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Low temperature photo-physics of single NV centers in diamond
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We investigate the magnetic field dependent photo-physics of individual Nitrogen-Vacancy (NV)
color centers in diamond under cryogenic conditions. At distinct magnetic fields, we observe sig-
nificant reductions in the NV photoluminescence rate, which indicate a marked decrease in the
optical readout efficiency of the NV’s ground state spin. We assign these dips to excited state level
anti-crossings, which occur at magnetic fields that strongly depend on the effective, local strain
environment of the NV center. Our results offer new insights into the structure of the NVs’ excited
states and a new tool for their effective characterization. Using this tool, we observe strong indi-
cations for strain-dependent variations of the NV’s orbital g-factor, obtain new insights into NV
charge state dynamics, and draw important conclusions regarding the applicability of NV centers

for low-temperature quantum sensing.

The nitrogen vacancy (NV) lattice defect in dia-
mond [1] hosts a versatile solid state spin system that
finds applications in quantum metrology [2], nanoscale
imaging [3] or quantum information processing[4]. In
these, the NV spin stands out due to its excellent quan-
tum coherence properties, which persist across a wide
range of temperatures [5] and pressures [6]. As a result of
their performance and robustness, NV spins have been
employed in practical applications ranging from remote
spin-spin entanglement [7] to nanoscale magnetic imag-
ing [3, 8], even under cryogenic conditions [9, 10].

The majority of such applications build on methods for
efficient optical NV spin initialization [11, 12] and read-
out [13, 14] — two key features that result from prop-
erties of the NV’s orbital excited states. At temper-
atures 7' 2 100 K, orbital averaging allows for a de-
scription of the NV excited states as an effective spin-
1 system, with spin states |—1), |0), |1), characterized
by the magnetic quantum number along the Nitrogen-
Vacancy axis[15, 16]. Initialization and readout of the
NV’s ground-state spin-1 system then result from opti-
cal transitions being largely spin-conserving for |0), while
excited state spin levels |+1) show a non-radiative inter-
system crossing into NV spin singlet states, followed by
relaxation into the NV triplet ground state [1].

At cryogenic temperatures, however, this effective
spin-1 description of the NV excited states does not hold,
since orbital averaging slows down and becomes negligi-
ble at temperatures T' S 20 K [15, 16]. The question how
the emerging and rich orbital excited state structure af-
fects the NV’s photo-physical properties is of relevance to
most low-temperature experiments on NV spins, but has
received remarkably little attention thus far. Previous
work on NV ensembles has already attributed variations
of NV photoluminescence (PL) with magnetic field to
mixing of the excited states, but a complete picture was

obscured by ensemble averaging [17]. Conversely, for sin-
gle NVs, only the regime near zero magnetic field and
few fixed higher field values have been explored thus
far [16, 18]. At the same time, consistent observations
of significant reductions in NV PL and spin-readout con-
trast have been made in the context of low-temperature
NV magnetometry [10, 19], but remain unexplained up
to now.

To address these questions, we present a systematic
study of the photo-physical properties of individual NV
centers at cryogenic temperatures. Specifically, we study
the dependence of the NV PL rate on static magnetic
fields, Bnv, applied along the NV axis. We observe sig-
nificant PL reductions, at well-defined, strain-dependent
values of By, that we assign to NV excited state level
anti-crossings (ESLACs), which result in efficient NV
spin mixing and subsequent intersystem crossings. The
Bnv values where the ESLACs occur further allow for an
extraction of the NV’s orbital g-factor, g;. Interestingly,
we find previously reported values of g; to be inconsistent
with our observations for NVs experiencing high strain,
suggesting a strain dependence of ¢g;. In addition, our re-
sults provide new insights into (i) the mechanisms of NV
charge state conversion and (ii) the efficiency of NV spin-
initialization and readout, which are valuable for efficient
NV-based quantum sensing under cryogenic conditions.

Our experiments are performed using a confocal opti-
cal microscope with samples held at temperatures T ~
4 K in a closed-cycle refrigerator with optical access and
three-axis vector magnetic field control. Optical excita-
tion is performed with green, continuous-wave laser exci-
tation at power levels close to saturation of the NV’s opti-
cal transition. For optical detection, we use an avalanche
photodiode and appropriate color filters to detect PL
predominantly stemming from the NV’s negative charge
state, NV, with corresponding PL photon count rates
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FIG. 1. (a) The NV~ photoluminescence (PL) signal, I}, as a function of magnetic field, Bnv, for a typical “low strain”
NV, NV1-S1 (transverse strain parameter 6, = 4.444(3) GHz). (b) Same as (a), but for an NV center exhibiting more strain
(6. = 38.6(7) GHz). The common I}, dip at Byyv = 102.5 mT in (a) and (b) originates from the well-known ground-state
level anti-crossing (GSLAC), while additional dips result from excited-state level anti-crossings (ESLACs). Grey lines are fits
to our model (see text and [20]). All data were recorded at a temperature T~ 4 K. (c¢) Example of NV~ excited state energies
for an NV experiencing even higher strain (6, = 55.9 GHz). Labels indicate the orbital- and spin degree of freedom of the
states. (d) Bnv dependence of Ig; for NV3-S2 with 6, = 55.9(6) GHz. The vertical arrows assign the observed Ip; dips
to the corresponding ESLACs shown in (c). (e) PL intensity I5; as a function of Byv and 01, calculated from a classical
rate equation model for the 10-level system illustrated in (e) (for details see[20]). Labels in (e) indicate which ESLACs are
responsible for the respective PL dips, while horizontal lines show the §, -values for the NVs presented in panels (a), (b), and
(d). Inset: Electronic levels and transition pathways considered in simulating the magnetic field dependence of I5; . The NV~
excited state energies are illustrated for the limit of large strain.

