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Abstract

The ready optical detection and manipulation of bright nitrogen vacancy center spins in di-
amond plays a key role in contemporary quantum information science and quantum metrology.
Other optically dark defects such as substitutional nitrogen atoms (‘P1 centers’) could also become
potentially useful in this context if they could be as easily optically detected and manipulated. We
develop a relatively straightforward continuous wave protocol that takes advantage of the dipo-
lar coupling between nitrogen vacancy and P1 centers in type 1b diamond to detect and polarize
the dark P1 spins. By combining mutual spin flip transitions with radio frequency driving, we
demonstrate the simultaneous optical polarization and detection of the electron spin resonance of
the P1 center. This technique should be applicable to detecting and manipulating a broad range
of dark spin populations that couple to the nitrogen vacancy center via dipolar fields, allowing for

quantum metrology using these spin populations.



Paramagnetic impurities in the solid state are a well-established platform for studies in
quantum information and quantum metrology.! Nitrogen vacancy (NV) centers are par-
ticularly important in this context, with recent demonstrations of heralded entanglement,
nanoscale nuclear magnetic resonance (NMR), and sub-picotesla magnetic field sensitivity.? >
These advances rely on the unique properties of the NV center that allow for optical spin
initialization and readout via off-resonant continuous wave (CW) illumination.’ Since NV
centers have long spin coherence times at room temperature and can be manipulated in
the few GHz frequency range, these defects lend themselves to a variety of measurement
schemes.”® However, these schemes rely on a unique set of transitions within the NV center
that are shared only by a few other spin systems such as di-vacancies in silicon carbide.”
Other defects present in diamond, such as substitutional nitrogen (P1 centers), also interact
with the NV center population via the dipolar interaction, and are an important source of
decoherence.'%12 These spins are not necessarily harmful: they can also be a major resource
for quantum information, serving as qubits, or they can be used to enhance the sensitivity
of NV center based magnetometry.'> > Since P1 centers are optically ‘dark,” they are not
as readily accessed as NV centers. It is thus important to develop straightforward methods

that allow for both polarization and detection of these dark spins for potential applications.

CW optically detected magnetic resonance (ODMR) has proven to be a powerful tool
for the measurement of small magnetic fields using NV centers. Additionally, when CW
ODMR is used with scanning probe NV center tools, it can provide a quick scheme for
the measurement of magnetic properties.!®!” In contrast, the methods for studying dark
spins have primarily used pulsed electron spin resonance (ESR) protocols. For instance,
double electron-electron resonance (DEER) has proven a versatile technique for detecting
the resonance and coherence of dark spins.!®!® Further, spin locking protocols have used the
Hartman-Hahn condition to both polarize and detect dark spin populations.'®!® The only
demonstration thus far of CW detection of P1 centers uses cross-relaxation spectroscopy,
but this approach is limited by the lack of polarization generated in the P1 centers, leading

to a very small signal.!?-20

In this article, we demonstrate a CW approach to polarizing the P1 center and we develop
a means of detecting this polarization via the ensuing electron spin resonance (ESR) spectra.
Recently, several features in the low field ODMR spectra of the NV center were studied and

attributed to mutual spin flip transitions between the NV and the P1 center.?! Here, we use



these transitions as well as optical pumping of the NV center to show that the polarization
of the NV can be transferred to the P1 center. Our approach is distinct from previous ones
that use mutual spin flip transitions to polarize nuclear spins due to the large difference in
relaxation rates: our method exploits the tuneability of the NV center optical polarization
rate to effectively increase the relaxation rate of the NV center. This allows us to move from
a regime where the NV and P1 center relaxation rates are effectively the same to one where
the NV center relaxes much more quickly, thus providing a means to generate polarization
of the P1 center. Further, adding a driving field on the P1 center ESR transitions provides

a way to translate the ESR into a detectable fluorescence change in the NV center.

The NV center is composed of a ground state and excited state triplet that are separated
by 1.94 eV. Using off-resonant excitation (532 nm), we excite electrons from the ground
state to the excited state through a phonon side band in a process that is mostly spin
conserving. Electrons decay through one of two mechanisms, either spontaneous emission or
non-radiative decay through an intersystem crossing composed of two singlet states. They
then relax to the ground state with a slight preference into the m; = 0 state. Because
the coupling from the mg = +1 states to the intersystem crossing is slightly larger, this
process leads to a buildup of polarization into the m, = 0 state and additionally to a higher
photoluminescence emission from the m, = 0 state over the my = +1 states, allowing for

spin readout.

