simulated maps align perfectly with the measured data. As this
simulation incorporates allmeasured transition rates and the level structure,
it offers a reliable confirmation of themodel. Based on these simulations, we
also predict twelve species of differently oriented ST2 centers, organized into
four triples. These correspond to four distinct σ-bond orientations and the
threefold rotational symmetry of the diamond lattice along each of these
bonds. Each orientation thereby gives its own characteristic magnetic map,
most of which were confirmed in experiments (Supplementary Fig. 2). The
twelvemaps align with the six different directions of the optical dipole, with
each direction comprising two magnetic orientations. The variety of
orientations implies that the center must have a low symmetry group.With
twelve different orientations, there are effectively only two symmetry can-
didates: inversion symmetry Ci and onemirror plane Cs. The lack of electric
field sensitivity, which will be addressed later, indicates that the ST2 center
exhibits inversion symmetry Ci.

ST2 as magnetic field sensors
The results inFig. 3a, alongwith similarmeasurements (seeMethods section
“Characterization of Magnetic Properties”), provide insights into the
effectiveness of ST2 as a magnetic field sensor. However, the intertwined
nature of magnetic field strength and orientation due to the permanent
magnet makes it difficult to isolate these variables, complicating the inter-
pretation of said data. Tomake the situationmore tangible, a simulation can
be utilized in which magnetic field strength and orientation are separable.
The same model used to reproduce the measured maps in Fig. 3a can also
simulate themagnetic contrast of a single ST2 center. Further details on this
simulation are provided in the supplementary Note 9. The result of such a
simulation is shown in Fig. 3d. At a magnetic field strength of 30mT, a
significant ODMR contrast is available across nearly the entire 4π unit
sphere. Given that the sensitivity is directly linked to the ODMR contrast of
the center, this data confirms the suitability of ST2 centers as magnetic
sensors, making them an excellent complement to NV centers. They enable

the detection of strong magnetic fields in almost any orientation with high
ODMR contrast, while maintaining the typically high spatial resolution
associatedwith single defects. Exceptionallyweakmagneticfields, where the
induced frequency shift is comparable to or smaller than the zero-field
splitting, are the only case where this does not apply. In such scenarios, the
high E value converts the transitions into clock transitions, as the ODMR
frequency shows no linear dependence on the magnetic field. This is par-
ticularlyuseful for temperature sensitivity and coherentpopulation trapping
(CPT)measurements, but it limits themagnetic sensitivity. However, this is
precisely the regime where the NV center excels, as the opposite logic holds
true for NV. Extremely weak magnetic fields do not cause significant state
mixing, enabling the NV center to detect magnetic fields regardless of their
orientation. Thus, this regime is already accounted for by the NV.

Given the low yield of ST2 centers, only single-defect uses are viable.
The shot-noise limited magnetic sensitivity η for such a single ST2 center
can be approximated by considering the shot-noise σ ¼ 102 counts=

ffiffiffiffiffiffi

Hz
p

,
the maximum gradient of the ODMR spectrum Cmax = 1 count/kHz, and
the frequency shift of ODMR resonances CM = 28 GHz/T:

η ¼ σ

CmaxCM
¼ 3:6

μT
ffiffiffiffiffiffi

Hz
p ð1Þ

The calculation is basedona conservative 5%ODMRcontrast superimposed
onaaverage10 kcpsfluorescence signalwithout anymethodsoffluorescence
enhancement from a single ST2 center and ameasured 0.65MHz linewidth.
ThemaximumgradientCmax equals themaximumderivativeof aLorentzian
function with a full width at half maximum (FWHM) of 0.65MHz and an
amplitude of A = 104 ⋅ 0.05 counts, which equals

Cmax ¼
A

FWHM
� 3 �

ffiffiffi

3
p

4
¼ 1 count=kHz: ð2Þ

Overall, these results are very similar to those reported forTR12 andST118,19.
That said, we found that ST2 centers tend to be more photostable, which
makes them more promising for single-defect applications. Still, this
qualitative impressionneeds to be confirmed throughmore detailed studies.

ST2 as a general sensing platform
To assess the broader capabilities of ST2 centers, we measured their sensi-
tivity to electric fields and temperature.

To evaluate the electrical sensitivity of the ST2 center, we measured
centers between two gold contacts connected to an external voltage source.

Fig. 3 | Magnetic field and temperature dependence of single ST2 centers in their
metastable triplet state. a Fluorescence response of a single ST2 center based on
magnet position. Points where the magnetic field aligns with a sub-level of the
metastable triplet state are emphasized. These points are found by comparison with
simulations described in Supplemenary Note 8. The faint rings arise due to cross
relaxation mediated by nearby electron spins, explained in Supplementary Note 11.
b Fluorescence dependence on the polarization of excitation light at low powers,
revealing the characteristics of a dipole transition. Here one of the six dipole
orientations is displayed. cOrientation of the principal axes of the metastable triplet
state with respect to the diamond lattice, highlighting the threefold rotational

symmetry inherent to the diamond lattice. dODMR contrast simulation for ST2 as a
function ofmagnetic field orientation at 30 mT. The figure shows the second highest
ODMR contrast among the three available transitions which is the limiting factor for
magnetic field sensitivity. The validity of this simulation is confirmed by the fact that
it can reproduce the measured maps in Fig. 3a. These simulation results provide the
best overall illustrations of the sensing capacity of ST2 centers for stronger magnetic
fields. e Temperature dependence of the ZFS from 40 °C to 60 °C for a single ST2
center. The shifts for the resonance correspond to shifts of 10.5 kHz/K for D and
−19.5 kHz/K for E. This suggests that ST2 centers can, in principle, also be used as
temperature sensors.
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However, no shift in ODMR frequencies was detected even at electric field
strengths as high as 2 × 106 V/m (see Supplementary Note 12). This
observationalignswith theproposed inversion symmetryCi for ST2 centers,
which would preclude the existence of a permanent electric dipole and thus
first order electrical sensitivity.