Iy

We first investigate individual NV centers in two
(100)—oriented, single-crystal “electronic grade” dia-
monds (Element-Six), grown by chemical vapour depo-
sition. These two samples differ in the nature of their
NVs: In sample S1, we study naturally occurring NV
centers, several microns deep in the bulk, while in sam-
ple S2, ~ 10 nm deep NVs have been created by “N*
ion implantation at 12 keV and subsequent annealing.
These two types of NV defects were chosen for study-
ing a broad range of local strain, which is known to be
increased for NVs implanted close to the diamond sur-
face [21]. To enhance NV PL collection efficiencies, dia-
mond solid immersion lenses and nanopillars were struc-
tured on samples S1 and S2, respectively, with methods
reported elsewhere [22-24].

Figures 1a and b show representative data of I, as
a function of Byy, for two NV centers, NV1-S1 and
NV2-S2 (where NVE-SI denotes the k-th NV located in
sample SI). For both NVs, I (Byv) shows several dis-
tinct, narrow local minima (“dips”) at specific values of
Bynv. The prominent, narrow dip at Byy = 102.5 mT
results from the NV’s well-known ground-state level anti-
crossing (GSLAC) [25] and is present for all NVs we inves-
tigated. Conversely, the multiple additional dips, which
occur reproducibly for each NV, only at different values

of BNy, are thus far unaccounted for.

We attribute the observed Ip; dips (excluding the
GSLAC) to ESLACs, which result in spin mixing and
subsequent population shelving into the NV~ singlet
manifold. Figureslc, d exemplify this concept for NV3-
S2, where we show calculated NV~ excited state ener-
gies[1, 16, 26] (described below) alongside a measure-
ment of I} (Byy) to illustrate the coalescence between
two ESLACs and the associated Ip; dips.

To obtain further, quantitative insights, we employ an
extended version of a classical rate-equation model of
the N'V’s magnetic field-dependent photo-physics [12, 17],
where we now explicitly take into account the full, low-
temperature excited state level structure of NV~ [26] (see
Fig. le, inset, for the electronic states and population de-
cay channels taken into account). For our calculations,
we fix all transition rates to literature values by Gupta
et al. [27][28], and only leave the relevant parameters of
the NV~ excited state Hamiltonian as free variables.

The energy splittings of the NV~ excited states sen-
sitively depend on lattice strain transverse to the NV
axis. Such strain can result from electric fields or crystal
stress [26], which we combine into a single perpendicu-

lar strain parameter 6, = ,/d2 + 62, where d,(,) are the

corresponding strain parameters along x and y (Fig. 1b,



inset). We then calculate the NV 3E state energies by
the Hamiltonian [1]

I:IES = HFS + 6w&z + 6ya-$ + KB (gla-y + geé’z)BNV7 (1)

where Hpg is the fine structure Hamiltonian of the 3E
manifold [1], 6; are the Pauli matrices representing the
excited state orbital operators in the basis {E,, E,} (the
eigenstates of Hpg in the limit 6, > ||Hpsl|), S. is the
S = 1 spin operator along the z-axis, up = 28 GHz/T
is the Bohr magneton and g;(.) is the orbital (electron)
g-factor (go = 2.01[1]). Figure le shows the resulting
model prediction of I5; (Bny) for varying 6, and shows
the strong dependence of the various I, dip locations on
d. . This explains the strongly varying I (Bnv) traces
we observe between different NVs, which naturally expe-
rience different levels of §; . Conversely, a measurement
of I (Bnv) offers a sensitive tool to determine §; on
the level of single NVs — a task that otherwise requires
complex spectroscopic techniques [16].

We use our model to fit all I} (Byv) data presented
in this work, where grey lines overlaid on data show the
resulting fits. For the fits we only left §,, and a small
misalignment angle in Byy (and g; in the case of NV1-
S1 — see below) as free parameters in Hamiltonian (1).
In addition, we allow for scaling constants for contrast
and normalization of I, and a parameter describing the
relative excitation efficiency into orbitals E, and E, [15]
to vary. All resulting fit parameters with errors are re-
ported in [20]. We note that despite these few degrees of
freedom, our model yields excellent fits for NVs experi-
encing a large range of strain-values, from 6, < |[Hpg]|
(Fig. 1a) to 6, > ||Hps|| (Fig. 1b).

However, we observe significant deviations when study-
ing It (Byy) for more highly strained NVs at elevated
magnetic fields. There, our model predicts two addi-
tional It dips (labelled Eg(y) “ E;t(i) in Fig. le), which
arise from spin-mixing ESLACs between orbitals F, and
E,. To experimentally address this regime, we investi-
gate single NV defects hosted in the (111)—oriented, elec-
tronic grade diamond S3[29]. Figure 2a shows low-field
I (Bny) data for the representative NV4-S3, where a fit
(light blue) yields 6, = 42.3(5) GHz[20], for which our
model predicts the Eg(y) > E;t(i) dips to occur at Tesla-
range magnetic fields (Fig. 2b, light blue). Importantly,
the Eg(y) > Eyi(;) dip location depends sensitively on g;
(blue traces in Fig.2b and Fig.2c), while the locations
of the “low-field” Iy dips shown in Fig.2a are largely
independent of g; (Fig.2d). Conversely, an observation
of the E,,) + Ey) LACs yields a sensitive determi-
nation of g; on the level of single NVs. For NV4-S3 or
any other NV we studied in sample S3, we were unable
to observe the Eg(y) E;t(i) ESLACs, despite exten-
sive experimental efforts; an observation which could be
explained by an unexpected increase of g;. Specifically,
for the §, value of NV4-S3, ¢g; =~ 0.8 is the lowest value
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FIG. 2. (a) Ip; (Bnv) data (red) for NV4-S3 in the “low-

field” regime (Bxv < 150 mT). The model fit (blue) yields
01 = 42.3(5) GHz and is largely unaffected by the value of
g1 (g = 0.14...0.9; light to dark blue). (b) Same as (a) for
stronger magnetic fields. Blue-shaded curves show model pre-
dictions (vertically offset for clarity) for ;. = 42.3 GHz and
g1 = 0.14...0.9 (see labels). (c) Calculated *E excited state
energies for g; = 0.14 and ¢g; = 0.9. Dashed circles highlight
the position of the Ey () <+ Eyy (green) and Ey () < Eyy)
(gray) ESLACs. (d) gi-dependence of the Bxy values at which
various ESLACs occur. Shaded areas correspond to the prop-
agated fitting errors in ¢, from (a).

consistent with our observations (Fig.2d), and we find
similar conclusions for ~ 10 further NVs with compara-
ble values of 6, where we examined Ip; (Byv) for Byy
up to 5 T[20].