In these experiments, we focus on type Ib diamond which has N concentrations of between
100-200 ppm, leading to high density ensembles of both NV and P1 centers after electron
irradiation. This high concentration leads to an average N-NV separation in the range of
3 — 5 nm, leading to a large dipolar coupling between the two defect spins. The P1 center
is composed of a spin 1/2 electron and a spin 1 nucleus. At zero field, these spins couple
through the hyperfine interaction forming states of spin 1/2 and 3/2, where the spin 3/2
states split due to the lack of spherical symmetry in diamond.?? These states couple to
the triplet states of the NV center, leading to the energy spectrum shown in Fig. 1(a).
Excitation with a weak microwave magnetic field only allows transitions where A(my) = +1
(shown in blue in Fig. 1 (a))). However, dipolar coupling introduces a small non-secular
component to the system Hamiltonian, weakly allowing ‘forbidden’ transitions, where the
total spin state of the system changes by A(ms) = 0 or A(mg) = £2(transitions shown in

red).?!



Zero field ODMR measurements provide a means for detecting both the allowed and
forbidden transitions in this system. In Fig. 1(b), we show the zero field ODMR spectrum
for a sample with a high density of NV centers. At low microwave field amplitudes, only the
transitions of the NV center are seen.® However, increasing the strength of the microwave
field enhances the weaker forbidden transitions which manifest as two peaks equally spaced
on either side of the central NV center resonance.?!

Mutual spin flip transitions have been used in NMR to transfer thermal electron spin
polarization to nuclear spins. This method is effective in the limit where the line width of
the ESR transition is much smaller than the NMR frequency and when the electron spin
lifetime is far smaller than the nuclear spin lifetime.?® Here, we show that this technique can
be used to transfer spin polarization between different electron spin populations. The first
requirement is met here because the line width of the zero field ESR transition is on the
order of tens of megahertz while the P1 center transitions are 131 MHz and 149 MHz, as can
be seen in Fig. 1(b) where the sidebands are clearly resolved from the primary peak. (We
ignore an additional resonance split by 36 MHz around the NV center zero field resonance and
therefore not resolved.) The second requirement is less obvious because the spin lifetimes
of both spin populations are of the same order of magnitude. We can, however, change
the rate at which spins are pumped out of the +1 states by introducing optical pumping.
This allows us to tune the effective rate at which spins are initialized by changing the laser
power. As shown in Fig. 1(c), this allows us to tune the initialization rate from hundreds
of microseconds down to the limit imposed by the intersystem crossing lifetime which is
approximately 500 ns (see appendix A for details on the experimental procedure).

A toy model of the states relevant for this process allows us to gain an intuitive idea of the
process that leads to spin polarization. If we focus on a single mutual spin flip transition,
then the coupled NV-P1 system can be roughly approximated by two spin 1/2 electrons
that are dipolar coupled. Figure 1(a) shows the relevant states for the process when driving
on a zero quantum transition (Am = 0) while optically pumping. The polarization of the
P1 center is most easily understood in the limit where the optical pumping rate I'p is much
larger than the spin relaxation rate of the P1 centers I'y py. In this limit, the combination of
microwave driving and optical pumping will generate a large buildup of the spin population
in the lowest energy state |a).

The simple picture that we use can be described by a two-spin Hamiltonian which includes

4



dipolar coupling and an AC magnetic field,
H = wonvS.nv — wo,p1S:p1 + AS. NvSz.p1 + BS. Nv Sz p1 + Wi nv SNy, (1)

where wo nyv (wo,p1) are the transition frequencies for the NV and P1 center spin populations,
Sinv (Si.p1) are the spin operators in each basis and A and B are the secular and nonsecular
components of the dipolar coupling and w; yy is the Rabi frequency of the bare NV center
transition proportional to the square of the microwave driving field. To obtain steady state

spin populations for this system, we use Liouville’s equation for the density operator p:

dp 1 dp

— =—|H,p|+< — . 2

=il ) 2
We thus calculate the time evolution of the Hamiltonian phenomenologically, with the last
term accounting for relaxation effects pertinent to the evolution of the system. It has
previously been shown that this Hamiltonian can be reduced to one similar to that describing

an AC field coupling a two level system.?* For the zero quantum transition, the Hamiltonian,

1 u)l’NvB

Hzq = Q{Ag?vp(sm/,z + Sp1,2) — 5

(S{vSp1+ SyvSi) } (3)

Wo,P1
resembles that for a two level system, but A%?VP = Wy, — (wWo NV — Wo,p1) is the detuning
from the zero quantum resonance condition. The Rabi frequency, however, is modified to
Or = ‘éloj;—‘;f Both spin relaxation and optical pumping are introduced as relaxation terms.
Finally, we model the expected photoluminescence contrast using a formalism developed
earlier.?