Using the PID-controlled aluminum holder described in the methods
section D, ST2 ODMR frequencies were measured as a function of tem-
perature between 40 °C and 60 °C. The temperature was stabilized for at
least 5min before each measurement. As shown in Fig. 3e, there is a clear
linear dependence, with the two ODMR frequencies shifting by 9 kHz/K
and−30 kHz/K, respectively. This shift is two to three times lower than that
observed for NV centers with a shift of −74 kHz/K3, suggesting that ST2
centers may not be preferable as primary temperature sensors in most
applications. However, they in principle still show the potential to be used
for local temperature assessment if convenient.

Discussion
ST2 centers can be produced in diamond using carbon implantation. How-
ever, the yield is quite low, with a conversion rate of approximately 2 × 10−8

centers per implanted ion at 10 keV implantation energy. This rate results in a
maximumachievable density of ST2 centers of approximately 6 × 104 centers
per cubic micron. Our findings reveal that the ST2 center features a sensitive
spin state with coherent properties at room temperature. Through the
combination of various measurements, we have outlined the full electronic
level structure responsible for the dynamics of population within this spin
state, as well as the overall properties of the center. By examining the
dependence of fluorescence on excitation polarization and external magnetic
field, we identified twelve inequivalent orientations of ST2 centers. Since no
electric sensitivity was observed, we conclude that the ST2 center exhibits Ci

symmetry. ST2 complements the existing NV sensing capabilities excep-
tionally well, as its strength aligns precisely where the NV center has limita-
tions, and vice versa. ST2 is particularly effective for measuring strong
magnetic fields of any orientationwith high spatial resolution and can also be
used for temperature measurements under ambient conditions. Fig. 3d,
whichdisplays anotableODMRcontrast for arbitraryorientationsof a30mT
magneticfield, provides thebest illustrationof thispoint. In comparison, if the
angle between the NV symmetry axis and a 30mT magnetic field is greater
than 10°, its ODMR contrast decreases below 3%. Current efforts aim to
transfer the NV center technology used in pillars on cantilevers to the ST2
center12,13,20–22 (Me-Myself and I. Placeholder for Supplementary Info). Pre-
liminary results from these initial efforts are encouraging. Such sensors could
beused to study the internal structureofnano-scalemagnetic textures, suchas
skyrmions, with randomly aligned magnetic field orientations. The main
challenge is the exceptionally low yield of ST2 centers using the current
production method, which prevents the process from being economically
scalable. Addressing this issue is therefore the highest priority. Furthermore,
resolving this problem may facilitate progress toward achieving electro-
luminescence and electrical readout for ST2 centers.

Methods
Production
ST2 centers (Fig. 1a, b) were produced by implanting 12C ions at energies
between 5 keV and 500 keV into the (100) plane of CVDdiamond, followed
by annealing at temperatures between 800 °C and 1600 °C. The depth
profile of these shallow-implanted centers was determined by incrementally
etching the diamond surface using reactive ion etching (RIE) with O2-
plasma, while monitoring the concentration of remaining centers (Fig. 1d).
Using optical lithography and electron beam physical vapor deposition
(EBPVD), Au-contacts were deposited on the sample, facilitating the
application of microwaves and DC voltages. The diodes were subsequently
connected to external measurement systems via wire bonding.

Optical characterization
The defects in the prepared sample were analyzed using a home-built con-
focal microscope with 410 nm linearly polarized laser excitation

(Supplementary Fig. 1). This excitation source was used for all optical
experiments presented in this study. Fluorescence emitted from the sample
was directed to a single-photon detector, and a confocal scan was generated
by moving the excitation point via a 3D piezo-stage. The detection window
was set from450 nmto525 nm.This detectionwindowwasused consistently
across all optical experiments presented in this study. The excitation and
detection points were kept coincident at all times. In such confocal scans, the
first step was to identify ST2 centers. For this purpose, the fluorescence light
was redirected to a spectrometer to record the optical spectrum, as shown in
Fig. 1b. The sharp zero-phonon line (ZPL) at 446 nm served as the primary
identification feature in these spectra. The final step in verification involved
measuring the ODMR spectrum, which confirmed the defect through the
presence of two prominent resonance lines at 495.3MHz and 2267.5MHz.

Characterization of magnetic properties
To probe the magnetically susceptible spin states of the center, microwaves
were applied to the sample through one of the integrated gold contacts.
Given that the spin states are excited states, as shown in the electronic level
structure of ST2 (Fig. 2a), it was critical to use a powerful laser to optically
saturate the center for these measurements. A permanent magnet was
preciselymoved into proximity of the sample using steppermotors, creating
a magnetic field at the sample’s position. This arrangement enabled the
exploration of the centers’ sensing capabilities in the presence of strong
arbitrarily oriented magnetic fields.

Thermal sensitivity
For a thorough evaluation of temperature sensitivity, the sample was
mounted on a solid aluminum holder with an integrated PID-controlled
heater. The cool environment of the lab, combinedwith this set-up, ensured
precise temperature control with a precision of less than 0.1 K. The alu-
minumholder thereby served as a thermalmass to stabilize the temperature.

Data availability
The data sets used to generate the figures in this manuscript are publicly
available at [https://doi.org/10.5281/zenodo.15839755]. Additional data
supporting the conclusions of this study are available from the corre-
sponding author upon reasonable request.

Code availability
The MATLAB simulation code that supports the findings of this work is
available from the corresponding author upon reasonable request.
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