Our observations thus suggest a surprising, strain-
induced enhancement of the orbital g-factor of NV~
over reported literature values g; ~ 0.1...0.22[17, 30—
32]. Such an effect has not been discussed in literature
thus far, but can be made plausible by qualitative ar-
guments. At low strain, the NV’s orbital excited states
are near-degenerate, which allows for Jahn-Teller cou-
pling to lead to a reduction of orbital angular momen-
tum [31, 33]. With increasing strain, the energy split-
ting of the states increases, which suppresses Jahn-Teller
mixing, and thereby restores orbital angular momentum,
leading to an increase of g; towards the classical value
gi = 1. While a complete theoretical description of this
suggested g; enhancement is still lacking and beyond the
scope of this work, we expect our findings to trigger fur-
ther theoretical work on the topic.

Our method of monitoring Iy, versus Byy also of-
fers insights into the charge dynamics of the NV center.
Specifically, we conducted experiments where we chose
appropriate color filters[20] to record the PL intensity
I3, from the neutral charge state, NV (Fig. 3a,b). Strik-
ingly, we find that all previously described I, dips are
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FIG. 3. (a) Magnetic field dependence of the NV® PL rate,
I3 (Bxv), for NV1-S1 and (b) NV2-S2, along with the cor-
responding I -data (gray data-points taken from Fig. 1a,b,
but rescaled for clarity). Gray lines are theory predictions
based on the fits shown in Fig.lab. (c) Electronic states
of the NVO-NV~ system, with corresponding (de-)ionization
rates, used to include charge-state dynamics into the model
introduced in Fig. 1f.

mirrored by peaks in I3; . While the resulting buildup of
NV? population remains small (and therefore only min-
imally affects our conclusions thus far), our model can
be extended to include previously reported NVO<sNV~
(de)ionization processes |34, 35] (Fig.3c). Importantly,
within our model we can only explain the observed I3
peaks by including a recently proposed [34], decay chan-
nel from the NV~ singlet state 'E to the ground state
of NV? — without this process our model yields dips in-
stead of peaks in I3;. Using the previously measured
(de)ionization rates[34, 35|, our model then yields a
quantitative prediction for I3; (Bnv), without any free
fit parameters, other than scaling constants for contrast
and normalization of I, (grey lines in Fig. 3a,b).

The ESLAC induced dips in Ip; also have impor-
tant implications for the magnetic-field sensitivity in low-
temperature NV magnetometry. Indeed, the dips in I,
are accompanied by corresponding dips in the spin read-
out contrast C of optically detected magnetic resonance
(ODMR) [36]. Figure4a shows the evolution C(Byy) for
NV5-S2, while two exemplary ODMR traces recorded at
and away from an I dip (Bnv = 0 and 200 mT, re-
spectively) are shown in Fig.4c. This combined reduc-
tion in Ip; and C severely affect the NV’s magnetic field
sensitivity n. Using the well-established estimate [13, 37|
n = 34%%1\/?7”@, where Av is the ODMR linewidth,
and ynv = 28 GHz/T the NV’s gyromagnetic ratio, we
extract n(Bny) shown in Fig.4b. Compared to typical
sensitivity values n ~ 3 uT/Hz"-> away from the ESLACs
(e.g. at Byv &~ 200 mT), n drops by almost an order of
magnitude on the I, dips.
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FIG. 4. (a) Dependence of the optically detected magnetic

resonance (ODMR) contrast on magnetic field Byv for NV5-
S2. The microwave field amplitude (Rabi frequency) was held
constant while varying Bxv. (b) Magnetic field dependence of
the magnetic field sensitivity extracted from data (see text).
Dark grey lines in a and b show theory predictions based on
independently recorded Ip; (Bnv) data (see[20]). (c¢) Exem-
plary ODMR traces recorded at values of Byv (dotted circles
in (a)), where magnetic field sensitivity is maximally (left) and
minimally (right) affected by excited state level anticrossings.

For nanoscale NV magnetometry, which exploits near-
surface NV centers for which we consistently find 6; >
20 GHz (Fig. 1f), this decrease of magnetometry perfor-
mance predominantly affects magnetometry at Byy S
100 mT (c.f. Fig. 1f). The fact that all such “shal-
low” NVs exhibit significant values of §, can be as-
signed to internal electric fields due to band bending near
the diamond surface [21, 38], or to near-surface crystal
stress [39]. Magnetic field sensitivity for such NVs could
in the future be restored by materials engineering to re-
duce §; near diamond surfaces, by working with NVs
oriented normal to the diamond surface[40] or by har-
nessing the dependence of the I5; dip depth on the exci-
tation laser polarization [15, 20]. Further improvements
could be achieved by optimising laser excitation powers
or by exploiting resonant laser excitation where specific
ESLACs could be avoided by choosing the proper laser
excitation frequency.