To test our model, we compare it with zero field ODMR measurements. Since optical
pumping is the one of the primary generators of polarization, we compare the dependence
of the sidebands on optical pumping with that of the central peak. In Fig. 2(a), we show
zero field ODMR at three separate laser powers, revealing that the evolution of the sideband
amplitude is different from that of the central peak. To generate a model to compare with our
data, we used the procedures described in appendix A to measure the relevant parameters
Ty = 51 us and T, = 865 ns of the NV center ensemble as well as the microwave driving
field, wy vy = 17 MHz (using a magnetic field of 75 G to isolate a single orientation). We
assume that 7} for the P1 center is the same as that for the NV center ensemble.!? Finally,

we estimate the strength of the dipolar coupling to be about 2 MHz.2! A comparison of the



resulting model with both the central peak and sideband peak amplitudes is seen in Fig.
2(b).

We first note that while the central peak contrast varies monotonically with initialization
rate, with a strong decrease at low initialization rates, the sideband contrast shows non-
monotonic behavior. It first increases as the initialization rate decreases before peaking
and dropping off. This indicates that the sidebands have a lower Rabi frequency than the
central peak, in agreement with the modified Rabi frequency proposed in our model.?6 A
qualitative physical picture is obtained by considering the interaction between the optical
pumping and Rabi flopping. In the limit where optical pumping is very slow compared with
the Rabi frequency, the contrast is small due to the low polarization of the NV centers. As
the optical pumping rate is increased, the contrast increases due to the increase in NV center
polarization until the point where the optical pumping rate surpasses the Rabi frequency.
In this limit, the contrast again decreases because spins are pumped into the excited state
much faster than they are transferred into the m; = 1 state. Comparison of the data
(red points) to the model (black line) shows qualitatively reasonable agreement, though the
model predicts a lower contrast. This shortcoming can be explained by considering that we
only model two spins interacting via dipolar coupling; in reality, we are probing an ensemble
of spins where both the NV center and the P1 center have four possible orientations each.
Each orientation has a different Rabi frequency, as well as different PL emission (due to
the axis between the dipole orientation and the laser polarization), and should therefore be
described by distinct models. The overall signal would then be the sum of the four models,
consistent with the lower signal expected from our model.

We estimate the polarization generated through the driving of mutual spin flip transition
by comparing the spin populations predicted in our model with those expected from thermal
polarization. Defining the polarization of our system as Ppy = (po+pc) — (pp+ pa), We obtain
a maximum possible polarization of 13% for our system parameters. Comparing this with
the thermal polarization generated by a two state system with energy separation of 150
MHz, we find a predicted polarization enhancement of over 10* (Fig. 2(c)). Additionally, as
expected, the polarization requires a strong optical pump to be effective. While the actual
polarization achieved is likely lower due to charge state effects on NV center polarization,
this represents a significant polarization enhancement.?”

The transitions that generate P1 center polarization also provide an opportunity to op-



tically detect the ESR spectrum of the P1 center. Qualitatively, this can be seen in our toy
model if we include a second RF microwave field. When this field is resonant with the P1
transition, the polarization no longer builds up in state |a), leading to a higher population
in state |¢) and thus a reduced fluorescence. This predicts an ODMR signal similar to that
seen when driving a normal NV center transition. We can measure such an ODMR signal
by detecting the fluorescence while simultaneously driving the mutual spin flip transition
via a microwave field and the P1 center transition via an RF field (inset to Fig. 3(a)). We
note that P1 center ESR has also been detected recently at low fields using cross relaxation
spectroscopy where multiple quantum spin flip flop processes involving both the NV and
P1 centers lead to a reduction in 7} and thus a reduced PL emission from the NV center.™
To distinguish the signal measured here from cross relaxation ODMR, we compare PL mea-
sured with the mutual spin flip driving both on and off: since cross relaxation only affects
Rabi driving on the P1 transition, it will show up in both the signal and the reference, thus

allowing us to subtract it out.