Our work on the low temperature magnetic field de-
pendence of NV fluorescence rates offers a simple, yet
precise and quantitative tool to characterize the excited
state structure of individual NV centers. These findings
not only offer insights into the NV center orbital struc-
ture and charge dynamics, but are also relevant to ap-
plications in quantum information processing and quan-
tum sensing, where precise knowledge of the excited state
structure is key. Exploring the temperature-dependence
of the Ip; dips would constitute a worthwhile extension
to our work that might offer further insights into or-
bital averaging processes that dominate the NV’s photo-



physics at elevated temperatures[15]. Importantly, the
method we demonstrated and applied here is not lim-
ited to NV centers alone — the excited state structure of
any colour center exhibiting dark states that can be pop-
ulated through magnetic field tunable ESLACs, such as
the neutral Silicon-Vacancy center in diamond [41], could
be investigated as well.
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Theoretical description

NV spin Hamiltonians

To obtain further, quantitative insights, into the photo-physics of NV centers at low temperature we employ an
extended version of a classical rate-equation model of the NV’s magnetic-field dependent photo-physics [12, 17|, which
explicitly takes into account the low-temperature excited state structure of NV~ [26].

For an appropriate description of the NV photo-dynamics at low temperatures one needs to consider both the
ground and excited states Hamiltonians. Here we describe the model using the Hamiltonian previously described by
Doherty et al [1] but this process can also be performed using the alternative Hamiltonian form described by Maze et
al [26].

The canonical spin-Hamiltonian of the NV spin’s ground state Hamiltonian is

Hys = Dygs |52 = S(S+1)/3 1] (2)

where Dy ~ 2.88 GHz, S = 1 for a spin 1 system, S. is the spin operator and 13 is the identity matrix. The NV
spin’s internal hyperfine coupling and quadrupole moment are neglected as we observed no additional effect from
these terms.

The NV spin’s ground state level structure is further modified by static electric (E), magnetic (B) and strain (4)
fields, whose contribution is given by

Voo = 1598 Bx + 1pgi (SeBo + 8By ) + dl (E. +6.)[$2 = S(S +1)/3 15 )
1 &2 G2 1 o & g Q& ( )
A (By 4+ 0,) (82 82) + (B, +6,) (S28, + 8,5..),

where up is the Bohr magnetron, gé‘,ls and ggLS are the components of the ground state electronic g-factor tensor, dgs
and d;-s are the components of the ground state electric dipole moment. The electric field and reduced stress tensor
terms are treated as a single effective electric field.



The excited state of the nitrogen vacancy is an orbital doublet whose nature is masked at higher temperatures due
to an orbital averaging. The low temperature fine structure of the NV spin is given by the effective Hamiltonian,

Heoy = 1@ DIl [52 —S(S+1)/3 13]
~ Aoy @8.+ DL (6@ (52— 82) — 6a @ (85, + 8,5, )| (4)
25|60 (58 +8.5,) — 6. @ (8,8, +

where o, , . is the standard two level Pauli spin matrices, D!S and Dj-s are the spin-spin interaction terms, and )\LJS
and \Z, are spin-orbit interaction terms. This excited state Hamiltonian results in two spin-1 systems, one for each
of the two orbital branches.

The influence of external field on the NV spin’s excited states level structure is given by,

VET — il (Ez - 52) 1o ® 13 4 d, (Ez + 51) 6. @13 —d (Ey + 5y) o, @13
X . R (5)
+upllB. 6y © s+ 1@ pup gl B. 8. + s g2 (Bwsz + BySy)

where d!s and dZ, are components of the electronic dipole moment, l!s is the orbital magnetic moment also referred
as g, the effective orbital g-factor and g!s and g, are components of the electronic g-factor tensor.

Transition rate equations

For an appropriate description of the photo-dynamics of a single NV at low temperatures one needs to consider
the interplay between the three levels in the ground state, the six levels in the two orbital branches of the excited
state and the metastable singlet. The singlet can be reduced to one state with rates in and out of it [42], leaving
ten states. We employ an extended version of a classical rate-equation model of the NV’s magnetic-field dependent
photo-physics [12, 17].

The states for the rate equation are defined as:

Ground state:

1) =743
2) =247
[3) =2A7"
Excited state:
— 370
|4) =°E,
—3p-1
15) ="E,
— 3+l
6) ="E,
7) =°E3
I8) =3F !
9) =B}
Combined singlet state:
|10) =14, /'F

Where the Eigenstates are give in the same notation as the main text. Which is X™s, where X including the
pre superscript and post subscript denote the orbital branch and the post subscript ms denotes the spin level, e.g.
E;' = |E,,—1) = |orbital state,spin state).

The NV~ can be optically excited with a green laser through a dipole-allowed transition to the excited state, which
is a spin conserving. This excitation does have a polarization-dependence, which is due to selection rules. However,



this dependence is suppressed due to the non-radiative decay observed from the non-resonant optical excitation [15],
leading to a small effect on the populations in the two excited state orbital-branches. Once in the excited state
manifold, the NV spin can decay back to the ground state through two different decay channel: a radiative and
an non-radiative decay. The radiative decay is directly from the excited state back to the ground state. While the
non-radiative decay path is through the inter-system crossing (ISC) to a metastable singlet state, where a difference
in the rates from the ms = 0 versus m, = %1 spin states is observed [12].

We begin with transition rates between ground- and excited-states with zero external field, i.e. where the spin
quantum number is still well defined. Where these rates have been experientially measured [12, 23, 27]|. The basis of
the transition matrix are the ten eigenvectors ‘i0> with i = 1,...,10. labeled with subscript © indicating that this is
the basis at zero field.

In the following we make the assumption that spin conserving relaxation rates from the excited to ground states
are the same for each spin state and that the non-spin conserving transitions are zero. The non-spin conserving
transitions rates have previously been shown to only be a few percent compared to the spin-conserving one [23].