In Fig. 3(a), we demonstrate that simultaneous driving of the mutual spin flip transition
and the P1 center transition gives an ODMR signal with three distinct peaks. For the data
shown here, the microwave frequency was tuned to the zero quantum transition at 2.72
GHz. In order to confirm that the observed ODMR was the result of P1 center polarization
generated via driving on the mutual spin flip transition, we repeated these measurements for
decreasing microwave amplitudes. The decrease in the ODMR signal for lower microwave
powers indicates the signal is a direct result of polarization of the P1 centers. From this
observation we demonstrate that through driving of the mutual spin flip transition, we can

simultaneously polarize and optically detect the P1 center electron spin resonance spectrum.

We fit the data using the sum of three Lorentzian peaks to determine the experimental
values for the P1 center transition frequencies. To compare with the expected transition
frequencies, we take the zero field Hamiltonian of the P1 center which only considers hyper-
fine coupling between the spin 1/2 electron and spin 1 nitrogen nucleus. This requires the
parameters A and A,. For the measured resonances at 131 MHz and 149 MHz, the best
values to use for those parameters are 114 MHz and 83 MHz, respectively, close to the values
of 114 MHz and 82 MHz reported in the literature.'®?%22 The third peak indicates coupling
to an unknown spin population undergoing the same polarization and ODMR process as the

P1 center.



In order to better understand the mechanism that generates an optical signature of the
P1 center ESR spectrum, we also looked at the dependence of the optical contrast on the
frequency used to generate polarization. To do this, we fixed the RF frequency to either
131 MHz (green data) or 149 MHz (blue data) and measured the peak amplitude while
varying the frequency around the mutual spin flip transitions. Figure 3(b) shows that the
amplitudes for the 131 MHz and 149 MHz transition are a maximum at separate mutual
spin flip transitions. To understand this, we refer back to the diagram in Fig. 1(a) and
consider a case with driving at two microwave frequencies fi, tuned close to a mutual spin
flip transition, and f5, tuned near the P1 center ESR transition. When resonant with the P1
center ESR transition, the fluorescence is reduced because of a depletion in the population
of state |a) and a redistribution of some of that population into state |¢) which is the dimmer
state of the NV center. This is most efficient when f; and f5 are both coupled to the same
state. This implies that the maximum contrast for the peak at 131 MHz and 149 MHz
should occur at their respective mutual spin flip transitions as we see in Fig. 3(b). However,
the inhomogeneous broadening is fairly large: this allows us to see both transitions as in
Fig. 3(a). This frequency dependence further confirms our proposed mechanism for optical
detection of the P1 center transitions and supports the predicted polarization generated

through mutual spin flip transitions.

Finally, we investigate the properties of the polarization under a small magnetic field
aligned to the (100) direction of the diamond sample. To calibrate the field magnitude and
angle, we measured the ODMR spectra at low microwave powers. In this field configuration,
we measured the high power ODMR spectra which shows the evolution of the sidebands.
In order to determine the P1 center resonances, we fit both the high power spectra using

a cubic polynomial background to account for the tails of the NV center resonance. The

NV-ODMR spectra (red line) as well as the fit (black line) are shown in Fig. 4(a).

Using the NV-ODMR spectra, we measured the ESR spectra of P1 centers at low fields.
In the NV-ODMR spectra, we see a mutual spin flip resonance at 2.72 GHz at 10 G and
therefore use this driving frequency for our magnetic field measurements. With this driving
frequency, we expect to simultaneously drive two transitions, one at a frequency of 146 MHz
and one at 173 MHz, corresponding to sidebands of the my = —1 and m, = 41 transitions,
respectively. In Fig. 4(b), we do indeed see a transition near 173 MHz as well as a broader

peak at a lower frequency. The lower frequency peak does not exactly correspond with the



146 MHz peak; however, there is an additional P1 transition at 134 MHz which, if weakly
driven due to inhomogeneous broadening, could merge with the 146 MHz peak. This is
possible given that inhomogeneous broadening at these microwave powers is much greater
than 10 MHz and the peak width of the lower frequency resonance is much larger than
that of the higher frequency resonance. Additionally, the peak at 155 MHz is still present,
indicating that the unknown spin is only weakly Zeeman split, possibly indicating a nuclear
spin system. In addition to a splitting of the peaks, we also see a decrease in the amplitude
of the PI-ODMR peaks. The decrease in amplitude is expected from our model since the
transition frequencies will decrease as the P1 transition frequencies increase, and agrees
with the NV-ODMR measurements which show that the amplitude of the the sidebands has
decreased significantly even by 10 G.

By fitting the spectra, we compare the measured resonances from the P1-ODMR, the
high power NV-ODMR, and a model based on the P1 center Hamiltonian (Fig. 4(c)). We
find reasonable agreement between the NV-ODMR measurements and the P1-ODMR mea-
surements, but we also find some deviation from the model. We expect that the deviations
of both our measurements from the model could be due to the uncertainty in both field and
angle calculations based on the low power ODMR measurements of the NV center. Even
with this deviation though, the agreement between the NV-ODMR and the P1-ODMR fur-
ther shows that the sidebands allow us to polarize and measure ODMR spectra of the P1

center.

The polarization and contrast of our ESR signal are primarily limited by the strength
of the microwave magnetic field on the mutual spin flip transition and the dipolar coupling
strength. The first can be increased by building microwave devices directly on the sample
and further optimizing the microwave system. In experiments that use on-chip microwave
devices, driving frequencies of up to 440 MHz have been reported, an order of magnitude
greater than our capabilities.?® This would be particularly helpful when a magnetic field is
introduced as the increased P1 center resonance frequency will reduce the Rabi frequency
for the mutual spin flip transition. The second limitation, the dipolar coupling strength,
is primarily limited by the separation between NV centers and P1 centers. By developing
samples that start with higher nitrogen concentration, it should be possible to decrease the
separation, although this will be accompanied by decreased T} and therefore require some

optimization.



To summarize, we have demonstrated that using continuous wave microwave fields and
optical pumping, we can generate efficient polarization of P1 centers in type Ib diamond.
This polarization is mediated by mutual spin flip transitions that are allowed by weak dipolar
coupling between the P1 and NV centers. Along with the polarization, we can optically
measure the ESR transitions of the dark P1 centers, thus allowing for measurements of the
properties of the P1 center spin bath. While this work focused on mutual spin flip driving
on the P1 center, these techniques could be extended to any dark spin population which is
strongly dipolar coupled to the NV center and could also be used in other systems such as
defects in SiC.

We thank D. D. Awschalom for useful discussions. This work was supported by NSF
DMR-1306510 (EK and NS) and by the NSF-REU program through DMR-1460920 (BC).

Appendix A: Experimental details

We carried out these measurements using a homebuilt microscope. We used a 532 nm
laser with up to 200 mW of excitation power for initialization and readout of the NV center
ensemble. For 77 and T5 spectroscopy, we used pulsed measurements wherein the laser was
passed through an AOM in double pass configuration to generate short laser pulses, while
also providing greater than 50 dBm of optical isolation for 7} measurements. The laser
was focused onto the sample using a Nikon 40 x 0.6NA objective lens that gave a spot size
of ~ 1um and an optical depth of 4 — 5um. The NV center photoluminescence (PL) was
collected through the same objective and split off using a dichroic mirror with the NV
PL filtered using a 615 nm high pass filter. The PL was then collected using a avalanche
photodiode (ID Quantique ID100) and the photons were gated using an SRS SR400 photon
counter.

Microwaves were generated by one of two sources, either an SRS SG396 or an Agilent
N9310A. For excitation of the NV centers, the microwaves were sent to a high speed switch
(ZASWA-2-50r), amplified (Minicircuits ZHL-16W-43+-), and delivered to a custom designed
microwave stripline. In order to generate the large microwave fields necessary to resolve the
mutual spin flip transitions, a 20pum gold wire was indium soldered to the sample. For low
frequency excitation of the P1 centers, the microwaves were controlled through direct pulse

modulation at the generator before being amplified (Minicircuits ZHL-20W-13SW+) and
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delivered to the sample through a separate loop antenna placed under the sample. Control

of all the pulse sequences was performed with a SRS SG645 pulse generator.

T, and Ty measurements were performed using standard pulse sequences. For T spec-
troscopy, the sequence began with a 100us long optical pulse in order to initialize the NV
centers into the m; = 0 state. After a variable length wait time, the laser was turned back
on and the PL was monitored during the first 1us interval. In order to remove complications
due to charge state fluctuations, a second sequence identical to the first but with a 7 pulse
to transfer the spin state to the my = —1 state immediately after the optical initialization
pulse. The data was then fit to a stretched exponential C'(t) = Axe=/T)"%) que to the high
concentration of nitrogen in the sample. T, measurements were performed using a standard
spin echo sequence. Each of the measurements were repeated 10° times to accomulate the

necessary statistics.