The zero-field pumping rate can be assumed to be the respective relaxation rates from the excited state to the
ground state k, (where the r stands for radiative) multiplied by a pumping parameter § which is proportional to laser
power. To capture the polarization dependence of the excitation we separate this pumping parameter into one for
each orbital state g, and Bg,. The transition rates from the ground to excited states are thus defined as

k|10 )—40) =Pe, k k‘010>~)‘70) = Be, kr
k|20 )—150) =Pe, k k\OQO)ﬁ\SO) = Be, kr (6)
k|30 y—]69) 5E k\30 )—99) =Pe. k

where the direct radiative decay transition rates from the excited to ground states are define as

kyo) 10y = ki k7o) 0y = ki
K50y 20y = kr Kjgoy s 120y = ki (7)
ki) 30y = ki Kooy 130y = kr

The transition rates from the excited states to the metastable state are spin dependent and defined as

k\()40>—>\100) = Knro k\o7“>—>\100) = knr,
k\050)—>\100> = knro, k\080>—>\100) = knro, (8)
k\o60)—>\10°) = k'm“il k‘ogo>_)‘100> = k'm«il

where kpry < knry, [12].
The rates from the metastable state to the ground states are similar for all spin states and defined as,

k?lOO)—>\10) = Fmg
k?lO“)—>\20) = k"”:tl (9)

k?wO)—>\30) = km:tl

where K,y ~ Kk,
In a typical optically detected magnetic resonance (ODMR) measurement the spin population is transferred between
the spin states of the ground state via an applied microwave field, and are defined as

0 0
K10y 20 = K20y iy = Baaw,

k\()1°>—>|3>° = k|030>%|10) = kpw,

(10)
where kprw, is the driving transition rate on resonance with the x transition between the |0) and |z) states. These
rates are only non-zero when modeling the effect of the level anti crossings on ODMR in the main text.

All these transition rates have been measured experimentally, shown in Table. In the model we used the parameters
from Gupta et al. [27], which we found the best agreement with our data.
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Reference ki Knro Ky kmq kmy,
Robledo et al. [43] 65 11 80 3.0 2.6
Tetienne et al. [12]  65.9 7.9 53.3 098 0.73
Gupta et al. [27] 66.8 10.5  90.7 4.8 2.2

TABLE I. Experimentally measured transition rates at zero field. All of the rates are in MHz.

We can now define the transition rate matrix at zero-field in this 10-level model. The transition matrix, Q°, gives
the rates at zero electric, magnetic and strain field and is defined as

0 kvyw_, kuw, Be, kr 0 0 PBg, ke 0 0 0
kvw, 0 0 0 Buke 0O 0 Bpk 0 0
karw, 0 0 0 0 Bg, k O 0 B,k 0
k- 0 0 0 0 0 0 0 0 knro
o | o ke 0 0 0 0 0 0 0 Koy,
Q= 0 0 k.. 0 0 0 0 0 0 knroy | (11)
k., 0 0 0 0 0 0 0 0 Enrg
0 k., 0 0 0 0 0 0 0 knry,
0 0 k., 0 0 0 0 0 0 knry,
[ S S | 0 0 0 0 0 0

This zero field transition matrix is extend to arbitrary fields by calculating the spin-state overlap. Since the new
eigenstates are a linear combination of the previous eigenstates the scalar product is used to evaluate the corresponding
overlap,

10
i) = Z ai; |5°) (12)

where «;; is the projection of the new state |i) onto the zero-field basis states |j). This resulting transition matrix
which depends on the magnetic field B, the electric field E and the stress field § is:

10 10
Q(B,E,b);; = Zza?nglail' (13)
k=11=1

With this transition matrix a classical rate equation for the system can be defined where NN; is the population in
each state and M is the rate equation matrix. We assume that this is a closed loop system, which impose the inclusion
of diagonal terms such that,

10 e
M. = p—1 —Qix 1= (14)
1 — .- .
Qji ifi#j
The rate equation problem is stated in the following equation:
dN;
= MN; 15
pn (15)
Where the populations in the steady state is given by the smallest eigenvalue and is normalised such that
. N;
Zj:l N;

The photoluminescence of the NV~, I , is calculated by summing over the relevant radiative transitions from the
excited state to the ground state and populations of these states, such that

3 3
Ipy, = Z ZQijNi+ Z ZQijNi- (17)

i=4,5,6 j=1 i=7,8,9 j=1
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Additional modification to the photoluminescence such as background fluorescence, Ik, and collection efficiency,
Teollection, can also be introduced, such that

II;L = I’;otal = ncollectionIEL + Thek- (18)

The ODMR contrast C is calculated by the photoluminescence I, L with and without a driving field in the grounds
state. For example, with a microwave driving between [1) (*A9) and |2) (*A5'), the contrast can be determined by
calculating,

Iy (kpw = 0) — Ipy (kvw_, #0)

C pr—
Irr(kpyw_, =0)

(19)

Extension of rate equation model to include NV°

To account for possible charge state change between NV~ and NV we extend the model to include the energy
levels of the NV© as well as transition rates between the two charge states. The NV° consists of two eigenstates, one
ground state |11) and an excited state |12):

|11) =2E
|12) =24

The transition within the NV charge state and between the two charge states are defined as follows:
From the excited state of the NV there is a direct radiative decay down to the NV ground state:

kj120y 5110y = ki o (20)

The transition rate from the ground state to the excited state of the NVV is defined as the product of the radiative
transition rate and the pumping power Byvo, such that

kji10y 120y = B ki - (21)
The recombination rate from the NV? excited state to the NV~ ground state is given by
k|120>—>\10> = krecomb
k|120)—>\20> = krccomb (22)
k|120>ﬁ‘30> = krecomb

The ionization rate from the NV~ excited state to the NV? ground state is given by

Kja0)—[110) = Kion kj70y 1110y = Kion
k|5°>—>|11°> = Kion k\80)—>\110) = Kion (23)
kj6o)—(110) = Kion Kj90y 110 = Kion