Measurement of the initialization rate was performed using a custom pulse sequence.
In this sequence, an optical pulse was turned on and the PL was gated such that only
photons from a short time period were collected. The optical pulse was followed by a wait
period much longer than the measured 77 time and with no laser excitation. By scanning the
photon gate along the optical pulse, we were able to to follow the increase in photon emission
associated with polarization into the m, = 0 state. This sequence was then repeated 10,000

times in order to build up sufficient statistics for photon counting.

We used a two step lock-in measurement technique for the P1 center ODMR experiments.
We define f; as the field tuned to the mutual spin flip transition and fs as the microwave
field tuned near the P1 center transition. During the first measurement period, both the
laser and the microwave at f; are supplied continuously while chopping f; and f;. We
keep track of two fluorescence signals, the signal S1, which is collected with f; on and the
reference, R1, which is collected with fy off. The second measurement period is the same;
however, we do not apply microwaves at f;. We then define our final signal to be % — %.
This subtraction allows us to eliminate any contribution to our signal that may arise due to

cross relaxation.
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Appendix B: Calculation of polarization enhancement and laser power dependence

Beginning with Eq. 1 introduced in the main text, we transform the Hamiltonian into
one which resembles a two level Hamiltonian where the AC field is tuned to either the zero
quantum or double quantum transition.?* These calculations are valid under two limits, that
wo,p1 >> A/2 and B/2, both of which apply in our case (wp p1 = 131 and 149 MHz and A
and B are of the order of MHz). For these calculations, we focus on the case of zero quantum
driving as given by the Eq. 3. To incorporate optical pumping into our models, we define
an optical pumping rate I', which relaxes spins out of the mg yy = %1 state. In order that
our system is closed, we include all four states of the dipolar coupled NV-P1 center system.
We can thus obtain equations which fully describe the spin state populations of our system.

Here we show two examples,

dppe . iR
i —zAﬁ?\,Ppbc - T(pcc — Pbb) — YNV Pbe;
) . (B1)
dpw g

7 _T(pcb — poe) — Unv oy — paa) + Tppaa — Lpi(pos — Paa)s
where the state definitions are the same as defined in Fig. 1(a) of the text. Here, yyv
describes the NV center transverse spin relaxation time, while I'; describes longitudinal spin
relaxation of the corresponding spin population and I, is the optical pumping rate. For the
zero quantum case, only py. and pe, are non zero (in the double quantum case poq and pgq,
are non zero). Finally, the steady state populations for each spin state are found by taking
the time derivative to be zero and solving the resulting system of equations. The equations

describing the population of states |a) and |¢) are given by

2T py(Cyvy + 1) 2(Cp1 + D) + D) (A% p)? +93) + v (Dpr + Ty + 1)20%

—~

Paa =
Vv + (A0 5)2) + v (2(Tp1 + D) + T,)Q3)

A2 )2 +v(Tp1 + Tyv)(Dpr + Dy + 1,)0%

Vv + (AD%5)2) + v (2(Tp1 + Day) +(Fp))9%%]
B2

(2(Tp1 +Tnv) + T)[A0p1 (20 vy + Ip)
_ 20w (2(Tp + Tvw) + 1) (R +
2P+ Tnv) + 1) A0 (20 vy 4 T'p)

— |~ =

To check our that our steady state spin populations are consistent with the optical spin

initialization properties of the NV center we look at the case of where Q2 = 0,
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Iny 415,
22Ny + 1)

I'ny
22Cyy + 1)

Paa =
(B3)
Pcc =

In the case of I') >> I'yy we get p.. = 0 and p,, = 0.5, consistent with full polarization
due to optical pumping into the m, yy = 0 state. Additionally, in the case of I', = 0 we
obtain p,, and p.. = 0.25 consistent with equal population in each of our states.

We can find the polarization enhancement of the P1 center directly from the steady state
spin populations. In our model, states |a) and |c) correspond to a single P1 center state and
state |b) and |d) to the other. We therefore calculate the P1 center polarization as described

in the main text and obtain,

’YFPQQR

PPl - 5
Ayp1 (20 ny + T) (V3y + (AD%5)2) + vy (2(Tpy + Dvy) + I Q3]

(B4)

where the polarization can be seen to go to zero for both 2z = 0 and I'), = 0 as we would
expect.