The recombination rate and ionization rate in the dark between the ground state of the NV° and the ground state of
the NV—.

k|10>_>|110> = Kdarkion k|110)—>\10> = kdarkrecomb
k|20>_>|110> = Kdarkion k|110)—>\20) = kdarkrecomb (24)
k|30>‘>|110> = Kdarkion k|110)—>\30> = kdarkrecomb

where for continuous wave excitation the dark ionization and recombination rates are effective zero, kqarkrecomb =
kdarkion = 0.
Additionally, we include a newly postulated shelf ionization transition [34] which goes from the metastable state to
the NVY ground state and is laser driven:
k|100>~>|110) = Kshelfion (25)

The rates for these charges state from the literature adapted to our nomenclature are found in Table.
The photoluminescence, I9; , is calculated by looking at the population and the transition rate of the radiative
transition of the NVY. The rates are given by the corresponding transition matrix Q(B, E, 0)ij.

Iy, = Q11,12 N (26)

Where both background counts and collection efficiency can be included in the same fashion as in the NV .
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Reference kr VO Kion Krecomb Kshelfion kdarkion Kdarkrecomb
Craik, et al. [34] 50 0.0378k, 0.86k, 0.368k 100 300

TABLE II. Experimentally measured transition rates for the NV° and the transitions between NV® and NV~. All of the rates
are in MHz.

NV-Sample 6, (GHz) ¢5 (°) el 0z (°)  Pr, BE, I, (cps)
NVISI  4.444(3) -11.6(1.3) 0.1395(9) 1.14(3) 0.0221(3) 0.0242(5)  4378(92)
NV2-S2  386(7)  1(59)  (fixed to 0.14) 0.61(3) 0.085(5)  0.186(14)  70910(244)
NV3-S2  55.9(6) -32.2(6) (fixed to 0.14) 0.502(10) 0.240(6)  0.64(2)  9091(231)
NV5-S2  32.0(5) -29(3)  (fixed to 0.14) 0.20(2)  0.43(3) 0.52(5) 83108(883)
NV4-S3  423(5)  -26(2)  (fixed to 0.14) 1.06(3) 0.102(3)  0.164(7)  158011(234)

NIAZANIANG

TABLE III. Summary of the fit results of the I spectra.

Description of fitting methods
Magnetic field dependent photoluminescence of the NV

Using the model described in Section, we fit the PL spectra as a function of magnetic field, using the rates from
Ref. [27]. In general, the model is over constrained and as a consequence requires some approximations in order to
fit accurately and physically. The full model would include 14 parameters: three magnetic field components, three
electric field components, three stress parameters (shear stress is ignored), two pumping rates, the collection efficiency,
the background counts, and the effective g-factor. We treat the combination of the electric field and the stress as one
effective stress field, reducing the six corresponding parameters to three. Furthermore, the positions of the ESLACs
are independent of the z-component of the effective strain parameter, which is thus disregarded from the fit. We
parametrize the magnetic field in spherical coordinates, with the tilt angle of the magnetic field away from the NV
quantization axis denoted as fp. In our experiments, the magnetic field alignment is such that 5 ~ 0, in which case
the azimuthal angle ¢ of the magnetic field has no significant effect on the NV excited state spectrum and we set
¢p = 0. Finally, we define the photon collection efficiency 1 to be constant and identical to all NVs and set n = 0.005.
This leaves the fit with only 8 parameters, such that:

Iy, = f(Bnv, 08,01, ¢s, BE,, B, Tbek: g1) (27)

where §, = /02 + 55 and ¢s is an angle such that §, = ¢, sin(¢s) and §, = &, cos(¢s).

As discussed in the main text, the effective g-factor, g;, can only be confidently determined in the low stress regime.
We thus let g; vary as a free fit parameter for NV1-S1 only, but keep this parameter fixes for all NVs with more
elevated strain values. There, we set g; = 0.14 — the value determined on NV1-S1. As we argue in the main text, g;
varies with strain, and fixing g; for these NVs might therefore introduce certain systematic errors in our fits. However,
as illustrated in Fig.2d (lower panel), the magnetic field values at which the Eg(y) e E;(z) ESLACSs occur, depend
only very weakly on the value of g; and we therefore consider these errors to be close to negligible.

All of the fit results are summarized in Table., and the fits from the NV’s mentioned in the main text are shown
in Figures 5 to 9.

Magnetic field dependent photoluminescence of the two NV charge states

The NV PL can be fitted with the above presented 12-level model including the NV° ground and excited states.
The physical parameters for the NV (65, 61, ¢5, BE, , Br,) which have been extracted from the fit to the corresponding
NV~ PL data, are used as constant parameters in the model and are not fitted. As a pumping parameter for the NV°
and the laser power dependent shelf-ionization rate from the singlet we take the average between the two pumping
parameters to the two NV~ ES orbitals.

The only free parameters left are scaling parameters such that:

Il(?]’L = f(nNVOalgck) (28)

where 7y is the collection efficiency for the NV? PL and Igck are the background counts in the wavelength spectrum
of the collected NV° PL.
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FIG. 5. NV~ photoluminescence (PL) signal, I5;, as a function of magnetic field, Bxv, for NV1-S1. The fitting values are:
01 =4.444+0.003GHz, ¢5s = —11.6+1.3°, g; = 0.1395+0.0009; B field misalignment: 6§ = 1.14+0.03°; Excitation and scaling

parameters: Sz, = 0.0221 £0.0003, S, = 0.0242 + 0.0005, I, , = 4378 & 92cps;
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FIG. 6. NV~ photoluminescence (PL) signal, I5;, as a function of magnetic field, Bnv, for NV2-S2. The fitting parameters are:
01 = 38.6+0.7GHz, ¢s = 1£59°; B field misalignment: 6 = 0.61+0.03°; Excitation and scaling parameters: g, = 0.08540.005,

Br, = 0.186 + 0.014, I;,, = 70910.429 + 244.9818cps;

Due to the new decay channels in the model also the NV~ PL needs to be rescaled when using the 12-level model.
We found that merely with leaving the Iy as a free parameter gives good accordance with the data. This leaves the

fit to the NV~ PL with:
II;L = f(Ib_ck) (29)

where I, is the background counts in the wavelength spectrum of the collected NV~ PL.

The NV? PL exactly mirrors the dips of the NV~ with peaks. This behavior cannot be explained solely by the
known ionization and recombination processes between the two charge states. Considering only them would lead to
the same dips as there are in the NV~ PL instead of the observed peaks. However when introducing the recently
proposed channel from the NV~ singlet to the NV ground state this behavior can be explained with our model.
Even when leaving more free fit parameters, without a certain minimal value for the shelf-ionization rate the behavior
of the data cannot be reproduced. The fits produce a larger value of background fluorescence counts in the fitting
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FIG. 7. NV~ photoluminescence (PL) signal, I}, as a function of magnetic field, Bxv, for NV3-S2. The fitting parameters
are: 6, = 55.9 £ 0.6GHz, ¢s = —32.2 £ 0.6°; B field misalignment: 6 = 0.502 £ 0.010°; Excitation and scaling parameters:
Br, = 0.240 £0.006, BE, = 0.64 £+ 0.02, I, = 9091 £ 231cps;
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FIG. 8. NV~ photoluminescence (PL) signal, I5;, as a function of magnetic field, Bxv, for NV4-S3. The fitting parameters
are: 0, = 42.3 + 0.5GHz, ¢s = —26 + 2°; B field misalignment: 6 = 1.06 + 0.03°; Excitation and scaling parameters:
BE, = 0.102 4 0.003, Bz, = 0.164 + 0.007, I;,, = 158011 + 234cps;

values of the NV~ data. This increase could indicate some small discrepancy with the ionization, recombination and
shelf-ionization rates and/or their dependence on laser power.

NV-Sample nyyo Ipa. (cps) Tpe (cps)
NVI-S1 0.00132(3) 1258(11) 7980(8)
NV2:S2  0.001820(7)  7963(10) 79176(52)

TABLE IV. Summary of the fit results of the I3;, and I, spectra.
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FIG. 9. NV~ photoluminescence (PL) signal, I}, as a function of magnetic field, Bxv, for NV5-S2. The fitting parameters
are: 0, = 32.0+ 0.5 GHz, ¢s = —29 + 3°; B field misalignment: 6 = 0.20 & 0.02°; Excitation and scaling parameters:
BE, = 0.43+0.03, 8g, = 0.52+£0.05, I, = 83198 4883 cps; The strain values are used to calculate the ESR contrast and the
sensitivity in Fig. 4. The scaling parameters have been adapted due to the different laser power during the ESR experiment.
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FIG. 10. NV~ photoluminescence (PL) signal, I8, as a function of magnetic field, Byv, for NV1-S1. The fitting values for
NV? and NV~ PL are: nyy0 = 0.00132 & 0.00003 and the background fluorescence for NV° I, = 1258 4 11; the background
fluorescence for NV~ I, = 7980 £ 8;

Experimental details

Experimental apparatus

The NV experiments are performed in a closed-cycle refrigerator (Leiden Cryogenics, CF-CS81) with a
(Bz, By, B;) = (1,1,5) T vector magnet. All of the measurements were all performed at a temperature of around 4 K.
The cryostat possesses free-space optical access allowing the optical initialization and read-out of the NV through a
confocal microscope with a green excitation laser at 532 nm (Coherent Compass 315M), where the excitation polar-
ization is controlled with a liquid crystal polarization rotator (Thorlabs LCR-532). The NV PL read-out is performed
with an avalanche photo-diode (Excelitas SPCM-AQRH-33) with a 650 nm long-pass filter (Thorlabs FELH0650) for
the NV~ or a 600/52 nm bandpass filter (Semrock FF01-600/52-25) for the NVY. An example of these filters on a dia-
mond nanopillar can be seen in Figure 12. The NV spectrum is obtained with a spectrograph (Princeton Instruments,



16

10 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Magnetic field BNV (mT)

FIG. 11. NV~ photoluminescence (PL) signal, I3, as a function of magnetic field, Bxv, for NV2-S2. The fitting values for
NV® and NV~ PL are: nyy0 = 0.00182040.000007 and the background fluorescence for NV° I, = 79634 10; the background
fluorescence for NV~ I, = 79176 £ 52;
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FIG. 12. Optical emission spectrum of a single NV in a diamond nanostructure[22, 24]. The highlighted regions indicate the
regions of collected PL to separate the slightly overlapping spectra of the charge states NV° (orange) and NV (red).

HRS-500) and imaged with a low-noise camera (PIXIS 100).

The microwave control of the NV spin was performed using a constant microwave driving field from a signal generator
(SRS SG384) that was modulated via an IQ-modulator (Polyphase microwave, AM0350A Quadrature Modulator) and
an AWG (Spectrum generator NETBOX DN2.663-04). The microwave are then applied to the NV spin via a 25 ym
thick Al wire that the NV is brought into close proximity with. The NV photoluminescence is then measured via
gating the output of the APD with a TTL-router (in-house built, SP995) which is controlled via the AWG and whose
output is measured with a DAQ (NI PXIE-1073, PX1-6220).

Samples details

In the following, we provide additional details on the samples used in this work:
Sample S1 is identical to the sample used in ref. [23], where extensive details on the sample and sample fabrication
are given. The sample is a (100)—oriented, chemical vapor deposition (CVD) grown type Ila “electronic grade”
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diamond from Element 6. Solid immersion lenses were fabricated by focused ion beam milling around pre-localized,
naturally occurring NV centers located 5 — 15 um below the sample surface.