In order to create a model of the laser power dependence, we utilize the formalism devel-
oped by Dreau et. al..?’ To do this we phenomenologically account for spin state dependent

PL emission by defining the overall photon emission rate to be,

R(Qr,wm, Typ) = alpi, + o) + B(pie + pia), (B5)

where a and /3 are the photon emission rates from the m, yy = 0 state and m, yv = £1
states respectively. Given that the m, yy = 0 emits at a higher rate, we restrict ourselves
to the case where o > (. In our experiments, ODMR is measured by normalizing the PL
measured with the microwave on by the PL measured with the microwave are off. The

contrast is therefore,

R(0,0,T,) — R(Qp, wm,T,)
R(0,0,T,)

Contrast =

(o — 6)FP1FPQ%%
BTNy + a(Cny + ) [dynvv e 20 vy +Tp) + (2(Tpy + Tvy) + FP)Q%%(]BfS)

13



We can thus use the steady state populations to obtain the contrast. For Fig.2(b), we

have set g = (.7 based on fits of the central peak data using the model developed by Dreau

et. al. for ODMR contrast of allowed transitions.
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FIG. 1. Relevant energy levels and ODMR spectra at zero field. (a) At zero field, the energy
levels of the coupled NV-P1 center system are composed of a spin 1 NV center and a spin 3/2
P1 center. Blue transitions are the normally allowed transitions, while the red transitions are
forbidden transitions allowed by the dipolar coupling. In our model, we consider four of the six
states. Here, we show one example, where we are driving a zero quantum transition between states
|b) (|mny =0,mpy =3/2)) and |c¢) (|]£1,4+1/2)). By including states |a) (|0, £1/2)) and state |d)
(|£1,3/2)) we are able to account for optical pumping and spin relaxation. (b) Zero field ODMR
spectra of the NV center. Blue lines are at low microwave field amplitude, while red lines are
at high microwave field amplitude. The forbidden transitions appear in the high field data as
sidebands. (¢) Dependence of the NV center spin initialization rate on laser power, showing large

tuneability as well as a saturation at the intersystem crossing lifetime of 500ns.
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FIG. 2. Comparison of models with zero field optically detected magnetic resonance. (a) Zero field
ODMR data at three different laser powers, 20 uW (blue), 300 uW (red), and 550 uW (green).(b)
Dependence of the both the sideband (red) and central peak (blue) contrast on the initialization
rate of the NV center. Black line shows a model using measured parameters for the NV center
ensemble. Dashed black is the sum of four of the same model demonstrating what our model would
look line for an ensemble. Inset: A closer look at the behaviour at low initialization rates where
the vertical axes are the same as in the primary figure. (c) Polarization enhancement of the P1
center calculated from our models with the same parameters used to model the initialization rate

dependence.
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FIG. 3. Optically detected ESR spectra of the P1 center. (a) Optically detected ESR spectra of
the P1 centers with driving on the zero quantum transition at 2.72Ghz. The dependence of the
signal amplitude on the microwave field driving the mutual spin flip transition demontrates that
the signal is a result of electron spin resonance of polarized P1 centers. Inset: zero field energy
level of the P1 center assuming hyperfine coupling parameters of A = 114 MHz and A, = 82
MHz. (c) Driving field dependence of the optically detected P1 ESR spectra showing that the
signal is maximum when the driving frequency is resonant with the corresponding mutual spin flip
transition. Green data is taken centered on the P1 ESR peak at 131 MHz and the blue data is

taken centered on the 149 MHz peak. Red data is the NV center ODMR data taken near the zero

quantum resonance condition
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FIG. 4. Magnetic field dependence of the P1 center ESR spectra. (a) NV center ODMR spectra
measured using a microwave Rabi frequency of 20 MHz. Here we show a comparison of the zero
field data (blue) and data at 10 G (red) as well as the fit used to calculate the P1 center resonance
frequencies (black line). (b) P1-ODMR comparison at 0 and 10 G. This data shows that with an
applied field, the resonance splits and the amplitude decreases in agreement with our models. (c)
Comparison of the NV-ODMR (blue dots), P1 ODMR (red dots) and a model of the P1 center

(black lines). The measured peaks show good agreement but some deviation from the model.
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