Sample S2 consisted of a commercially available, (100)—oriented, CVD grown type Ila “electronic grade” diamond
from Element 6. NV centers were created by '*N* ion implantation at 12 keV and subsequent annealing as described
elsewhere [44]. This procedure results in NV centers located ~ 10 nm from the diamond surface. To increase photon
collection efficiency from the NVs, cylindrical diamond nanopillars of ~ 200 nm diameter were fabricated in the sample
surface [44]. The sample fabrication procedure was tailored to yield an average of one NV center per diamond pillar.

Sample S3: is identical to the sample used in ref. [29], where extensive details on the sample and sample fabrication
are given. The sample was CVD grown by the group of J. Achard and A. Tallaire with methods described in detail
in Ref. [45]. NV centers were created in growth through controlled incorporation of N gas into the growth reactor.
Under the growth conditions used here, these leads to NV centers whose quantization axis is preferentially aligned with
the 111 growth direction and which typically show excellent spin properties [46]. We note that the sample exhibits
elevated fluorescence background levels from SiV centers which were inadvertedly introduced during sample growth.

Prior to our experiments, samples S2 and S3 were acid cleaned using a well-established acid cleaning technique,
details in Ref. [47]. This sample cleaning method leaves the diamond surface predominantly O-terminated. No acid
cleaning was employed for sample S1 to preserve pre-existing antenna structures on the sample surface. Given the
micron-scale depth of the NVs examined in sample S1, sample cleaning and surface termination are or minor relevance
to the behavior of NVs studies in this sample.

g factor measurements
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FIG. 13. NV~ photoluminescence (PL) signal, I5;, as a function of magnetic field, Bnv, for multiple NVs showed with an
offset. According to our model all of the shown NV PL spectra should show PL dips in the shown magnetic field range. They
are exemplary and show full field scans. Most of the performed scans were regions of magnetic field investigating of various
parts of the magnetic field. To determine the strain appropriately we performed high resolution scans at low magnetic fields.

For the measurement of the inter-branch level anti crossings F,(,) <+ Fy(,) at high magnetic fields, the 111 oriented
sample S3 was introduced to maximize the magnitude of Byy that we could access in our experimental setup equipped
with a 1T/1T/5T vector magnet. With all NVs, we proceeded as described for NV4-S3 in the main text: We first
characterized N'Vs with PL versus B measurements al “low” magnetic fields (c.f. Fig.2a in the main text) to determine
the effective strain parameter. After that we investigated Ip; (Bny) for Byv up to 5 T. Due to slow magnetic field
ramp speeds and occasional signal drifts, we mostly performed magnetic field sweeps over smaller intervals in Byv,
and only few measurements cover the entire range — those data are shown in Fig.13. Some of the data include a
low-frequency envelope, which results from system drifts during the magnetic field sweeps. The NVs we investigated
in S3 all showed ¢, -values on the range 30...50 GHz. According to our model, these NVs should all exhibit their
E.y) < Ey ) inter-branch ESLACs, and a corresponding I, drop, in the centre of the magnetic field sweep range
shown in Fig. 13, unless g; is significantly enhances, as discussed in the main text.
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Magnetic field sensitivity

In order to probe the effect of the excited state level anticrossings on the performance of magnetic field sensing,
single NV spins in nanopillars (Sample S2) were brought into close proximity (within 100 pm) of a 25 pum thick
Al wire. To remove frequency dependent performance of the microwave circuitry, at each magnetic field position
RABI measurements were performed to tune the microwave driving power to maintain an average w-time of 200 ns
(power broadened, results shown in main script) and 1 us (hyperfine resolved). The optically detected magnetic field
measurements where then performed with a standard pulsed ODMR technique [13] with these driving times and fitted
with Lorentzian functions.

We were not able to detect any statistically difference in the variation in sensitivity between the power broadened
and hyperfine resolved ODMR. Additionally, we did not observe any additional effect on the nuclear spin polarization,
which is starkly different to the room temperature excited state level anticrossing, where polarization of greater than
90% have been observed [48].

To compare the sensitivity and contrast with the model, we first fit the NV~ Ip[, spectra to obtain the parameters
from the model. These fit parameters are then used to predict the contrast of the ODMR as a function of magnetic
field, C(B). The combination of the fitted I3; (B) and the predicted C(B) are then used in conjunction with the
average ODMR width (small variation due to rabi tuning) to predict the sensitivity, n(B).

Polarization dependence of the NV PL

The optically pumping to the excited state orbital doublet has a polarization dependence. Therefore it is possible
to control the prominence of the dips in the PL which arise due to level anticrossing. The control is limited due to
the non-radiative relaxation after pumping [15].

Here we controlled the rotation of the 532nm excitation via a liquid crystal rotator with a 1000:1 extinction ratio
which was placed after the dichroic mirror before the objective.

In both the higher (Fig.14) and low stress regime (Fig.15) we found that we could change the contrast of the
peaks.While this is not a significant amount of tuning, it is possible that further tuning is possible through changing
the wavelength of the excitation as well as further optimization of the polarization control.

The NV? PL also shows a dependence on the laser polarization which can be seen in the upper part of Fig. 15.
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FIG. 14. Normalized NV~ photoluminescence (PL) signal, I; , as a function of magnetic field, Bxv, for two orthogonal laser
polarizations of an NV in S3. The two inter-branch LAC are well resolved. The initial drop in counts is attributed to a nearby
NV which is quenched with magnetic field.
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FIG. 15. Normalized NV~ photoluminescence (PL) signal, I}, and normalized NV? photoluminescence (PL) signal, I8, as
a function of magnetic field, Bxv, for the low-strain NV1-S1. Two orthogonal laser polarizations have been used. The NV°
signal shows a dependence on laser polarization at the same positions as the NV~ does. When the NV~ countrate decreases

at an ES LAC, the corresponding NV° countrate increases and vice versa.
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